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Abstract. Networked Surfaces are a novel technology, using contact with phys-
ical surfaces such as desks to provide network connectivity for mobile devices.
In addition, Networked Surfaces can accurately estimate the positions and ori-
entations of connected devices, combining two key technologies for ubiquitous
computing. This paper discusses the algorithm implemented to estimate device
locations on the Networked Surface prototype. It then evaluates the location ac-
curacy obtained, using simulations, measurements, and visualisation. Methods of
improving the location accuracy are also investigated. Finally, the paper discusses
how the location information provided by Networked Surfaces can be incorpo-
rated into context-aware computing applications.

1 Introduction

Context-aware computing1 applications aim to increase the benefits of using computing
devices by enabling them to automatically respond to changes in their environment. The
location of devices plays an important role in such applications. This paper discusses
how Networked Surfaces can be used to locate devices.

Networked Surfaces are a novel technology, designed to provide mobile devices
with services such as data and power connectivity, while also facilitating device mo-
bility and operating transparently to users. This is achieved by augmenting physical
surfaces, such as desks or conference tables, with conductive pads. Devices with a Net-
worked Surface interface, known as objects, are also augmented with pads. When an
object is placed on a Surface2, electrical connections are formed automatically using
the pads, connecting the object to the services provided by that Surface. The technol-
ogy exploits the fact that many devices are placed on surfaces like desks while they are
in use.

While providing networking and other services, Networked Surfaces can also be
used to locate devices placed on them. This is useful as location information is a key
technology for a wide range of context-aware computing applications, such as “desktop
teleporting” and intelligent environments.

This paper is structured as follows. First, an overview of Networked Surfaces is
given, followed by a detailed explanation of the method used to locate objects. This
method is then evaluated using simulations and measurements. Ways of improving the

1 Also known as “Sentient Computing” [11].
2 “Surface” is used as an abbreviation for “Networked Surface”



location accuracy are also presented, followed by a comparison of the accuracy of this
system to other location systems. The paper ends by discussing context-aware applica-
tions which can make use of Networked Surface-based location information, and the
methods by which such information can be transferred.

2 Networked Surfaces

Although a detailed discussion of the Networked Surface implementation is not the
subject of this paper, an overview of the system will be presented here. More details
can be found in [21]3.

2.1 System Architecture

Figure 1 shows a diagram of the system architecture. The data networks and power ca-
bling are distributed within the Surface in the form of function buses. The function buses
are connected to the surface manager, which acts as the gateway to other networks.

In order to provide objects with access to the function buses, the Surface is covered
with conductive pads (also called “strips”), which can be electronically switched to
form a connection or link to one of the functions. For scalability reasons, these strips
are not centrally controlled, but are instead grouped into tiles, with each tile controlled
by an autonomous tile controller, which is responsible for detecting objects placed on
its tile. All tile controllers are centrally managed by the surface manager using the tile
control bus.

The bases of objects are equipped with conductive pads, which are controlled by
an object controller. When an object is placed on the surface, the tile controllers and
object controller execute a handshaking protocol, negotiating the object’s connection to
the services it requires. After a connection is established, the object manager acts as a
network interface card (NIC) for the object.

Networked Surfaces are capable of providing different types of data networks, tai-
lored for different classes of devices. In the prototype, a low bit-rate network is imple-
mented for peripherals or sensors placed in the user’s environment. Also, a number of
high bit-rate networks are provided for objects like laptops. Preliminary measurements
are described in [10]. Improvements made since then show end-to-end data rates of up
to 5Mbit/s across the high speed data networks.

2.2 Topology

The layout of surface strips and object pads is called the topology. The topology must
guarantee that when an object is placed on the Surface, an appropriate number of links
can be established, depending on the services it requires. The connection must be made
reliably, regardless of the position and orientation of the object.

A diagram of the topology used in the Networked Surface prototype is shown in
Fig. 2. In this topology, the surface pads have the shape of rectangular strips with small

3 See http://www-lce.eng.cam.ac.uk/



F
U
N
C
T
I
O
N

B
U
S
S
E
S

T
I
L
E

C
O
N
T
R
O
L

B
U
S

Tile
Controller

Tile
Controller

Tile
Controller

Strips on Surface

Object

Controller
Pads

Ctrl

Set of
FunctionsSurface

Manager
Object

Manager

The Internet

Fig. 1. Networked Surface system architecture

Object

Surface Pads (Strips) Object Pads

Fig. 2. Example of a Networked Surfaces topology

gaps between them, and the object pads are circular, with their diameter smaller than
the gaps between the strips (this prevents the short-circuiting of two adjacent strips).
The object pads are arranged in a circle.

