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(57) ABSTRACT

A touch-sensitive apparatus comprises a panel configured to
conduct signals from a plurality of peripheral incoupling
points to a plurality of peripheral outcoupling points. Actual
detection lines are defined between pairs of incoupling and
outcoupling points to extend across a surface portion of the
panel. The signals may be in the form of light, and objects
touching the surface portion may affect the light via frustrated
total internal reflection (FTIR). A signal generator is coupled
to the incoupling points to generate the signals, and a signal
detector is coupled to the out-coupling points to generate an
output signal. A data processor operates on the output signal
to enable identification of touching objects. The output signal
is processed (40) to generate a set of data samples, which are
indicative of detected energy for at least a subset of the actual
detection lines. The set of data samples is processed (42) to
generate a set of matched samples, which are indicative of
estimated detected energy for fictitious detection lines that
have a location on the surface portion that matches a standard
geometry for tomographic reconstruction. The set of matched
samples is processed (44, 46) by tomographic reconstruction
to generate data indicative of a distribution of an energy-
related parameter within at least part of the surface portion.
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TOUCH DETERMINATION BY
TOMOGRAPHIC RECONSTRUCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of Swed-
ish patent application No. 1050434-8, filed on May 3, 2010,
Swedish patent application No. 1051062-6, filed on Oct. 11,
2010, and U.S. provisional application No. 61/282,973, filed
on May 3, 2010, all of which are incorporated herein by
reference.

TECHNICAL FIELD

[0002] The present invention relates to touch-sensitive pan-
els and data processing techniques in relation to such panels.

BACKGROUND ART

[0003] To an increasing extent, touch-sensitive panels are
being used for providing input data to computers, electronic
measurement and test equipment, gaming devices, etc. The
panel may be provided with a graphical user interface (GUI)
for a user to interact with using e.g. a pointer, stylus or one or
more fingers. The GUI may be fixed or dynamic. A fixed GUI
may e.g. be in the form of printed matter placed over, under or
inside the panel. A dynamic GUI can be provided by a display
screen integrated with, or placed underneath, the panel or by
an image being projected onto the panel by a projector.
[0004] There are numerous known techniques for provid-
ing touch sensitivity to the panel, e.g. by using cameras to
capture light scattered off the point(s) of touch on the panel, or
by incorporating resistive wire grids, capacitive sensors,
strain gauges, etc into the panel.

[0005] US2004/0252091 discloses an alternative technique
which is based on frustrated total internal reflection (FTIR).
Light sheets are coupled into a panel to propagate inside the
panel by total internal reflection. When an object comes into
contact with a surface of the panel, two or more light sheets
will be locally attenuated at the point of touch. Arrays of light
sensors are located around the perimeter of the panel to detect
the received light for each light sheet. A coarse tomographic
reconstruction of the light field across the panel surface is
then created by geometrically back-tracing and triangulating
all attenuations observed in the received light. This is stated to
result in data regarding the position and size of each contact
area.

[0006] US2009/0153519 discloses a panel capable of con-
ducting signals. A “tomograph” is positioned adjacent the
panel with signal flow ports arrayed around the border of the
panel at discrete locations. Signals (b) measured at the signal
flow ports are tomographically processed to generate a two-
dimensional representation (x) of the conductivity on the
panel, whereby touching objects on the panel surface can be
detected. The presented technique for tomographic recon-
struction is based on a linear model of the tomographic sys-
tem, Ax=b. The system matrix A is calculated at factory, and
its pseudo inverse A~! is calculated using Truncated SVD
algorithms and operated on the measured signals to yield the
two-dimensional (2D) representation of the conductivity:
x=A"'b. The suggested method is both demanding in the term
of processing and lacks suppression of high frequency com-
ponents, possibly leading to much noise in the 2D represen-
tation.

Feb. 21, 2013

[0007] US2009/0153519 also makes a general reference to
Computer Tomography (CT). CT methods are well-known
imaging methods which have been developed for medical
purposes. CT methods employ digital geometry processing to
reconstruct an image ofthe inside of an object based on a large
series of projection measurements through the object. Various
CT methods have been developed to enable efficient process-
ing and/or precise image reconstruction, e.g. Filtered Back
Projection, ART, SART, etc. Often, the projection measure-
ments are carried out in accordance with a standard geometry
which is given by the CT method. Clearly, it would be desir-
able to capitalize on existing CT methods for reconstructing
the 2D distribution of an energy-related parameter (light,
conductivity, etc) across a touch surface based on a set of
projection measurements.

SUMMARY

[0008] Itis an object of the invention to enable touch deter-
mination on a panel based on projection measurements by use
of existing CT methods.

[0009] Another objective is to provide a technique that
enables determination of touch-related data at sufficient pre-
cision to discriminate between a plurality of objects in simul-
taneous contact with a touch surface.

[0010] This and other objects, which may appear from the
description below, are at least partly achieved by means of a
method of enabling touch determination, a computer program
product, a device for enabling touch determination, and a
touch-sensitive apparatus according to the independent
claims, embodiments thereof being defined by the dependent
claims.

[0011] A first aspect of the invention is a method of
enabling touch determination based on an output signal from
a touch-sensitive apparatus, which comprises a panel config-
ured to conduct signals from a plurality of peripheral incou-
pling points to a plurality of peripheral outcoupling points,
thereby defining actual detection lines that extend across a
surface portion of the panel between pairs of incoupling and
outcoupling points, at least one signal generator coupled to
the incoupling points to generate the signals, and at least one
signal detector coupled to the outcoupling points to generate
the output signal. The method comprises: processing the out-
put signal to generate a set of data samples, wherein the data
samples are indicative of detected energy for at least a subset
of the actual detection lines; processing the set of data
samples to generate a set of matched samples, wherein the
matched samples are indicative of estimated detected energy
for fictitious detection lines that have a location on the surface
portion that matches a standard geometry for tomographic
reconstruction; and processing the set of matched samples by
tomographic reconstruction to generate data indicative of a
distribution of an energy-related parameter within at least part
of the surface portion.

[0012] In one embodiment, the step of processing the out-
put signal comprises: generating the data samples in a two-
dimensional sample space, wherein each data sample is rep-
resentative of an actual detection line and is defined by a
signal value and two dimension values that define the location
of'the actual detection line on the surface portion.

[0013] Inoneembodiment, the step of processing the set of
data samples comprises: generating estimated signal values
of the matched samples at predetermined locations in the
two-dimensional sample space, wherein the predetermined
locations correspond to the fictitious detection lines. The
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estimated signal values may be generated by interpolation
based on the signal values of the data samples, and each
estimated signal value may be generated by interpolation of
the signal values of neighboring data samples in the two-
dimensional sample space.

[0014] Inone embodiment, the step of processing the set of
data samples further comprises: obtaining a predetermined
two-dimensional interpolation function with nodes corre-
sponding to the set of data samples, and calculating the esti-
mated signal values according to the interpolation function
and based on the signal values of the data samples. The
method may further comprise a step of receiving exclusion
data identifying one or more data samples to be excluded,
wherein the step of processing the data samples comprises
identifying the node corresponding to each data sample to be
excluded, re-designing the predetermined interpolation func-
tion without each thus-identified node, and calculating the
estimated signal values according to the re-designed interpo-
lation scheme and based on the signal values of the data
samples in the nodes of the re-designed interpolation scheme.
[0015] Inoneembodiment,the step of generating estimated
signal values comprises, for each matched sample: calculat-
ing a weighted contribution to the matched sample from at
least a subset of the data samples, and aggregating the
weighted contributions, wherein each weighted contribution
is calculated as a function of the signal value of the data
sample and a distance in the sample space between the
matched sample and the data sample.

[0016] In one embodiment, the matched samples are
arranged as rows and/or columns in the two-dimensional
sample space. The matched samples may be arranged with
equidistant spacing within each of said rows and/or columns.
[0017] Inanalternative embodiment, the step of processing
the set of data samples comprises: operating a two-dimen-
sional Fourier transformation algorithm designed for irregu-
larly sampled data on the set of data samples to generate a set
of Fourier coefficients arranged in a Cartesian grid; and gen-
erating the estimated signal values by operating a two-dimen-
sional inverse FFT algorithm on the set of Fourier coefficients
to generate the set of matched samples.

[0018] Inone embodiment, the step of processing the set of
matched samples comprises: applying a one-dimensional
high-pass filtering of the matched samples in the two-dimen-
sional sample space to generate filtered samples, and process-
ing the filtered samples to generate at set of back projection
values indicative of said distribution.

[0019] In one embodiment, the surface portion defines a
sampling area in the two-dimensional sample space, and the
step of processing comprises, if the actual detection lines
given by the geometric arrangement of incoupling and out-
coupling points result in at least one contiguous region with-
out data samples within the sampling area, the steps of:
obtaining a predetermined set of estimated sampling points
within the contiguous region, and, for each estimated sam-
pling point, identifying the location of a corresponding ficti-
tious detection line on the surface portion; identifying, for
each intersection point between the corresponding fictitious
detection line and the actual detection lines and/or between
the corresponding fictitious detection line and the fictitious
detection lines for the set of matched samples, an intersection
point value as the smallest signal value of all data samples
corresponding to the actual detection lines associated with the
intersection point; and calculating a signal value of the esti-
mated sampling point as a function of the intersection point
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values. In one implementation, the signal value of the esti-
mated sampling point may be given by the largest intersection
point value. In another implementation, the method further
comprises, for each estimated sampling point: identifying a
number of local maxima in the intersection point values, and
calculating the signal value of the estimated sampling point as
a combination of the local maxima.

[0020] Inone embodiment, the dimension values comprise
a rotation angle of the detection line in the plane of the panel,
and a distance of the detection line in the plane of the panel
from a predetermined origin.

[0021] Inanother embodiment, the dimension values com-
prise an angular location of the incoupling or outcoupling
point of the detection line, and a rotation angle of the detec-
tion line in the plane of the panel. In one implementation, the
standard geometry is a fan geometry, the touch surface has a
non-circular perimeter, and the angular location is defined by
an intersection between the detection line and a fictitious
circle arranged to circumscribe the touch surface.

[0022] Inoneembodiment, the standard geometry is one of
a parallel geometry and a fan geometry.

[0023] In one embodiment, the signals comprise one of
electrical energy, light, magnetic energy, sonic energy and
vibration energy.

[0024] In one embodiment, the panel defines a touch sur-
face and an opposite surface, wherein said at least one signal
generator is arranged to provide light inside the panel, such
that the light propagates from the incoupling points by inter-
nal reflection between the touch surface and the opposite
surface to the outcoupling points for detection by said at least
one signal detector, and wherein the touch-sensitive appara-
tus is configured such that the propagating light is locally
attenuated by one or more objects touching the touch surface.
[0025] A second aspect of the invention is a computer pro-
gram product comprising computer code which, when
executed on a data-processing system, is adapted to carry out
the method of the first aspect.