Adjusting the number of the object pads and the diameter of the circle allows the
creation of various object “footprints,” each of which guarantees a different number
of links to be established. This means that the same topology scheme can be used for
different types of objects. Figure 3 shows the dimensions of the topology used in the
prototype.

As will be seen later, the particular shape of the surface strips and the number of
object pads influence the accuracy of the location estimates provided by the Surface.



Surface Topology Details

  Tile Size : 250mm x 250mm

  24 strips, organized in 2 columns
of 12 strips

  Strip size : 122mm x 17.58mm

  Gap size : 3mm

Object Topology Details

Links
Required

Object Pads
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Footprint
Diameter (mm)
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Fig. 3. Networked Surface topology details

2.3 Object Connection

When an object is placed on a Networked Surface, the tile and object controllers ex-
ecute a handshaking protocol, during which the object instructs the tiles to connect it
to the desired functions. The protocol was designed to connect objects as quickly as
possible; early experiments described in [10] show that in 98% of the cases connection
is achieved in under one second. Recent work has improved this time to half a second.

For the purpose of locating devices it is important to note that, after the connection
of an object, the surface manager has knowledge of which object pads were used for
creating the connection, and of the surface strips associated with them. This information
is known as a pad mapping and can be used to generate a location estimate for that
object, as discussed below.

3 Location of Devices on Networked Surfaces

The term “location” is used in this paper to indicate the position and the orientation
of the object origin, which is defined as the centre of the circle formed by the object’s
pads. The position of the object origin can be expressed by giving its coordinates in
the � and � dimensions. The orientation can be expressed by an angle � between an
arbitrary “up” vector on the Surface and another vector describing the “direction” of
the object.

3.1 Location Process

Figure 4 depicts the location process. The location algorithm takes as input a pad map-
ping, expressing which of the object pads is in contact with which of the surface strips,
and is a result of the handshaking protocol. In addition it uses knowledge about the
topology. The algorithm returns worst case ranges for � , � , and � as well as a “best”
estimate of the object’s location within those ranges.

3.2 Location Algorithm Design

One approach to estimating an object’s location would be an exhaustive search across
� , � , and � . An exhaustive search would take O( ����� ) time, where � is the granularity
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of search used and � is the number of pad mappings provided. In order to be of use in a
context-aware system, the location of objects needs to be found as quickly as possible,
hence this approach may prove too slow to be useful.

The chosen algorithm avoids the complexity of an exhaustive search by only search-
ing over one dimension, the angle � . Instead of searching over the remaining two di-
mensions, the algorithm employs a geometric approach to construct an area in which
the object’s origin must lie, which is described below. This algorithm allows location to
be computed in O( � � ) time.

The algorithm iterates over possible orientations of the object, testing whether each
orientation is consistent with the known pad mapping. Figure 5 shows the testing pro-
cess for one orientation. The object is shown as a circle with a line indicating the tested
orientation and only the pads used for the connection are shown.

Figure 5(a) shows how the information about one strip (which is touched by one pad
� ) is used to define a rectangular area that the object origin must be in. A combination of
the number of the pad � , the orientation under test and the radius of the object footprint
define the vector � describing the position of this rectangle in relation to the strip.

The process is repeated for all links, resulting in the transparent rectangles shown
in Fig. 5(b). The orientation under test can only be valid if all rectangles intersect. The
intersection of the rectangles, shown in Fig. 5(c), is the area in which the object origin
must lie for this orientation to be valid.

After iterating over all orientations, a number of valid orientations are found, each
with an associated rectangle for which it is valid, as shown in Fig. 5(d). Each point in
each rectangle represents a possible location for the given pad mapping. Assuming that
all such locations are equally probable, a “best guess” location ( ��� , � � , � � ) can be found
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using weighted means, as follows:

� ������ �	����� �� � � ��� � ������� � ����� �� � � ��� � ����� � � � � �� � � �!�
where ( �"��� , � ��� ) represents the centre of rectangle # , and � � represents its area. The
( � � , � � ) position is represented by a cross in Fig. 5(d).