[0026] A third aspect of the invention is a device for
enabling touch determination based on an output signal of a
touch-sensitive apparatus, which comprises a panel config-
ured to conduct signals from a plurality of peripheral incou-
pling points to a plurality of peripheral outcoupling points,
thereby defining actual detection lines that extend across a
surface portion of the panel between pairs of incoupling and
outcoupling points, means for generating the signals at the
incoupling points, and means for generating the output signal
based on detected signals at the outcoupling points. The
device comprises: means for receiving the output signal;
means for processing the output signal to generate a set of
data samples, wherein the data samples are indicative of
detected energy for at least a subset of the actual detection
lines; means for processing the set of data samples to generate
a set of matched samples, wherein the matched samples are
indicative of estimated detected energy for fictitious detection
lines that have a location on the surface portion that matches
a standard geometry for tomographic reconstruction; and
means for processing the set of matched samples by tomo-
graphic reconstruction to generate data indicative of a distri-
bution of an energy-related parameter within at least part of
the surface portion.

[0027] A fourth aspect of the invention is a touch-sensitive
apparatus, comprising: a panel configured to conduct signals
from a plurality of peripheral incoupling points to a plurality
of peripheral outcoupling points, thereby defining actual

Chemtronics v. FlatFrog
Chemtronics Exhibit 1016 Page 28



US 2013/0044073 Al

detection lines that extend across a surface portion of the
panel between pairs of incoupling and outcoupling points;
means for generating the signals at the incoupling points;
means for generating an output signal based on detected
signals at the outcoupling points; and the device for enabling
touch determination according to the third aspect.

[0028] A fifth aspect of the invention is a touch-sensitive
apparatus, comprising: a panel configured to conduct signals
from a plurality of peripheral incoupling points to a plurality
of peripheral outcoupling points, thereby defining actual
detection lines that extend across a surface portion of the
panel between pairs of incoupling and out-coupling points; at
least one signal generator coupled to the incoupling points to
generate the signals; at least one signal detector coupled to the
outcoupling points to generate an output signal; and a signal
processor connected to receive the output signal and config-
ured to: process the output signal to generate a set of data
samples, wherein the data samples are indicative of detected
energy for at least a subset of the actual detection lines,
process the set of data samples to generate a set of matched
samples, wherein the matched samples are indicative of esti-
mated detected energy for fictitious detection lines that have
a location on the surface portion that matches a standard
geometry for tomographic reconstruction, and process the set
of matched samples by tomographic reconstruction to gener-
ate data indicative of a distribution of an energy-related
parameter within at least part of the surface portion.

[0029] Any one of the embodiments of the first aspect can
be combined with the second to fifth aspects.

[0030] Still other objectives, features, aspects and advan-
tages of the present invention will appear from the following
detailed description, from the attached claims as well as from
the drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0031] Embodiments of the invention will now be
described in more detail with reference to the accompanying
schematic drawings.

[0032] FIG.1is aplan view of a touch-sensitive apparatus.
[0033] FIG.2A-2B are top plan views of a touch-sensitive
apparatus with an interleaved and non-interleaved arrange-
ment, respectively, of emitters and sensors.

[0034] FIGS. 3A-3B are side and top plan views of touch-
sensitive systems operating by frustrated total internal reflec-
tion (FTIR).

[0035] FIG. 4A is a flow chart of a reconstruction method,
and FIG. 4B is a block diagram of a device that implements
the method of FIG. 4A.

[0036] FIG. 5 illustrates the underlying principle of the
Projection-Slice Theorem.

[0037] FIG. 6 illustrates the applicability of filtering for
back projection processing.

[0038] FIG. 7 illustrates a parallel geometry used in tomo-
graphic reconstruction.

[0039] FIGS. 8A-8H illustrate a starting point, intermedi-
ate results and final results of a back projection process using
a parallel geometry.

[0040] FIG. 9 illustrates a fan geometry used in tomo-
graphic reconstruction.

[0041] FIGS. 10A-10C illustrate intermediate and final
results of a back projection process using a fan geometry.
[0042] FIG.11is graph of projection values collected in the
fan geometry of FIG. 9 mapped to a sampling space for a
parallel geometry.
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[0043] FIG. 12A is a graph of sampling points defined by
interleaved arrangement in FIG. 2A, FIGS. 12B-12C illus-
trate discrepancies between detection lines in an interleaved
arrangement and a fan geometry, and FIG. 12D is a graph of
sampling points for the non-interleaved arrangement in FIG.
2B.

[0044] FIG. 13 is a reference image mapped to an inter-
leaved arrangement.

[0045] FIG. 14A is a graph of a 2D interpolation function
for an interleaved arrangement, FIG. 14B illustrates the gen-
eration of interpolation points using the interpolation func-
tion of FIG. 14A, FIG. 14C is an interpolated sinogram gen-
erated based on the reference image in FIG. 13, and FIG. 14D
is a reconstructed attenuation field.

[0046] FIGS.15A-15D and FIGS. 16A-16B illustrate how
the 2D interpolation function is updated when sampling
points are removed from reconstruction.

[0047] FIG. 17 is a reference image mapped to a non-
interleaved arrangement.

[0048] FIGS. 18A-18B illustrate a first variant for recon-
struction in a non-interleaved arrangement.

[0049] FIGS. 19A-19B illustrate a second variant for
reconstruction in a non-interleaved arrangement.

[0050] FIGS. 20A-20B illustrate a third variant for recon-
struction in a non-interleaved arrangement.

[0051] FIGS. 21 A-21B illustrate a fourth variant for recon-
struction in a non-interleaved arrangement.

[0052] FIGS. 22A-22F illustrate a fifth variant for recon-
struction in a non-interleaved arrangement.

[0053] FIGS. 23A-23E illustrate a sixth variant for recon-
struction in a non-interleaved arrangement.

[0054] FIG. 24 is a flowchart of a process for filtered back
projection.
[0055] FIGS. 25A-258B illustrate a first variant for recon-

struction in an interleaved arrangement using a tomographic
algorithm designed for fan geometry.

[0056] FIGS. 26A-26B illustrate a second variant for
reconstruction in an interleaved arrangement using a tomo-
graphic algorithm designed for fan geometry.

[0057] FIG. 27 illustrates the use of a circle for defining a
two-dimensional sample space of a touch-sensitive appara-
tus.

[0058] FIG. 28A-28D illustrate a third variant for recon-
struction in an interleaved arrangement using a tomographic
algorithm designed for fan geometry.

[0059] FIG. 29 shows the reconstructed attenuation field in
FIG. 22F after image enhancement processing.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

[0060] The present invention relates to techniques for
enabling extraction of touch data for at least one object, and
typically multiple objects, in contact with a touch surface of a
touch-sensitive apparatus. The description starts out by pre-
senting the underlying concept of such a touch-sensitive
apparatus, especially an apparatus operating by frustrated
total internal reflection (FTIR) of light. Then follows an
example of an overall method for touch data extraction
involving tomographic reconstruction. The description con-
tinues to generally explain and exemplify the theory of tomo-
graphic reconstruction and its use of standard geometries.
Finally, different inventive aspects of applying techniques for
tomographic reconstruction for touch determination are fur-
ther explained and exemplified.
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[0061] Throughout the description, the same reference
numerals are used to identify corresponding elements.

1. Touch-Sensitive Apparatus

[0062] FIG. 1 illustrates a touch-sensitive apparatus 100
which is based on the concept of transmitting energy of some
form across a touch surface 1, such that an object that is
brought into close vicinity of, or in contact with, the touch
surface 1 causes a local decrease in the transmitted energy.
The touch-sensitive apparatus 100 includes an arrangement
of emitters and sensors, which are distributed along the
periphery of the touch surface. Each pair of an emitter and a
sensor defines a detection line, which corresponds to the
propagation path for an emitted signal from the emitter to the
sensor. In FIG. 1, only one such detection line D is illustrated
to extend from emitter 2 to sensor 3, although it should be
understood that the arrangement typically defines a dense
grid of intersecting detection lines, each corresponding to a
signal being emitted by an emitter and detected by a sensor.
Any object that touches the touch surface along the extent of
the detection line D will thus decrease its energy, as measured
by the sensor 3.

[0063] The arrangement of sensors is electrically con-
nected to a signal processor 10, which samples and processes
an output signal from the arrangement. The output signal is
indicative of the received energy at each sensor 3. As will be
explained below, the signal processor 10 may be configured to
process the output signal by a tomographic technique to rec-
reate an image of the distribution of an energy-related param-
eter (for simplicity, referred to as “energy distribution” in the
following) across the touch surface 1. The energy distribution
may be further processed by the signal processor 10 or by a
separate device (not shown) for touch determination, which
may involve extraction of touch data, such as a position (e.g.
X, y coordinates), a shape or an area of each touching object.
[0064] In the example of FIG. 1, the touch-sensitive appa-
ratus 100 also includes a controller 12 which is connected to
selectively control the activation of the emitters 2. The signal
processor 10 and the controller 12 may be configured as
separate units, or they may be incorporated in a single unit.
One or both of the signal processor 10 and the controller 12
may be at least partially implemented by software executed
by a processing unit.

[0065] The touch-sensitive apparatus 100 may be designed
to be used with a display device or monitor, e.g. as described
in the Background section. Generally, such a display device
has a rectangular extent, and thus the touch-sensitive appara-
tus 100 (the touch surface 1) is also likely to be designed with
a rectangular shape. Further, the emitters 2 and sensors 3 all
have a fixed position around the perimeter of the touch surface
1. Thus, in contrast to a conventional tomographic apparatus
used e.g. in the medical field, there will be no possibility of
rotating the complete measurement system. As will be
described in further detail below, this puts certain limitations
on the use of standard tomographic techniques for recreating/
reconstructing the energy distribution within the touch sur-
face 1.

[0066] Inthe following, embodiments of the invention will
be described in relation to two main arrangements of emitters
2 and sensors 3. A first main arrangement, shown in FIG. 2A,
is denoted “interleaved arrangement” and has emitters 2 and
sensors 3 placed one after the other along the periphery of the
touch surface 1. Thus, every emitter 2 is placed between two
sensors 3. The distance between neighboring emitters 2 is the
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same along the periphery. The same applies for the distance
between neighboring sensors 3. A second main arrangement,
shown in FIG. 2B, is denoted “non-interleaved arrangement”
and has merely sensors 3 on two adjacent sides (i.e. sides
connected via a corner), and merely emitters 2 on its other
sides.

[0067] The interleaved arrangement may be preferable
since it generates a more uniform distribution of detection
lines. However, there are electro-optical aspects of the inter-
leaved system that may favor the use of the non-interleaved
arrangement. For example, the interleaved arrangement may
require the emitters 2, which may be fed with high driving
currents, to be located close to the sensors 3, which are con-
figured to detect weak photo-currents. This may lead to
undesired detection noise. The electrical connection to the
emitters 2 and sensors 3 may also be somewhat demanding
since the emitters 2 and sensors 3 are dispersed around the
periphery of the touch surface 1. Thus, there may be reasons
for using a non-interleaved arrangement instead of an inter-
leaved arrangement, since the former obviates these potential
obstacles.

[0068] Itis to be understood that there are many variations
and blends of these two types of arrangements. For example,
the sensor-sensor, sensor-emitter, emitter-emitter distance(s)
may vary along the periphery, and/or the blending of emitters
and sensors may be different, e.g. there may be two or more
emitters/sensors between every emitter/sensor, etc. Although
the following examples are given for the first and second main
arrangements, specifically a rectangular touch surface with a
16:9 aspect ratio, this is merely for the purpose of illustration,
and the concepts of the invention are applicable irrespective
of'aspect ratio, shape of the touch surface, and arrangement of
emitters and sensors.

[0069] In the embodiments shown herein, at least a subset
of'the emitters 2 may be arranged to emit energy in the shape
of' a beam or wave that diverges in the plane of the touch
surface 1, and at least a subset of the sensors 3 may be
arranged to receive energy over a wide range of angles (field
of view). Alternatively or additionally, the individual emitter
2 may be configured to emit a set of separate beams that
propagate to a number of sensors 3. In either embodiment,
each emitter 2 transmits energy to a plurality of sensors 3, and
each sensor 3 receives energy from a plurality of emitters 2.
[0070] The touch-sensitive apparatus 100 may be config-
ured to permit transmission of energy in one of many different
forms. The emitted signals may thus be any radiation or wave
energy that cantravel in and across the touch surface 1 includ-
ing, without limitation, light waves in the visible or infrared
or ultraviolet spectral regions, electrical energy, electromag-
netic or magnetic energy, or sonic and ultrasonic energy or
vibration energy.

[0071] In the following, an example embodiment based on
propagation of light will be described. FIG. 3A is a side view
of a touch-sensitive apparatus 100 which includes a light
transmissive panel 4, one or more light emitters 2 (one shown)
and one or more light sensors 3 (one shown). The panel 4
defines two opposite and generally parallel surfaces 5, 6 and
may be planar or curved. A radiation propagation channel is
provided between two boundary surfaces 5, 6 of the panel 4,
wherein at least one of the boundary surfaces allows the
propagating light to interact with a touching object 7. Typi-
cally, the light from the emitter(s) 2 propagates by total inter-
nal reflection (TIR) in the radiation propagation channel, and
the sensors 3 are arranged at the periphery of the panel 4 to
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generate a respective measurement signal which is indicative
of the energy of received light.

[0072] As shownin FIG. 3A, the light may be coupled into
and out of the panel 4 directly via the edge portion that
connects the top and bottom surfaces 5, 6 of the panel 4.
Alternatively, not shown, a separate coupling element (e.g. in
the shape of a wedge) may be attached to the edge portion or
to the top or bottom surface 5, 6 of the panel 4 to couple the
light into and/or out of the panel 4. When the object 7 is
brought sufficiently close to the boundary surface, part of the
light may be scattered by the object 7, part of the light may be
absorbed by the object 7, and part of the light may continue to
propagate unaffected. Thus, when the object 7 touches a
boundary surface of the panel (e.g. the top surface 5), the total
internal reflection is frustrated and the energy of the transmit-
ted light is decreased. This type of touch-sensitive apparatus
is denoted “FTIR system” (FTIR—Frustrated Total Internal
Reflection) in the following.

[0073] The touch-sensitive apparatus 100 may be operated
to measure the energy of the light transmitted through the
panel 4 on a plurality of detection lines. This may, e.g., be
done by activating a set of spaced-apart emitters 2 to generate
a corresponding number of light sheets inside the panel 4, and
by operating a set of sensors 3 to measure the transmitted
energy of each light sheet. Such an embodiment is illustrated
in FIG. 3B, where each emitter 2 generates a beam of light
that expands in the plane of the panel 4 while propagating
away from the emitter 2. Each beam propagates from one or
more entry or incoupling points within an incoupling site on
the panel 4. Arrays of light sensors 3 are located around the
perimeter of the panel 4 to receive the light from the emitters
2 at a number of spaced-apart outcoupling points within an
outcoupling site on the panel 4. It should be understood that
the incoupling and outcoupling points merely refer to the
position where the beam enters and leaves, respectively, the
panel 4. Thus, one emitter/sensor may be optically coupled to
anumber of incoupling/outcoupling points. In the example of
FIG. 3B, however, the detection lines D are defined by indi-
vidual emitter-sensor pairs.

[0074] The light sensors 3 collectively provide an output
signal, which is received and sampled by the signal processor
10. The output signal contains a number of sub-signals, also
denoted “projection signals”, each representing the energy of
light emitted by a certain light emitter 2 and received by a
certain light sensor 3, i.e. the received energy on a certain
detection line. Depending on implementation, the signal pro-
cessor 10 may need to process the output signal for identifi-
cation of the individual sub-signals. Irrespective of imple-
mentation, the signal processor 10 is able to obtain an
ensemble of measurement values that contains information
about the distribution of an energy-related parameter across
the touch surface 1.

[0075] The light emitters 2 can be any type of device
capable of emitting light in a desired wavelength range, for
example a diode laser, a VCSEL (vertical-cavity surface-
emitting laser), or alternatively an LED (light-emitting
diode), an incandescent lamp, a halogen lamp, etc.

[0076] Thelight sensors 3 can be any type of device capable
of detecting the energy of light emitted by the set of emitters,
such as a photodetector, an optical detector, a photoresistor, a
photovoltaic cell, a photodiode, a reverse-biased LED acting
as photodiode, a charge-coupled device (CCD) etc.

[0077] The emitters 2 may be activated in sequence, such
that the received energy is measured by the sensors 3 for each
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light sheet separately. Alternatively, all or a subset of the
emitters 2 may be activated concurrently, e.g. by modulating
the emitters 2 such that the light energy measured by the
sensors 3 can be separated into the sub-signals by a corre-
sponding de-modulation.

[0078] Reverting to the emitter-sensor-arrangements in
FIG. 2, the spacing between neighboring emitters 2 and sen-
sors 3 in the interleaved arrangement (FIG. 2A) and between
neighboring emitters 2 and neighboring sensors 3, respec-
tively, in the non-interleaved arrangement (FIG. 2B) is gen-
erally from about 1 mm to about 20 mm. For practical as well
as resolution purposes, the spacing is generally in the 2-10
mm range.

[0079] Ina variant of the interleaved arrangement, the emit-
ters 2 and sensors 3 may partially or wholly overlap, as seen
in a plan view. This can be accomplished by placing the
emitters 2 and sensors 3 on opposite sides of the panel 4, or in
some equivalent optical arrangement.

[0080] It is to be understood that FIG. 3 merely illustrates
one example of an FTIR system. Further examples of FTIR
systems are e.g. disclosed in U.S. Pat. No. 6,972,753, U.S.
Pat. No. 7,432,893, US2006/0114237, US2007/0075648,
W02009/048365, WO2010/006882, WO02010/006883,
W02010/006884, W0O2010/006885, W0O2010/006886, and
International application No. PCT/SE2009/051364, which
are all incorporated herein by this reference. The inventive
concept may be advantageously applied to such alternative
FTIR systems as well.

2. Transmission

[0081] As indicated in FIG. 3A, the light will not be
blocked by the touching object 7. Thus, if two objects 7
happen to be placed after each other along a light path from an
emitter 2 to a sensor 3, part of the light will interact with both
objects 7. Provided that the light energy is sufficient, a
remainder of the light will reach the sensor 3 and generate an
output signal that allows both interactions (touch points) to be
identified. Thus, in multi-touch FTIR systems, the transmit-
ted light may carry information about a plurality of touches.
[0082] In the following, T, is the transmission for the j:th
detection line, T, is the trans-mission at a specific position
along the detection line, and A, is the relative attenuation at
the same point. The total transmission (modeled) along a
detection line is thus:

=[] n=]]a-4

[0083] The above equation is suitable for analyzing the
attenuation caused by discrete objects on the touch surface,
when the points are fairly large and separated by a distance.
However, a more correct definition of attenuation through an
attenuating medium may be used:

I=1Io, e o0t L =g 0 = e fan

[0084] In this formulation, I; represents the transmitted
energy on detection line D; with attenuating object(s), I,
represents the transmitted energy on detection line D, without
attenuating objects, and a(x) is the attenuation coefficient
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along the detection line D,. We also let the detection line
interact with the touch surface along the entire extent of the
detection line, i.e. the detection line is represented as a math-
ematical line.

[0085] To facilitate the tomographic reconstruction as
described in the following, the measurement values may be
divided by a respective background value. By proper choice
of background values, the measurement values are thereby
converted into transmission values, which thus represent the
fraction of the available light energy that has been measured
on each of the detection lines.

[0086] Thetheory ofthe Radon transform (see below) deals
with line integrals, and it may therefore be proper to use the
logarithm of the above expression:

log(D)=log(e™ @) —fa(x)dx

3. Reconstruction and Touch Data Extraction

[0087] FIG. 4A illustrates an embodiment of a method for
reconstruction and touch data extraction in an FTIR system.
The method involves a sequence of steps 40-48 that are
repeatedly executed, typically by the signal processor 10
(FIGS. 1 and 3). In the context of this description, each
sequence of steps 40-48 is denoted a sensing instance.
[0088] Each sensing instance starts by a data collection step
40, in which measurement values are sampled from the light
sensors 3 in the FTIR system, typically by sampling a value
from each of the aforesaid sub-signals. The data collection
results in one projection value for each detection line. It may
be noted that the data may, but need not, be collected for all
available detection lines in the FTIR system. The data collec-
tion step 40 may also include pre-processing of the measure-
ment values, e.g. filtering for noise reduction, conversion of
measurement values into transmission values (or equiva-
lently, attenuation values), conversion into logarithmic val-
ues, etc.

[0089] In a re-calculation step 42, the set of projection
values are processed for generation of an updated set of
projection values that represent fictitious detection lines with
a location on the touch surface that matches a standard geom-
etry for tomographic reconstruction. This step typically
involves an interpolation among the projection values as
located in a 2D sample space which is defined by two dimen-
sions that represent the unique location of the detection lines
on the touch surface. In this context, a “location” refers to the
physical extent of the detection line on the touch surface as
seen in a plan view. The re-calculation step 42 will be further
explained and motivated in Chapter 6 below.

[0090] In a filtering step 44, the updated set of projection
values is subjected to a filtering aiming at increasing high
spatial frequencies in relation to low spatial frequencies
amongst the set of projection values. Thus, step 44 results in
a filtered version of the updated set of projection values,
denoted “filtered set” in the following. Typically, step 44
involves applying a suitable 1D filter kernel to the updated set
of projection values. The use of filter kernels will be further
explained and motivated in Chapter 4 below. In certain
embodiments, it may be advantageous to apply a low-pass
filter to the updated set of projection values before applying
the 1D filter kernel.

[0091] In a reconstruction step 46, an “attenuation field”
across the touch surface is reconstructed by processing the
filtered set in the 2D sample space. The attenuation field is a
distribution of attenuation values across the touch surface (or
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a relevant part of the touch surface), i.e. an energy-related
parameter. As used herein, “the attenuation field” and
“attenuation values” may be given in terms of an absolute
measure, such as light energy, or a relative measure, such as
relative attenuation (e.g. the above-mentioned attenuation
coefficient) or relative transmission. Step 46 may involve
applying a back projection operator to the filtered set of
projection values in the 2D sample space. Such an operator
typically generates an individual attenuation value by calcu-
lating some form of weighted sum of selected projection
values included the filtered set. The use of a back projection
operator will be further explained and motivated in Chapters
4 and 5 below.