The use of weighted means minimises the average-case error (given the assumption
above). If it were instead desirable to minimise the worst-case error, then the best loca-
tion estimate to use would be the middle of the valid ranges of � , � and � . The � and
� ranges are illustrated by the dotted rectangle in Fig. 5(d). The ability of the location
algorithm to define such ranges means that the maximum location error (for a particu-
lar Networked Surface topology) is bounded, thereby allowing guarantees of location
accuracy to be provided.

4 Evaluation of the Location Algorithm

In order to evaluate the location accuracy in the Networked Surface prototype, both
simulations and measurements were carried out. While it is possible to measure the
location of a real object placed at many locations on the Networked Surface, this is
very time consuming and incurs a considerable measurement error. Because of this,
many of the tests were carried out using a simulation. Where possible, the results of the
simulation were then verified with a small set of measurements.



Finally, a graphical front end to the location algorithm was implemented, to offer
visual feedback of the accuracy of the location algorithm. Results for all three methods
are presented and discussed below.

4.1 Simulation Harness

The simulator replaced the process of physically placing a real object onto a Surface by
first choosing a random location for an object and then calculating which of the object
pads touch which of the surface strips.

The simulator then mimicked the handshaking protocol, in order to obtain a pad
mapping. Because of the way the topology is designed, it is possible that more than
one object pad touches a single surface strip, and also that the object’s pads combined
touch more than the required number of surface strips. From all pads that touch one
strip, the one with the lowest number was selected; this emulates what the object does
during handshaking. If the placement of the object resulted in it touching more than the
required amount of strips, the strips used were chosen at random.

The resulting pad mapping, which is identical to the information that would be avail-
able after the detection of an object on the prototype, was then passed to the location
algorithm, which calculates an estimation of the object’s location. Finally this estimate
was compared to the original location, and errors were calculated for the variables � , � ,
the magnitude of the vector � � � ��� , as well as for the angle � .

4.2 Simulation

For this test, the simulator determined the location algorithm’s accuracy in the dimen-
sions of � , � , the magnitude of the vector � � � ��� , and � for one million object locations.
Object sizes from two to six links were tested. Figure 6 shows the mean errors recorded
and Fig. 7 shows the respective maximum errors.

The figures show that the mean accuracy available depends highly on the number
of links used by an object (and hence the number of pad mappings provided). This is
especially true of the angular error, whose mean varies from over 35° to under 5° for
two to six link objects respectively.

As the shape of the surface strips might suggest, the � error forms the majority of
the mean positional error, being about five times the � error; this is also true for the
maximum positional errors. However, the maximum errors do not decrease as fast as
the mean errors as the number of available pad mappings grows. Indeed, the maximum
� error is actually at its lowest in the two-link case. This may be because the location
estimate returned is designed to minimise the mean error case, but not the maximum
error.

Another result of the simulations was the fact that for all one million trials, the
values for � , � , and � of the estimated location were within the ranges returned for
these three variables. This demonstrates the reliability of the algorithm, which always
returns an accurate location whenever a connection occurs. It also demonstrates that the
algorithm has a bounded maximum error, since the location is never outside the ranges
returned.
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Fig. 6. Mean error in location simulations
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The overall conclusions for location accuracy are that, for a typical four-link object,
the Surface prototype will locate the object with a mean error of 1.6cm, and at worst an
error of 6.1cm. For orientation, the average error is 10°, and the worst case error is 41°.

4.3 Manual Measurement

For the case of the four-link object, the results from the simulation were verified with a
set of measurements carried out on the prototype. An object was placed at fifty random
locations on the prototype surface, and its position was measured with a tape measure.
The measured location was compared to the one calculated by the algorithm.

Table 1 shows the mean errors found using the manual location measurement com-
pared to the results of the simulation. For all variables, the experimental results were
slightly more accurate than the simulated results, but the difference between the respec-
tive values is below the estimated accuracy of the manual measurements, which was
5mm. This comparison shows that the experimental results agree with the simulation
results. Thus, the simulation is shown to be realistic.

Table 1. Comparison of simulated and experimental results

Variable Mean Simulated Error Mean Experimental Error Difference
� 15mm 13mm 2mm
� 3.6mm 3.0mm 0.6mm� ������� vector 16mm 14mm 2mm�

7.8° 6.3° 1.5°

4.4 Visual Feedback

In addition to the numerical output of the location algorithm, a graphical front end was
developed to offer qualitative feedback of the location results. Figure 8 gives an example
of this front end. In this diagram, the circles show the estimated object locations, and
the rounded rectangles show the bounds for each object (i.e. one can imagine the circles
being moved around, so long as their edges do not cross the rectangles). The three lines
within the circles show estimated values for � , together with the minima and maxima.