[0092] The attenuation field may be reconstructed within
one or more subareas of the touch surface. The subareas may
be identified by analyzing intersections of detection lines
across the touch surface, based on the above-mentioned pro-
jection signals. Such a technique for identifying subareas is
further disclosed in Applicant’s U.S. provisional patent appli-
cation No. 61/272,665, which was filed on Oct. 19, 2009 and
which is incorporated herein by this reference.

[0093] Inasubsequentextraction step 48, the reconstructed
attenuation field is processed for identification of touch-re-
lated features and extraction of touch data. Any known tech-
nique may be used for isolating true (actual) touch points
within the attenuation field. For example, ordinary blob
detection and tracking techniques may be used for finding the
actual touch points. In one embodiment, a threshold is first
applied to the attenuation field, to remove noise. Any areas
with attenuation values that exceed the threshold, may be
further processed to find the center and shape by fitting for
instance a two-dimensional second-order polynomial or a
Gaussian bell shape to the attenuation values, or by finding
the ellipse of inertia of the attenuation values. There are also
numerous other techniques as is well known in the art, such as
clustering algorithms, edge detection algorithms, etc.

[0094] Any available touch data may be extracted, includ-
ing but not limited to X,y coordinates, areas, shapes and/or
pressure of the touch points.

[0095] After step 48, the extracted touch data is output, and
the process returns to the data collection step 40.

[0096] Itisto beunderstood that one or more of steps 40-48
may be effected concurrently. For example, the data collec-
tion step 40 of a subsequent sensing instance may be initiated
concurrently with any of steps 42-48. In can also be noted that
the recalculation and filtering steps 42, 44 can be merged into
one single step, since these steps generally involve linear
operations.

[0097] The touch data extraction process is typically
executed by a data processing device (cf. signal processor 10
in FIGS. 1 and 3) which is connected to sample the measure-
ment values from the light sensors 3 in the FTIR system. FIG.
4B shows an example of such a data processing device 10 for
executing the process in FIG. 4A. In the illustrated example,
the device 10 includes an input 400 for receiving the output
signal. The device 10 further includes a data collection ele-
ment (or means) 402 for processing the output signal to gen-
erate the above-mentioned set of projection values, and a
recalculation element (or means) 404 for generating the
above-mentioned updated set of projection values. There is
also provided a filtering element (or means) 406 for generat-
ing the above-mentioned filtered set. The device 10 further
includes a reconstruction element (or means) 408 for gener-
ating the reconstructed attenuation field by processing the
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filtered set, and an output 410 for outputting the reconstructed
attenuation field. In the example of FIG. 4B, the actual extrac-
tion oftouch data is carried out by a separate device 10' which
is connected to receive the attenuation field from the data
processing device 10.

[0098] The data processing device 10 may be implemented
by special-purpose software (or firmware) run on one or more
general-purpose or special-purpose computing devices. In
this context, it is to be understood that each “element” or
“means” of such a computing device refers to a conceptual
equivalent of a method step; there is not always a one-to-one
correspondence between elements/means and particular
pieces of hardware or software routines. One piece of hard-
ware sometimes comprises different means/elements. For
example, a processing unit serves as one element/means
when executing one instruction, but serves as another ele-
ment/means when executing another instruction. In addition,
one element/means may be implemented by one instruction
in some cases, but by a plurality of instructions in some other
cases. Such a software controlled computing device may
include one or more processing units, e.g. a CPU (“Central
Processing Unit”), a DSP (“Digital Signal Processor”), an
ASIC (“Application-Specific Integrated Circuit”), discrete
analog and/or digital components, or some other program-
mable logical device, such as an FPGA (“Field Program-
mable Gate Array”). The data processing device 10 may
further include a system memory and a system bus that
couples various system components including the system
memory to the processing unit. The system bus may be any of
several types of bus structures including a memory bus or
memory controller, a peripheral bus, and a local bus using any
of a variety of bus architectures. The system memory may
include computer storage media in the form of volatile and/or
non-volatile memory such as read only memory (ROM), ran-
dom access memory (RAM) and flash memory. The special-
purpose software may be stored in the system memory, or on
other removable/non-removable volatile/non-volatile com-
puter storage media which is included in or accessible to the
computing device, such as magnetic media, optical media,
flash memory cards, digital tape, solid state RAM, solid state
ROM, etc. The data processing device 10 may include one or
more communication interfaces, such as a serial interface, a
parallel interface, a USB interface, a wireless interface, a
network adapter, etc, as well as one or more data acquisition
devices, such as an A/D converter. The special-purpose soft-
ware may be provided to the data processing device 10 on any
suitable computer-readable medium, including a record
medium, a read-only memory, or an electrical carrier signal.

4. Tomographic Techniques

[0099] Tomographic reconstruction, which is well-known
per se, may be based on the mathematics describing the
Radon transform and its inverse. The following theoretical
discussion is limited to the 2D Radon transform. The general
concept of tomography is to do imaging of a medium by
measuring line integrals through the medium for a large set of
angles and positions. The line integrals are measured through
the image plane. To find the inverse, i.e. the original image,
many algorithms use the so-called Projection-Slice Theorem.
[0100] Several efficient algorithms have been developed
for tomographic reconstruction, e.g. Filtered Back Projection
(FBP), FFT-based algorithms, ART (Algebraic Reconstruc-
tion Technique), SART (Simultaneous Algebraic Recon-
struction Technique), etc. Filtered Back Projection is a widely
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used algorithm, and there are many variants and extensions
thereof. Below, a brief outline of the underlying mathematics
for FBP is given, for the sole purpose of facilitating the
following discussion about the inventive concept and its mer-
its.

4.1 Projection-Slice Theorem

[0101] Many tomographic reconstruction techniques make
use of a mathematical theorem called Projection-Slice Theo-
rem. This Theorem states that given a two-dimensional func-
tion f(x, y), the one- and two-dimensional Fourier transforms
F; and F,, a projection operator R that projects a two-
dimensional (2D) function onto a one-dimensional (1D) line,
and a slice operator S, that extracts a central slice of a func-
tion, the following calculations are equal:

Fr Rsep)=5,F2 fxp)

[0102] This relation is illustrated in FIG. 5. The right-hand
side of the equation above essentially extracts a 1D line of the
2D Fourier transform of the function f(x, y). The line passes
through the origin of the 2D Fourier plane, as shown in the
right-hand part of FIG. 5. The left-hand side of the equation
starts by projecting (i.e. integrating along 1D lines in the
projection direction p) the 2D function onto a 1D line (or-
thogonal to the projection direction p), which forms a “pro-
jection” that is made up of the projection values for all the
different detection lines extending in the projection direction
p- Thus, taking a 1D Fourier transform of the projection gives
the same result as taking a slice from the 2D Fourier transform
ofthe function f(x, y). In the context of the present disclosure,
the function f(x, y) corresponds to the attenuation coefficient
field a(x) (generally denoted “attenuation field” herein) to be
reconstructed.

4.2 Radon Transform

[0103] First, it can be noted that the attenuation vanishes
outside the touch surface. For the following mathematical
discussion, we define a circular disc that circumscribes the
touch surface, Q,={x: IxI=r}, with the attenuation field set to
zero outside of this disc. Further, the projection value for a
given detection line is given by:

26, 5) = (Ra)(6, 5) = f awdx

s=x-

[0104] Here, we let 6=(cos ¢, sin ¢) be a unit vector denot-
ing the direction normal to the detection line, and s is the
shortest distance (with sign) from the detection line to the
origin (taken as the centre of the screen, cf. FIG. 5).). Note
that 6 is perpendicular to the above-mentioned projection
direction vector, p. This means that we can denote g (0, s) by
g(¢, s) since the latter notation more clearly indicates that g is
a function of two variables and not a function of one scalar
and one arbitrary vector. Thus, the projection value for a
detection line could be expressed as g(¢, s), i.e. as a function
of'the angle of the detection line to a reference direction, and
the distance of the detection line to an origin. We let the angle
span the range 0=¢<ut, and since the attenuation field has
support in €., it is sufficient to consider s in the interval
-r=s=r. The set of projections collected for different angles
and distances may be stacked together to form a “sinogram”.
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[0105] Our goal is now to reconstruct the attenuation field
a(x) given the measured

[0106] Radon transform, g=Ra. The Radon transform
operator is not invertible in the general sense. To be able to
find a stable inverse, we need to impose restrictions on the
variations of the attenuation field.

[0107] One should note that the Radon transform is the
same as the above-mentioned projection operator in the Pro-
jection-Slice Theorem. Hence, taking the 1D Fourier trans-
form of g(¢, s) with respect to the s variable results in central
slices from the 2D Fourier transform of the attenuation field
a(x).

4.3 Continuous vs. Discrete Tomography

[0108] The foregoing sections 4.1-4.2 describe the math-
ematics behind tomographic reconstruction using continuous
functions and operators. However, in a real world system, the
measurement data represents a discrete sampling of func-
tions, which calls for modifications of the algorithms. For a
thorough description of such modifications, we refer to the
mathematical literature, e.g. “The Mathematics of Comput-
erized Tomography” by Natterer, and “Principles of Comput-
erized Tomographic Imaging” by Kak and Slaney.

[0109] One important modification is a need for a filtering
step when operating on discretely sampled functions. The
need for filtering can intuitively be understood by considering
the Projection-Slice Theorem in a system with discrete sam-
pling points and angles, i.e. a finite set of detection lines.
According to this Theorem, for each angle ¢, we take the 1D
discrete Fourier transform of g(¢, s) with respect to the s
variable and put the result into the Fourier plane as slices
through the origin of the 2D Fourier transform of the original
function a(x). This is illustrated in the left-hand part of FIG. 6
for a single projection. When we add information from sev-
eral different projections, the density of sampling points will
be much higher near the origin of the 2D Fourier transform
plane. Since the information density is much higher at low
frequencies, an unfiltered back projection will yield a blurring
from the low frequency components.

[0110] To compensate for the non-uniform distribution of
sampling points in the 2D Fourier transform plane, we may
increase the amount of information about the high spatial
frequencies. This can be achieved by filtering, which can be
expressed as a multiplication/weighting of the data points in
the 2D Fourier transform plane. This is exemplified in the
right-hand part of FIG. 6, where the amplitude of the high
spatial frequencies are increased and the amplitude of the low
frequency components is decreased. This multiplication in
the 2D Fourier transform plane can alternatively be expressed
as a convolution in the spatial domain, i.e. with respect to the
s variable, using the inverse Fourier transform of the weight-
ing function. The multiplication/weighting function in the 2D
Fourier transform plane is rotationally symmetric. Thus, we
can make use of the Projection-Slice Theorem to get the
corresponding 1D convolution kernel in the projection
domain, i.e. the kernel we should use on the projections
gathered at specific angles. This also means that the convo-
Iution kernel will be the same for all projection angles.

4 4 Filtering and Back Projection

[0111] As explained in the foregoing section, the sinogram
data is first filtered and then back-projected. The filtering can
be done by multiplication with a filter W, in the Fourier
domain. There are also efficient ways of implementing the
filtering as a convolution by a filter W, in the spatial domain.
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In one embodiment, the filtering is done on the s parameter
only, and may be described by the following expression:

(W =R *(wy(s)*2(0.5)=R*,

[0112] where R¥ is a back projection operator defined as:

R = Zf”v(O, x-0)de,
0

[0113] and W,(x)=R *w,. The idea is to choose the w,(s)-
filter such that W ,(X)=3(x). This is typically accomplished by

working in the Fourier domain, taking W, () as a step func-
tion supported in a circular disc of radius b, and letting b—co.
The corresponding filter in the spatial domain is

wp(s) = (% ]2 (sinc(bs) - %(sinc( % ]]2],

[0114] with continuous extension across the singularity at
s=0.
[0115] In the literature, several variants of the filter can be

found, e.g. Ram-Lak, Shepp-Logan, Cosine, Hann, and Ham-
ming

5. Standard Geometries for Tomographic Processing

[0116] Tomographic processing is generally based on stan-
dard geometries. This means that the mathematical algo-
rithms presume a specific geometric arrangement of the
detection lines in order to attain a desired precision and/or
processing efficiency. The geometric arrangement may be
selected to enable a definition of the projection values in a 2D
sample space, inter alia to enable the above-mentioned filter-
ing in one of the dimensions of the sample space before the
back projection.

[0117] Inconventional tomography, the measurement sys-
tem (i.e. the location of the incoupling points and/or outcou-
pling points) is controlled or set to yield the desired geometric
arrangement of detection lines. Below follows a brief presen-
tation of the two major standard geometries used in conven-
tional tomography e.g. in the medical field.

5.1 Parallel Geometry

[0118] The parallel geometry is exemplified in FIG. 7.
Here, the system measures projection values of a set of detec-
tion lines for a given angle ¢,. In FIG. 7, the set of detection
lines D are indicated by dashed arrows, and the resulting
projection is represented by the function g(¢,, s). The mea-
surement system is then rotated slightly around the origin of
the x,y coordinate system in FIG. 7, to collect projection
values for a new set of detection lines at this new rotation
angle. As shown by the dashed arrows, all detection lines are
parallel to each other for each rotation angle. The system
generally measures projection values (line integrals) for
angles spanning the range 0=¢<w. When all the projections
are collected, they can be arranged side by side in a data
structure to form a sinogram. The sinogram is generally given
in a 2D sample space defined by dimensions that uniquely
assign each projection value to a specific detection line. In the
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case of a parallel geometry, the sample space is typically
defined by the angle parameter ¢ and the distance parameter
s.
[0119] Below, the use of a parallel geometry in tomo-
graphic processing is further exemplified in relation to a
known attenuation field shown in FIG. 8A, in which the
right-end bar indicates the coding of gray levels to attenuation
strength (%). FIG. 8B is a graph of the projection values as a
function of distance s for the projection obtained at ¢=m/6 in
the attenuation field of FIG. 8A. FIG. 8C illustrates the sino-
gram formed by all projections collected from the attenuation
field, where the different projections are arranged as vertical
sequences of values. For reference, the projection shown in
FIG. 8B is marked as a dashed line in FIG. 8C.

[0120] The filtering step, i.e. convolution, is now done with
respect to the s variable, i.e. in the vertical direction in FIG.
8C. As mentioned above, there are many different filter ker-
nels that may be used in the filtering. FIG. 8D illustrates the
central part of a discrete filter kernel w, that is used in the
following examples. As shown, the absolute magnitude of the
filter values quickly drop off from the center of the kernel
(k=0). In many practical implementations, it is possible to use
only the most central parts of the filter kernel, thereby
decreasing the number of processing operations in the filter-
ing step.

[0121] Since the filtering step is a convolution, it may be
computationally more efficient to perform the filtering step in
the Fourier domain. For each column of values in the ¢-s-
plane, a discrete 1D Fast Fourier transform is computed.
Then, the thus-transformed values are multiplied by the 1D
Fourier transform of the filter kernel. The filtered sinogram is
then obtained by taking the inverse Fourier transform of the
result. This technique can reduce the complexity from O(n?)
down to O(nlog, (n)) of the filtering step for each ¢, where n
is the number of sample points (projection values) with
respect to the s variable.

[0122] FIG. 8E shows the filtered sinogram that is obtained
by operating the filter kernel in FIG. 8D on the sinogram in
FIG. 8C.

[0123] The next step is to apply the back projection opera-
tor. Fundamental to the back projection operator is that a
single position in the attenuation field is represented by a sine
function in the sinogram. Thus, to reconstruct each individual
attenuation value in the attenuation field, the back projection
operator integrates the values of the filtered sinogram along
the corresponding sine function. To illustrate this concept,
FIG. 8E shows three sine functions P1-P3 that correspond to
three different positions in the attenuation field of FIG. 8A.
[0124] Since the location of a reconstructed attenuation
value will not coincide exactly with all of the relevant detec-
tion lines, it may be necessary to perform linear interpolation
with respect to the s variable where the sine curve crosses
between two projection values. Another approach, which is
less computationally effective, is to compute the filtered val-
ues at the crossing points by applying individual filtering
kernels. The interpolation is exemplified in FIG. 8F, which is
an enlarged view of FIG. 8E and in which x indicates the
different filtered projection values of the filtered sinogram.
The contribution to the back projection value for the sine
curve P1 from the illustrated small part of the ¢-s-plane
becomes:

(1—x25)'(W*g)25,175+225' (w *8)25,177+(1—227)'(W *8)27,
1754257 (W*g)a7 176 +H(1=228) (W*Q)og 17342 28"
(W*g)zs,lm
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[0125] The weights z, in the linear interpolation is given by
the normalized distance from the sine curve to the projection
value, i.e. 0=z,<1.

[0126] FIG. 8G shows the reconstructed attenuation field
that is obtained by applying the back projection operator on
the filtered sinogram in FIG. 8E. It should be noted that the
filtering step is important for the reconstruction to yield use-
ful data. FIG. 8H shows the reconstructed attenuation field
that is obtained when the filtering step is omitted.

5.2 Fan Geometry

[0127] Another major type of tomography arrangement is
based on sampling of data from a single emitter, instead of
measuring parallel projections at several different angles.
This so-called fan geometry is exemplified in FIG. 9. As
shown, the emitter emits rays in many directions, and sensors
are placed to measure the received energy from this single
emitter on anumber of detection lines D, illustrated by dashed
lines in FIG. 9. Thus, the measurement system collects pro-
jection values for a set of detection lines D extending from the
emitter when located at angle ,. In the illustrated example,
each detection line D is defined by the angular location } of
the emitter with respect to a reference angle (f=0 coinciding
with the x-axis), and the angle o of the detection line D with
respect to a reference line (in this example, a line going from
the emitter through the origin). The measurement system is
then rotated slightly (83) around the origin of the X,y coordi-
nate system in FIG. 9, to collect a new set of projection values
for this new angular location. It should be noted that the
rotation might not be limited to 0=f<w, but could be
extended, as is well-known to the skilled person. The follow-
ing example is given for a full rotation: 0=f<2z.

[0128] Fan beam tomographs may be categorized as equi-
angular or equidistant. Equiangular systems collect informa-
tion at the same angle (as seen from the emitter) between
neighboring sensors. Equiangular systems may be configured
with emitter and sensors placed on a circle, or the sensors may
be non-equidistantly arranged on a line opposite to the emit-
ter. Equidistant systems collect information at the same dis-
tance between neighboring sensors. Equidistant systems may
be configured with sensors placed on a line opposite to the
emitter. The following example is given for an equiangular
system, and based on the known attenuation field shown in
FIG. 8A. For a thorough description of the different types of
fan (beam) geometries, we refer to the literature.

[0129] FIG. 10A illustrates the sinogram formed by all
projections collected from the attenuation field in FIG. 8A, by
the measurement system outlined in FIG. 9. In FIG. 10A, the
different projections are arranged as vertical sequences of
values. It could be noted that the sinogram is given in a 2D
sample space defined by the angular emitter location param-
eter  and the angular direction parameter c.

[0130] In an exemplifying tomographic processing of the
sinogram in FIG. 10A, an angle correction is first applied on
all collected projections according to:

&'y o) (0, ) COS ().

[0131] The filtering step, i.e. convolution, is now done with
respectto the o, variable of the angle-corrected sinogram, i.e.
corresponding to the vertical direction in the angle-corrected
sinogram. As mentioned above, there are many different filter
kernels that may be used in the filtering. The following
example uses a filter kernel similar to the one shown in FIG.
8C. For example, many symmetric high-pass filters with a
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coefficient sum equal to zero may enable adequate recon-
struction of the attenuation field. However, a careful choice of
filter may be needed in order to reduce reconstruction arti-
facts. The result may also be improved by applying a smooth-
ing filter in this step, as is well-known in the art. Like in the
parallel geometry, the filtering may involve a convolution in
the spatial domain or a multiplication in the Fourier domain.
[0132] The filtered sinogram obtained by operating the fil-
ter kernel on the angle-corrected sinogram is shown in FIG.
10B.

[0133] The next step is to apply the back projection opera-
tor. The back projection operator is different from the one
used in the above-described parallel geometry. In the fan
geometry, the back projection step may be given by the
expression:

1
RV =0pY, pz (L =20 i )+ 2-v(akers A
Bi !

[0134] where D, is the position of the source giving the f3,
projection, z is a parameter that describes the linear interpo-
lation between the detection lines and a ray that extends from
the source through the location of the respective attenuation
value to be reconstructed.

[0135] FIG. 10C shows the reconstructed attenuation field
that is obtained by applying the back projection operator on
the filtered sinogram in FIG. 10B.

5.3 Re-Sorting Algorithms

[0136] Another approach to do the filtered back projection
for a fan geometry is to choose the locations of emitters and
sensors such that itis possible to re-sort the data into a parallel
geometry. Generally, such re-sorting algorithms are designed
to achieve regularly spaced data samples in the ¢-s-plane.
More information about re-sorting algorithms is e.g. found in
“Principles of Computerized Tomographic Imaging” by Kak
and Slaney.

[0137] To further explain the concept of re-sorting, FIG. 11
shows the data samples (projection values) collected from
two different emitters (i.e. two different values of ) in an
equiangular fan beam tomograph. The data samples are
mapped to a ¢-s-plane. It can be noted that the projection
values obtained from a single emitter do not show up as a
straight vertical line with respect to the s variable. It can also
be seen that the ¢ values differ only by a constant, and that the
s values are identical for the two different projections. One
re-sorting approach is thus to collect projection values that
originate from detection lines with the same ¢ values (i.e.
from different emitters) and let these constitute a column in
the ¢-s-plane. However, this leads to a non-uniform spacing
of the s values, which may be overcome by interpolating
(re-sampling) the projection values with respect to the s vari-
able. It should be noted that this procedure is a strictly 1D
interpolation and that all columns undergo the same trans-
form. It should also be noted that this procedure transforms
one standard tomography geometry into another standard
tomography geometry.

[0138] In order for the re-sorting algorithms to work, it is
essential (as stated in the literature) that =03, i.e. the angu-
lar rotation between two emitter locations is the same as the
angular separation between two detection lines. Only when
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this requirement is fulfilled, the projection values will form
columns with respect to the s variable.