By displaying ranges for the position and orientation together with the best estimate,
the visualisation tool illustrates how the accuracy differs depending on where an object
is placed. High error ranges are generally noticed when the object is situated on one
column of surface pads, as can be seen with the object at the top of the diagram. This is
due to the much bigger range of possible movement in the � dimension in this situation.

When two columns are spanned, as shown by the object in the bottom left corner,
the lowest error ranges are seen. This is because stricter � limits are imposed by the
need to be in contact with strips in both columns. Finally, it should be noted that, due to
the use of weighted means for the location estimate, the circle is not necessarily centred
within the rectangle, and the middle line does not necessarily bisect the other two. This
is illustrated by the object in the lower right corner.
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5 Improving Location Accuracy

After evaluating the location accuracy, ways of improving the performance were in-
vestigated. Since the investigated improvements are not implemented in the current
prototype, they were verified with further simulations.

5.1 Possible Improvements

The handshaking protocol was designed with the aim of a fast connection process. As a
result, the information included in the pad mapping was kept to a minimum. In particu-
lar, only one pad per link was recorded, and possible additional links were not reported
at all. However, for the purpose of achieving a more accurate location, a more detailed
pad mapping is desirable.

The amount of information provided in the pad mapping can be improved in three
ways. The first improvement “Using Duplicate Pads” includes information about all
object pads touching each of the strips used. The second improvement “Using All
Links” includes information on all strips the object might touch, and not just the strips
used for connection. The two improvements were also combined as “Using Both Opti-
misations,” effectively incorporating information about every object pad which makes
contact with a surface strip.

5.2 Evaluation of Improvements

A second set of simulations was carried out to evaluate the effects of the improvements.
Again, the number of required links was varied from two to six, and each configuration
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Fig. 9. Mean magnitude of positional error in location simulations using improved data

was tested at one million randomly chosen locations. The results, for the variables of
the magnitude of � � � ��� and � , are shown in Figs. 9 through 12.

As the graphs show, both optimisations independently improve mean accuracy in
both variables, and when using both optimisations the mean improvement made is ap-
proximately additive. This is because the optimisations are highly independent, as one
only operates on tile pads already in use, whereas the other refers to unused tile pads
only. For the maximum error, the use of both optimisations results in greater-than-
additive gains in accuracy. This is again explained by the independent nature of the
optimisations, which means that their worst case error occur in different situations.

For the magnitude of the maximum positional errors shown in Fig. 10, the duplicate
pads optimisation is seen to give no improvement. This shows that the worst case for
this optimisation coincides with that for the unmodified case. It is conjectured (though
not proven) that these worst case errors happen when an object spans two columns, but
pads in only one of the columns are used; in this case, both cases would incur a large �
error.

Figure 11 shows the duplicate pads optimisation to be more effective for � ; this can
be explained by simply noting that more additional pad mappings are provided in the
duplicate pads optimisation. This is particularly true of cases where no extra links can
be found, and for these cases the duplicate pads data is likely to be particularly plentiful
(as all the object’s pads are divided amongst a smaller number of tile pads).

Finally, the example of the four link object used previously is revisited. When using
both optimisations, the average precision of the location data is increased from 1.6cm to
0.8cm, with the worst case reduced from 6.1cm to 3.1cm. For orientation, the average
error is improved from 10° to 1.4°, and the worst case from 41° to 8.5°. This level
of accuracy makes Networked Surfaces suitable for providing precise positions and
orientation data to many applications.
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6 Comparison to Other Location Systems

In order to put the performance of the Networked Surface as a location system into
perspective, the accuracy of the location information it produces has been compared to
a variety of other indoor location systems.

6.1 Location Systems

Location systems can be grouped by the type of technology they use. Systems from
each of the prominent groups are reviewed below, and later compared to location using
Networked Surfaces.

Infrared-Based Location Systems. The Active Badge system [23, 8] uses small bad-
ges that periodically send infrared pulses containing a unique identification number.
The badges can be worn by users or they can be attached to equipment like worksta-
tions. Receivers in a room record the sightings of the infrared pulses and pass them on
to a central server which converts the readings into a location. The system’s resolution
is of room-scale granularity.