6. Use of Tomographic Processing for Touch Determination

[0139] FIG. 12A illustrates the sampling points (corre-
sponding to detection lines, and thus to measured projection
values) in the ¢-s-plane for the interleaved system shown in
FIG. 2A. Due to the irregularity of the sampling points, it is
difficult to apply the above-described filter. The irregularity
of the sampling points also makes it difficult to apply a re-
sorting algorithm.

[0140] In FIG. 12A, the solid lines indicate the physical
limits of the touch surface. It can be noted that the angle ¢
actually spans the range from 0 to 2, since the incoupling and
outcoupling points extend around the entire perimeter. How-
ever, a detection line is the same when rotated by mt, and the
projection values can thus be rearranged to fall within the
range of 0 to . This rearrangement is optional; the data
processing can be done in the full range of angles with a
correction of some constants in the back projection function.
[0141] When comparing the interleaved arrangement in
FIG. 2A with the fan geometry in FIG. 9, we see that the
angular locations [, are not equally spaced, and that angular
directions a are neither equiangular nor equidistant. Also, the
values attained by o are different for different f3,. The differ-
ent §; values for the interleaved arrangement are shown in
FIG. 12B. In an ideal fan beam tomograph, this plot would be
a straight line. The step change at emitter 23 is caused by the
numbering of the emitters (in this example, the emitters are
numbered counter-clockwise starting from the lower-left cor-
ner in FIG. 2A). FIG. 12C exemplifies the variation in o
values for emitter 10 (marked with crosses) and emitter 14
(marked with circles) in FIG. 2A. In an ideal equiangular fan
beam tomograph, this plot would result in two straight lines,
with a separation in the vertical direction arising from the
numbering of the sensors. Instead, FIG. 12C shows a lack of
regularity for both the individual emitter and between differ-
ent emitters. Another aspect is that the fan geometry assumes
that the source is positioned, for all projections, at the same
distance from the origin, which is not true for an interleaved
arrangement around a non-circular touch surface.

[0142] FIG. 12D illustrates the sampling points in the ¢-s-
plane for the non-interleaved system shown in FIG. 2B. Apart
from the irregularity of sampling points, there are also large
portions of the ¢-s-plane that lack sampling points due to the
non-interleaved arrangement of incoupling and outcoupling
points.

[0143] Thus, it is not viable to apply a filter directly on the
sampling points mapped to a sample space such as the ¢-s-
plane or the f-a-plane, and the sampling points cannot be
re-sorted to match any standard tomography geometry. This
problem is overcome by the re-calculation step (42 in FIG.
4A), which processes the projection values of the sampling
points for generation of projection values for anupdated set of
sampling points. The updated set of sampling points represent
a corresponding set of fictitious detection lines. These ficti-
tious detection lines have a location on the touch surface that
matches a standard geometry, typically the parallel geometry
or the fan geometry. The generation of projection values of an
updated set of sampling points may be achieved by interpo-
lating the original sampling points.

[0144] The objective of the interpolation is to find an inter-
polation function that can produce interpolated values at spe-
cific interpolation points in the sample space given a set of
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measured projection values at the original sampling points.
The interpolation points, possibly together with part of the
original sampling points, form the above-mentioned updated
set of sampling points. This updated set of sampling points is
generated to be located in accordance with, for instance, the
parallel geometry or the fan geometry. The density of the
updated set of sampling points is preferably similar to the
average density of the original sampling points in the sample
space.

[0145] Many different interpolating functions can be used
for this purpose, i.e. to interpolate data points on a two-
dimensional grid. Input to such an interpolation function is
the original sampling points in the sample space as well as the
measured projection value for each original sampling point.
Most interpolating functions involve applying a linear opera-
tor on the measured projection values. The coefficients in the
linear operator are given by the known locations of the origi-
nal sampling points and the interpolation points in the sample
space. The linear operator may be pre-computed and then
applied on the measured projection values in each sensing
instance (cf. iteration of steps 40-48 in FIG. 4A). Some non-
limiting examples of suitable interpolation functions include
Delaunay triangulation, and other types of interpolation using
triangle grids, bicubic interpolation, e.g. using spline curves
or Bezier surfaces, Sinc/Lanczos filtering, nearest-neighbor
interpolation, and weighted average interpolation. Alterna-
tively, the interpolation function may be based on Fourier
transformation(s) of the measured projection values.

[0146] Below, the use of different interpolation functions in
the re-calculation step (step 42 in FIG. 4A) will be further
exemplified. Sections 6.1 and 6.2 exemplify the use of
Delaunay triangulation, section 6.3 exemplifies the use of
Fourier transformation techniques, and section 6.4 exempli-
fies the use of weighted average interpolation.

[0147] Inthe examples that are based on Delaunay triangu-
lation, the sampling points are placed at the corners of a mesh
of non-overlapping triangles. The values of the interpolation
points are linearly interpolated in the triangles. The triangles
can be computed using the well-known Delaunay algorithm.
To achieve triangles with reduced skewness, it is usually
necessary to rescale the dimensions of the sample space (¢, s
and f, a, respectively) to the essentially same length, before
applying the Delaunay triangulation algorithm.

[0148] In all of the following examples, the interpolation
function is able to produce output values for any given posi-
tion in the sample space. However, the frequency information
in the updated set of sampling points will be limited according
to the density of original sampling points in the sample space.
Thus, wherever the original density is high, the updated set of
sampling points can mimic high frequencies present in the
sampled data. Wherever the original density is low, as well as
if there are large gaps in the sample space, the updated set will
only be able to produce low frequency variations. Non-inter-
leaved arrangements (see FIG. 2B), will produce a sample
space with one or more contiguous regions (also denoted “gap
regions”) that lack sampling points (see FIG. 12D). These gap
regions may be left as they are, or be populated by interpola-
tion points, or may be handled otherwise, as will be explained
below in relation to a number of examples.

[0149] The following examples will illustrate re-calcula-
tion of sampling points into a parallel geometry and a fan
geometry, respectively. Each example is based on a numerical
simulation, starting from a reference image that represents a
known attenuation field on the touch surface. Based on this

Feb. 21, 2013

known attenuation field, the projection values for all detec-
tion lines have been estimated and then used in a tomographic
reconstruction according to steps 40-46 in FIG. 4A, to pro-
duce a reconstructed attenuation field.

[0150] Thus, the estimated projection values are used as
“measured projection values™ in the following examples.
[0151] Inthe examples, two different merit values are used
for comparing the quality of the reconstructed attenuation
fields for different embodiments. The first merit value m, is
defined as:

>

METI-

[0152] where f is a reference image (i.e. the known attenu-
ation field) and f* is the reconstructed attenuation field. The
first merit value intends to capture the similarity between the
original image and the reconstructed image.

[0153] The second merit value m, is defined as:
>
my=———-,
1= 1A
£=0
[0154] i.e. the denominator only includes absolute differ-

ences in the regions where the attenuation values are zero in
the reference image. The second merit value thus intends to
capture the noise in the reconstructed image by analyzing the
regions of the image where there should be no attenuation
present.

6.1 Re-Calculation into a Parallel Geometry

[0155] The following examples will separately illustrate
the re-calculation into a standard parallel geometry for an
interleaved arrangement and for a non-interleaved arrange-
ment. Since the re-calculation is made for a parallel geometry,
the following examples are given for processing in the ¢-s-
plane.

6.1.1 Example: Interleaved Arrangement

[0156] This example is given for the interleaved arrange-
ment shown in FIG. 2A, assuming the reference image shown
in FIG. 13. The reference image is thus formed by five touch-
ing objects 7 of different size and attenuation strength that are
distributed on the touch surface 1. For reasons of clarity, FIG.
13 also shows the emitters 2 and sensors 3 in relation to the
reference image.

[0157] FIG. 14A is a plan view of the resulting sample
space, where a mesh of non-overlapping triangles have been
adapted to the sampling points so as to provide a two-dimen-
sional interpolation function. FIG. 14B is a close-up of FIG.
14A to illustrate the sampling points (stars) and the Delaunay
triangulation (dotted lines extending between the sampling
points). FIG. 14B also illustrates the interpolation points
(circles). Thus, the values of the interpolation points are cal-
culated by operating the Delaunay triangulation on the pro-
jection values in the sampling points. In the illustrated
example, the interpolation points replace the sampling points
in the subsequent calculations. In other words, the sinogram
formed by the measured projection values is replaced by an
interpolated sinogram formed by interpolated projection val-
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ues. Thereby, it is possible to obtain a uniform density of
interpolation points across the sample space, if desired. Each
interpolation point corresponds to a fictitious detection line
that extends across the touch surface in accordance with a
parallel geometry. Thus, the interpolation is designed to pro-
duce a set of fictitious detection lines that match a parallel
geometry, that allows a reconstruction of the attenuation field
using standard algorithms.

[0158] As shown, the interpolation points are arranged as
columns (i.e. with respect to the s variable) in the sample
space, allowing subsequent 1D filtering with respect to the
variable. In this example, the interpolation points are
arranged with equidistant spacing with respect to the s vari-
able, which has been found to improve the reconstruction
quality and facilitate the subsequent reconstruction process-
ing, e.g. the 1D filtering. Preferably, the inter-column dis-
tance is the same for all columns since this will make the back
projection integral perform better.

[0159] In the interpolated sinogram, each ¢ value with its
associated s values (i.e. each column) corresponds to a set of
mutually parallel (fictitious) detection lines, and thus the data
is matched to a parallel geometry in a broad sense.

[0160] FIG. 14C illustrates the interpolated sinogram, i.e.
the interpolated projection values that has been calculated by
operating the interpolation function in FIG. 14A on the mea-
sured projection values. After filtering the interpolated sino-
gram with respect to the s variable, using the filter in FIG. 8D,
and applying the back projection operator on the thus filtered
sinogram, a reconstructed attenuation field is obtained as
shown in FIG. 14D, having merit values: m,;=1.3577 and
m,=3.3204.

[0161] Variants for generating the updated set of sampling
points are of course possible. For example, different interpo-
lation techniques may be used concurrently on different parts
of the sample space, or certain sampling points may be
retained whereas others are replaced by interpolated points in
the updated set of sampling points.

[0162] Aswill be explained in the following, the generation
of the updated set of sampling points may be designed to
allow detection lines to be removed dynamically during
operation of the touch-sensitive apparatus. For example, if an
emitter or a sensor starts to perform badly, or not at all, during
operation of the apparatus, this may have a significant impact
on the reconstructed attenuation field. It is conceivable to
provide the apparatus with the ability of identifying faulty
detection lines, e.g. by monitoring temporal changes in output
signal of the light sensors, and specifically the individual
projection signals. The temporal changes may e.g. show up as
changes in the energy/attenuation/transmission or the signal-
to-noise ratio (SNR) of the projection signals. Any faulty
detection line may be removed from the reconstruction. Such
a touch-sensitive apparatus is disclosed in Applicant’s U.S.
provisional application No. 61/288,416, which was filed on
Dec. 21, 2009 and which is incorporated herein by this refer-
ence. To fully benefit from such functionality, the touch-
sensitive apparatus may be designed to have slightly more
sensors and/or emitters than necessary to achieve adequate
performance, such that it is possible to discard a significant
amount of the projection values, for example 5%, without
significantly affecting performance.