The Locust Swarm [22] system is another infrared-based system. In this system the
beaconing transmitters are located in the environment, and the receivers are located on
the tagged objects. This configuration allows for privacy guarantees to be made, since
the objects infer their own location without the need for a central server.

The ParcTab system [20] explores how devices like Personal Digital Assistants can
be enhanced to include location-aware applications. The infrared based location tech-
nology gives room-scale accuracy. The system also provides networking capabilities
with a bandwidth of about 20 kbit/s using infrared.



Ultrasonic Location Systems. The Active Bat system [24] uses a grid of fixed re-
ceivers to detect ultrasonic pulses emitted by small badges which can be carried by
users or attached to devices. The transmitters and receivers are synchronised using RF
pulses, and the times of flight of the ultrasonic pulses to many receivers are used to
calculate the transmitter’s position to within 3cm. For orientation, two transmitters can
be used on an object, or the reception pattern from a single transmitter.

The Cricket system [17] also uses a combination of RF and ultrasonic pulses. “Bea-
cons” placed in the environment periodically send their location as a radio message, and
simultaneously emit a short ultrasonic pulse. “Listeners,” which are attached to devices
or carried by users, measure the time of flight of the ultrasonic pulse to estimate the
distance to the beacon. The system can estimate postitions to within two metres, and by
using multiple receivers can determine orientation to an accuracy of 3°.

The Dolphin system [9] is similar to the Active Bat system, but uses broadband ul-
trasonic transmissions. This allows it to achieve robustness in the presence of ultrasonic
noise, and to allow multiple transmitters to send simultaneously, which are properties
not shared by the two narrowband systems described above. The system is accurate to
2cm, and could provide orientation similarly to the Bat system.

Vision-Based Location Systems. The TRIP System [14] uses cameras to recognise
circular barcodes, identifying both the pattern on the barcode and the location and orien-
tation with respect to the camera. It has the advantage of using very cheap tags (printed
paper), but tags are also easily obscured. The system is fairly accurate, with errors of
about 3cm and 1° at a range of 150cm.

The Easyliving project’s person tracking system [13] detects location by using ste-
reo cameras to track individuals as they walk around a room. Colour histograms are
used to keep track of each user separately. The system locates users with 10cm accu-
racy along the 2D plane of the floor.

RF-Based Location Systems. The RADAR project [4] uses signal strength readings
of WaveLAN cards received at multiple well known locations to gain an estimate for
the position of the card. The location of devices can be estimated to within three metres.

The “Nibble” system [7] also uses WaveLAN signal strength, but with the prototype
system having far more wireless access points (10–14 in one experiment). It is therefore
able to achieve high accuracies for room-grain location (97% in that case).

Another example for using an RF network to locate devices is described in [12]. In
this project a grid of Bluetooth transceiver nodes installed in a trade show hall was used
to provide networking. In addition, the system was capable of tracking the position of
devices, to an accuracy of 10–20m.

Systems that can generate location information based on using wireless network
technology are similar to the Networked Surfaces project, in the sense that they use a
technology primarily designed for networking to provide location information as well.

6.2 Comparison

Table 2 summarises the location technologies discussed and compares them against the
properties of Networked Surface location.



Table 2. Comparison of indoor location technologies

System Medium Typical Orientation Networking
Name Used Accuracy Provided Provided

Active Badge Infrared Room-grain No No
Locust Swarm Infrared Room-grain No No

ParcTab Infrared Room-grain No 20kbit/s
Active Bat Ultrasonic 8cm Yes No

Cricket Ultrasonic 2m Yes No
Dolphin Ultrasonic 2cm Yes No

TRIP Vision 3cm Yes No
EasyLiving Vision 10cm No No

RADAR WaveLAN signal strength 3m No 2Mbit/s
Nibble WaveLAN signal strength Room-grain No 11Mbit/s

Bluetooth-based Nearest base station 10–20m No 1Mbit/s
Networked Surface Electronic 2cm Yes 5Mbit/s

As the table shows, the Networked Surface provides the most accurate location
service out of the systems described, and is the only system to provide both orientation
and networking as well. In addition, the Networked Surface has been shown to provide
locations with a bounded maximum error, and to provide locations with 100% reliability
for connected objects, whereas other systems have unbounded errors, and fail to provide
locations some of the time.