[0163] The re-calculation step (cf. step 42 in FIG. 4A) may
be configured to dynamically (i.e. for each individual sensing
instance) account for such faulty detection lines by, whenever
a detection line is marked as faulty, removing the correspond-
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ing sampling point in the sample space and re-computing the
interpolation function around that sampling point. Thereby,
the density of sampling points is reduced locally (in the ¢-s-
plane), but the reconstruction process will continue to work
adequately while discarding information from the faulty
detection line.

[0164] This is further illustrated in FIGS. 15-16. FIG. 15A
is a close-up of two-dimensional interpolation function
formed as an interpolation grid in the sample space. Assume
that this interpolation function is stored for use in the re-
calculation step for a complete set of sampling points. Also
assume that the sampling point indicated by a circle in FIG.
15A corresponds to a detection line which is found to be
faulty. In such a situation, the sampling point is removed, and
the interpolation function is updated or recomputed based on
the remaining sampling points. The result of this operation is
shown in FIG. 15B. As shown, the change will be local to the
triangles closest to the removed sampling point.

[0165] If an emitter is deemed faulty, all detection lines
originating from this emitter should be removed. This corre-
sponds to removal of a collection of sampling points and a
corresponding update of the interpolation function. FIG. 15C
illustrates the interpolation function in FIG. 15A after such
updating, and FIG. 15D illustrates the updated interpolation
function for the complete sample space. The removal of the
detection lines results in a band of lower density (indicated by
arrow 1), but the reconstruction process still works properly.
[0166] Instead, if a sensor is deemed faulty, all detection
lines originating from this sensor should be removed. This is
done in the same way as for the faulty emitter, and FIG. 16 A
illustrates the interpolation function in FIG. 15A after such
updating. FIG. 16B illustrates the updated interpolation func-
tion for the complete sample space. The removal of the detec-
tion lines again results in a band of lower density (indicated by
arrow 1.2), but the reconstruction process still works properly.

6.1.2 Example: Non-Interleaved Arrangement

[0167] The non-interleaved arrangement generally results
in a different set of sampling points than the interleaved
arrangement, as seen by comparing FIG. 12A and FIG. 12D.
However, there is no fundamental difference between the
interpolation solutions for these arrangements, and all
embodiments and examples of reconstruction processing
described above in relation to the interleaved arrangement are
equally applicable to the non-interleaved arrangement. The
following example therefore focuses on different techniques
for handling the gap regions, i.e. regions without sampling
points, which are obtained in non-interleaved arrangement.
[0168] The following example is given for the non-inter-
leaved arrangement shown in FIG. 2B, assuming a reference
image as shown in FIG. 17, i.e. the same reference image as in
FIG. 13.

[0169] FIG. 18A is a plan view of the resulting interpola-
tion function, where a mesh of non-overlapping triangles
have been adapted to the sampling points in the sample space.
Thus, this example forms the interpolation function directly
from the original sampling points. Since the sample space
contain contiguous gap regions (see FIG. 12D), the resulting
interpolation function is undefined in these gap regions, or
stated differently, the values at the implicit sampling points in
the gap regions are set to zero. The interpolation function in
FIG. 18 A may be used to generate an updated set of sampling
points, like in the foregoing examples. FIG. 18B illustrates
the reconstructed attenuation field that is obtained by calcu-
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lating the interpolated projection values for the reference
image in FIG. 17, operating the 1D filter of the result, and
applying the back projection operator on the result of the
filtered data. The reconstructed attenuation field has merit
values: m;=0.7413 and m,=1.2145.

[0170] An alternative approach to handling the gap regions
is to extend the interpolation function across the gap regions,
i.e. to extend the mesh of triangles over the gap regions, as
shown in FIG. 19A. The interpolation function in FIG. 18A
may thus be used to generate desirable interpolation points
within the entire sample space, i.e. also in the gap regions.
FIG. 19B illustrates the interpolated projection values calcu-
lated for the reference image in FIG. 17. It can be seen that
projection values are smeared out into the gap regions in the
¢-s-plane. The reconstructed attenuation field (not shown),
obtained after 1D filtering and back projection, has merit
values: m;=0.8694 and m,=1.4532, i.e. slightly better than
FIG. 18B.

[0171] Yet another alternative approach is to add some bor-
der vertices to the interpolation function in the gap regions,
where these border vertices form a gradual transition from the
original sampling points to zero values, and letting the inter-
polation function be undefined/zero in the remainder of the
gap regions. This results in a smoother transition of the inter-
polation function into the gap regions, as seen in FIG. 20A.
FIG. 20B illustrates the interpolated projection values calcu-
lated for the reference image in FIG. 17. The reconstructed
attenuation field (not shown), obtained after 1D filtering and
back projection, has merit values: m,;=0.8274 and m,=1.
4434, i.e. slightly better than FIG. 18B.

[0172] All of the three above-described approaches lead to
reconstructed attenuation fields of approximately the same
quality. Below follows a description of a technique for
improving the quality further, by improving the estimation of
sampling points in the gap regions.

[0173] This improved technique for generating estimation
points in the gap regions will be described in relation to FIGS.
22-23. It is to be noted that this technique may also be applied
to populate gaps formed by removal of faulty detection lines,
as a supplement or alternative to the technique discussed in
section 6.1.1. Generally, the estimation points may be
selected to match the standard geometries, like the interpola-
tion points, possibly with a lower density than the interpola-
tion points. FIG. 21A illustrates the sample space supple-
mented with such estimation points in the gap regions. Like in
the foregoing examples, an interpolation function is gener-
ated based on the sample space, in this case based on the
combination of sampling points and interpolation points.
FIG. 21B illustrates the resulting interpolation function.
[0174] The aim is to obtain a good estimate for every added
estimation point. This may be achieved by making assump-
tions about the touching objects, although this is not strictly
necessary. For example, if it can be presumed that the touch-
ing objects are fingertips, it can be assumed that each touch-
ing object results in a top hat profile in the attenuation field
with a circular or ellipsoidal contour. Unless the number of
touching objects is excessive, there will exist, for each touch-
ing object, at least one detection line that interacts with this
touching object only. If it is assumed that the touch profiles
are essentially round, the touch profile will cause essentially
the same attenuation of all detection lines that are affected by
the touch profile.

[0175] The value at each estimation point, in the ¢-s-plane
(marked with diamonds in FIG. 21A), represents a line inte-
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gral along a specific line on the touch surface. Since the
estimation points are located in the gap region, there is no real
(physical) detection line that matches the specific line. Thus,
the specific line is a virtual line in the x-y-plane (i.e. a ficti-
tious detection line, although it does not correspond to an
interpolation point but to an estimation point). The value at
the estimation point may be obtained by analyzing selected
points along the virtual line in the x-y-plane. Specifically, a
minimum projection value is identified for each selected
point, by identifying minimum projection value for the
ensemble of detection lines (actual or fictitious) that passes
through the selected point. This means that, for every ana-
lyzed point, the algorithm goes through the different detec-
tion lines passing through the point and identifies the lowest
value of all these detection lines. The value of the estimation
point may then be given by the maximum value of all identi-
fied minimum projection values, i.e. for the different ana-
lyzed points, along the virtual line.

[0176] To explain this approach further, FIG. 22A illus-
trates the original sampling points together with two estima-
tion points EP1, EP2 indicated by circles. The estimation
point EP1 corresponds to a virtual line V1, which is indicated
in the reference image of FIG. 22B. The next step is to
evaluate selected points along the virtual line V1. For every
selected point, the projection values for all intersecting detec-
tion lines are collected. The result is shown in the two-dimen-
sional plot of FIG. 22C, which illustrates projection values as
a function of detection line (represented by its angle) and the
selected points (given as position along the virtual line). The
large black areas in FIG. 22C correspond to non-existing
detection lines. To find the value of the estimation point EP1,
the data in FIG. 22C is first processed to identify the mini-
mum projection value (over the angles) for each selected
point along the virtual line V1. The result is shown in the
graph of FIG. 22D. The value of the estimation point EP1 is
then selected as the maximum of these minimum projection
values. FIG. 22K illustrates the values of all estimation points
in FIG. 21A calculated for the reference image in FIG. 17
using this approach, together with the interpolated projection
values. By comparing FIG. 19B and FIG. 20B, a significant
improvement is seen with respect to the information in the
gap regions of the sample space. The reconstructed attenua-
tion field, obtained after 1D filtering and back projection, is
shown in FIG. 22F and has merit values: m;=1.2085 and
m,=2.5997, i.e. much better than FIG. 18B.

[0177] Itis possible to improve the estimation process fur-
ther. Instead of choosing the maximum among the minimum
projection values, the process may identify the presence of
plural touch profiles along the investigated virtual line and
combine (sum, weighted sum, etc) the maximum projection
values of the different touch profiles. To explain this approach
further, consider the estimation point EP2 in FIG. 22A. The
estimation point EP2 corresponds to a virtual line V2, which
is indicated in the reference image of FIG. 23A Like in the
foregoing example, selected points along the virtual line V2
are evaluated. The result is shown in the two-dimensional plot
of FIG. 23B. Like in the foregoing example, the data in FIG.
23B is then processed to identify the minimum projection
value (over the angles) for each selected point along the
virtual line V2. The result is shown in the graph of FIG. 23C.
This graph clearly indicates that there are two separate touch
profiles on the virtual line V2. Thus, the estimation process
processes the maximum projection values in FIG. 23C to
identify local maxima (in this example two maxima), and sets

Chemtronics v. FlatFrog
Chemtronics Exhibit 1016 Page 39



US 2013/0044073 Al

the value of the estimation point EP2 equal to the sum of the
local maxima (projection values). FIG. 23D illustrates the
values of all estimation points in FIG. 21A calculated for the
reference image in FIG. 17 using this approach, together with
the interpolated projection values. The gap regions of the
sample space are represented by relevant information. The
reconstructed attenuation field, obtained after 1D filtering
and back projection, is shown in FIG. 23E and has merit
values: m,=1.2469 and m,=2.6589, i.e. slightly better than
FIG. 22F.

[0178] FIG. 24 is a flowchart of an exemplifying recon-
struction process, which is a more detailed version of the
general process in FIG. 4A adapted for data processing in a
touch-sensitive apparatus with a non-interleaved arrange-
ment. The process operates on the output signal from the light
sensor arrangement, using data stored in a system memory
50, and intermediate data generated during the process. It is
realized that the intermediate data also may be stored tempo-
rarily in the system memory 50 during the process. The flow-
chart will not be described in great detail, since the different
steps have already been explained above.