The disadvantages of Networked Surface location lie in extensive hardware require-
ments, the fact that only certain classes of objects can be located, and also that devices
can only be located while they are connected to a Surface. In addition, the location of
the Surface itself must be found using another means; in the simplest case this may be
statically defined.

7 Uses of Networked Surface Location

Interactions between Networked Surfaces location and other context-aware systems and
applications are discussed below.

7.1 Interaction with Other Location Systems

The Networked Surface can only provide location data for electronic devices which are
commonly placed on surfaces. Many classes of device are therefore unlocateable. How-
ever, it is possible to use other location systems in tandem with Networked Surfaces,
for locating devices which are not surface-based, or for keeping track of objects even
when they are not on a Surface.

One useful synergy might be found with the TRIP system. TRIP is able to locate
non-networked objects, placed anywhere in an environment. However, TRIP relies on



having networked cameras at known locations. For these cameras, a Networked Sur-
face may be considered an ideal infrastructure, as it provides both convenient mobile
networking and accurate location. The systems therefore complement each other well.

7.2 Context-Aware Middleware

Instead of implementing applications independently for each location system, it makes
sense to use a mediating layer, which takes location data from one or more systems and
presents it in a generic fashion to applications. Such a layer might described as “context-
aware middleware.” Described below are a few context-aware middlewares which have
a presence at the LCE, making integration with Networked Surfaces a feasible future
work.

The SPIRIT project [3] currently collates location information from Active Badges
and Active Bats. There is a basic notion of conflict-resolution (Bat readings always
overrule Badge readings). The system is built using CORBA interfaces; integration of
Networked Surfaces location would therefore involve using CORBA calls when objects
connect and disconnect.

Another such framework is found in the QoS DREAM project [15], which looks
at the provision of Quality of Service for distributed multimedia applications. Location
information is used to facilitate redirection of multimedia streams to follow users. The
system currently uses the Active Badge as a location mechanism. Due to its event-driven
architecture, integration with the Networked Surface may be achieved by mapping ob-
ject connection and disconnection onto QoS DREAM events.

7.3 Applications

By using context-aware middleware as described above, a whole range of location-
aware applications can be made to use Networked Surface location information. A short
survey of existing applications is presented here, as well as a few novel context-aware
applications specific to Networked Surfaces.

Firstly, visualisation applications have been developed to display location informa-
tion to interested users in text [8] or graphical [2] form. Next, “follow-me” applications
allow users to work while moving around, an example being “desktop teleporting” [19].
Thirdly, applications can be made location-dependent, e.g. the Stick-E note system [5]
and the Cyberguide project [1]. Finally, “intelligent environments” can be constructed,
including interactive desks [16] and walls [18], offices [2], and home environments [6].

In addition to the existing applications above, Networked Surfaces can lend them-
selves to new types of application, in which both the networking and location-aware
aspects of the technology are used. While such applications are not the topic of this
paper (see [21]), two applications are outlined below.

Firstly, Networked Surfaces may be used to automatically configure connections
between devices, based on their physical placement. For example, a peripheral (e.g.
a keyboard or digital camera) placed on a Surface may be connected to the closest
computer. Data transfers might also be automatically inferred, e.g. placing a PDA next
to a keyboard might cause synchronisation of data between the computer and PDA.



A second application can be found in the use of Surfaces for human-computer inter-
action, similarly to the intelligent environments described above. Input can be achieved
using the placement and movement of devices in special ways. Output could be pro-
vided for with the output facilities of devices on the Surface, or by building outputs such
as LED’s into the Surface. Example applications include status displays (e.g. visual rep-
resentations of data flow such as during synchronisation of a PDA), or notifications (e.g.
an email icon appearing and moving towards the closest computer).

8 Conclusions

In this paper it was shown that Networked Surfaces can successfully be used to lo-
cate devices. The chosen location algorithm was evaluated with both simulations and
measurements. Methods of improving the location accuracy were then discussed, and
verified using simulations.

Using these improvements, the location of objects placed on a Networked Surface
can be given with a mean error of 8mm and a guaranteed maximum error of 32mm for
position, and 2° (mean error) and 9° (max. error) for orientation. These results show
that the system’s performance is better than that of many dedicated location systems.
Also, locations are provided with 100% reliability, and with a bounded maximum error.
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