[0179] In step 500, the process samples the output signal
from the light sensor arrangement. In step 502, the sampled
data is processed for calculation of projection values (g). In
step 504, the process reads the interpolation function (IF)
from the memory 50. The interpolation function (IF) could,
e.g., be designed as any one of the interpolation functions
shown in FIGS. 18A, 19A, 20A and 21B. The process also
reads “exclusion data” from the memory 50, or obtains this
data directly from a dedicated process. The exclusion data
identifies any faulty detection lines that should be excluded in
the reconstruction process. The process modifies the interpo-
lation function (IF) based on the exclusion data, resulting in
anupdated interpolation function (IF') which may be stored in
the memory 50 for use during subsequent iterations. Based on
the updated interpolation function (IF'), and the projection
values (g), step 504 generates new projection values (“inter-
polation values™, 1) at given interpolation points. Step 504
may also involve a calculation of new projection values (“esti-
mation values”, e) at given estimation points in the gap
regions, based on the updated interpolation function (IF").
Step 504 results in a matched sinogram (g'), which contains
the interpolation values and the estimation values. In step
506, the process reads the filter kernel (w,,) from the memory
50 and operates the kernel in one dimension on the matched
sinogram (g'"). The result of step 506 is a filtered sinogram (v).
In step 508, the process reads “subarea data” from the
memory 50, or obtains this data directly from a dedicated
process. The subarea data indicates the parts of the attenua-
tion field/touch surface to be reconstructed. Based on the
subarea data, and the filtered sinogram (v), step 510 generates
areconstructed attenuation field (a), which is output, stored in
memory 50, or processed further. Following step 508, the
process returns to step 500.

[0180] It is to be understood that a similar process may be
applied for data processing in a touch-sensitive apparatus
with an interleaved arrangement.

6.2 Re-Calculation into Fan Geometry

[0181] The following example will illustrate the re-calcu-
lation into a standard fan geometry for an interleaved arrange-
ment. Since the re-calculation is made for a fan geometry, the
following examples are given for the f-ci-plane.
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6.2.1 Example: Interleaved Arrangement

[0182] This example is given for the interleaved arrange-
ment shown in FIG. 2A, assuming a reference image as shown
in FIG. 13.

[0183] A firstimplementation of the re-calculation step (cf.
step 42 in FIG. 4A) will be described with reference to FIG.
25. In the first implementation, the sampled data is
“squeezed” to fit a specific fan geometry. This means that the
projection values obtained for the detection lines of the inter-
leaved arrangement are re-assigned to fictitious detection
lines that match a fan geometry, in this example the geometry
of an equiangular fan beam tomograph. Making such a re-
assignment may involve a step of finding the best guess for an
equiangular spacing of the f3, values, and for the o, values. In
this example, the f, values for the sampling points are re-
interpreted to be consistent with the angles of an equiangular
fan beam tomograph. This essentially means that the difter-
ence in rotation angle between the different incoupling points
is considered to be the same around the perimeter of the touch
surface, i.e. p=2-/M, where M is the total number of emit-
ters (incoupling points). The o, values for the sampling points
are re-interpreted by postulating that the o, values are found
at n-da,, where —=n=N and 2N+1 is the total number of
sensors (outcoupling points) that receive light energy from
the relevant emitter. To get accurate ordering of the o, values,
n=0 may be set as the original sample with the smallest value
of a.

[0184] FIG. 25A illustrates the sampling points in the -
plane, after this basic reassignment of projection values. After
angle correction, 1D filtering of the angle-corrected data, and
back projection, a reconstructed attenuation field is obtained
as shown in FIG. 25B. It is evident that the first implementa-
tion is able to reproduce the original image (FIG. 13), but with
a rather low quality, especially in the corner regions.

[0185] In a second implementation of the re-calculation
step, the measured projection values are processed for calcu-
lation of new (updated) projection values for fictitious detec-
tion lines that match a fan geometry. In the second implemen-
tation, like in the first implementation, each emitter
(incoupling point) on the perimeter of the touch surface is
regarded as the origin of a set of detection lines of different
directions. This means that every 3, value corresponds to an
emitter (incoupling point) in the interleaved arrangement,
which generates a plurality of detection lines with individual
angular directions o, and the sampling points defined by the
actual 3, values and a, values thus form columns in the f-a-
plane. Therefore, interpolation in the {3, direction can be omit-
ted, and possibly be replaced by a step of adding an individual
weighting factor to the back projection operator (by changing
df to 8f,, which should correspond to the difference in 3,
values between neighboring emitters). In the second imple-
mentation, the recalculation step involves an interpolation
with respect to the o, variable, suitably to provide values of
interpolation points having an equidistant separation with
respect to the o, variable for each [, value in the sampling
space. Thus, the interpolation of the sampling points may be
reduced to applying a 1D interpolation function. The 1D
interpolation function may be of any type, such as linear,
cubic, spline, Lanczos, Sinc, etc. In following example, the
interpolation function is linear. It should be noted, though,
that a 2D interpolating function as described in section 6.1
above can alternatively be applied for interpolation in the
[-c-plane.
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[0186] FIG.26A illustrates the sampling points in the $-a.-
plane, after the 1D interpolation. FIG. 26B shows the recon-
structed attenuation field which is obtained after angle cor-
rection, 1D filtering of the angle-corrected data, and back
projection. By comparing FIG. 26B with FIG. 25B, it can be
seen that the second implementation provides a significant
quality improvement compared to the first implementation.

[0187] Further, by comparing FIG. 26B with FIG. 14D,
which both illustrate reconstructed attenuation fields for the
interleaved arrangement, it may appear as if the parallel
geometry may result in a higher reconstruction quality than
the fan geometry. This apparent quality difference may have
several causes. First, reconstruction algorithms for the fan
geometry restrict the direction angle o to the range
-m/2=a.=n/2. Direction angles outside this range will cause
the angle correction (see section 5.2) to deteriorate. In the
touch-sensitive apparatus, detection lines may have direction
angles outside this range, especially for emitters located the
corners of the touch surface (recalling that a=0 for a line
going from the emitter through the origin, i.e. the center of the
touch surface). Second, the weighted back projection opera-
tor (see section 5.2) involves a normalization based on the
inverse of the squared distance between the source and the
reconstructed position. This distance becomes close to zero
near the perimeter of the touch surface and its inverse goes
towards infinity, thereby reducing the reconstruction quality
at the perimeter. Still further, the standard reconstruction
algorithms assume that all sensors (outcoupling points) are
arranged at the same distance from the emitters (incoupling
points).

[0188] A third implementation of the re-calculation step
will now be described with reference to FIGS. 27-28. In the
third implementation, which is designed to at least partially
overcome the above-mentioned limitations of the first and
second implementations, the detection lines are defined based
on fictive emitter/sensor locations. FIG. 27 illustrates the
touch-sensitive apparatus circumscribed by a circle C which
may or may not be centered at the origin of the X,y coordinate
system (FIG. 2) of the apparatus. The emitters 2 and sensors
3 provide a set of detection lines (not shown) across the touch
surface 1. To define the detection lines in a p-a-plane, the
intersection of each detection line and the circle C is taken to
define a f3, value, whereas the o, value of each detection line
is given by the inclination angle of the detection line with
respect to a reference line (like in the other fan geometry
examples given herein). Thereby, the § and o variables are
defined in strict alignment with the theoretical definition
depicted in FIG. 9, where the {3 variable is defined as a rotation
angle along a circular perimeter.

[0189] FIG. 28A illustrates the resulting sampling points in
the p-a-plane for the interleaved system shown in FIG. 27,
where the f§, values are defined according to the foregoing
“fictive circle approach”. The sampling space contains a
highly irregular pattern of sampling points. FIG. 28B is a plan
view of a 2D interpolation function fitted to the sampling
points in FIG. 28A. It should be realized that the techniques
described in sections 6.1.1 and 6.1.2 may be applied also to
the sampling points in the -ci-plane to generate interpola-
tion/estimation points that represent fictitious detection lines
matching a standard fan geometry. Thus, the interpolation/
estimation points are suitably generated to form columns with
respect to the f variable, preferably with equidistant spacing.
FIG. 28C illustrates the interpolated sinogram, which is
obtained by operating the interpolation function in FIG. 28B
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on the projection values that are given by the reference image
in FIG. 13. FIG. 28D shows the reconstructed attenuation
field which is obtained after angle correction, 1D filtering of
the angle-corrected data, and back projection. By comparing
FIG. 28D with FIG. 26B, it can be seen that the third imple-
mentation provides a significant quality improvement com-
pared to the first and second implementations.

[0190] In all of the above implementations, the re-calcula-
tion step results in an updated sinogram, in which each
value and its associated o values (i.e. each column in the
sinogram) corresponds to a fan of detection lines with a
common origin, and thus the data is matched to a fan geom-
etry in a broad sense.

6.3 Re-Calculation by Fourier Transformation

[0191] In tomography theory, it is generally assumed that
g(9, s) is bandwidth limited. Thereby, it is possible to use
Fourier transformation algorithms to perform the recalcula-
tion step (step 42 in FIG. 4A) so as to form the above-
mentioned updated set of sampling points.

[0192] There is a class of Fourier transformation algo-
rithms that are designed to enable Fourier transformation of
irregularly sampled data. These algorithms may e.g. involve
interpolation and oversampling of the original data, e.g. using
least-squares, iterative solutions or Fourier expansion (Shan-
non’s sampling theorem). This type of Fourier transformation
algorithm comes in many different names and flavors, e.g.
Non-Uniform FFT (NUFFI/NFFT), Generalized FFT
(GFFT), Non-uniform DFT (NDFT), Non-Equispaced
Result FFT (NER), Non-Equispaced Data FFT (NED), and
Unequally spaced FFT (USFFT).

[0193] Inthe following, a brief example is given on the use
of the NED algorithm in a recalculation step into a standard
parallel geometry. The theory behind the NED algorithm is
further described in the article “Non-Equispaced Fast Fourier
Transforms with Applications to Tomography” by K Four-
mont, published in “Journal of Fourier Analysis and Appli-
cations”, Volume 9, Number 5, pages 431-450 (2003), which
is incorporated herein by this reference.

[0194] The example involves two FFT operations on the
original set of projection values in the sinogram g(¢, s). First,
a two-dimensional NED FFT algorithm is operated on the
sinogram:

A F
g%, 0) =-— gy sp),

[0195] whereby the Fourier transform of the sinogram is
computed. As noted above, the NED algorithm is designed to
process irregularly sampled data, and the resulting Fourier
coefficients (0, o) will be arranged in a Cartesian grid. Then,
aregular two-dimensional inverse FFT algorithm is operated
on the Fourier coefficients to get an updated set of projection
values arranged in a standard geometry, in this example a
parallel geometry:

Fyl
-—

2%, 9) 09, 0).
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[0196] A regular inverse FFT algorithm can be used since
both the input data g(8, o) and the output data g(¢, s) are
arranged on a Cartesian grid.

[0197] In this example, it may be advantageous for the
c-N-periodicity of the recalculation step to be for ¢=2z. This
may be achieved by mirroring the sinogram values before
applying the NED FFT algorithm: g(¢, s)=g(¢-m, —s) for
n=¢<2mw. However, this extension of the sinogram is not
strictly necessary. In a variant, it is merely ensured that the
wrapping behavior of the c-N-periodicity is consistent with
the mirroring of the sinogram values.

[0198] It can be noted that the above example is equally
applicable for re-calculation into a fan geometry, by changing
(9, 5) to (a, p).

[0199] It is also to be understood that the re-calculation is
not limited to the use of the NED FFT algorithm, but can be
achieved by applying any other suitable Fourier transforma-
tion algorithm designed for irregularly sampled data, e.g. as
listed above.

6.4 Re-Calculation by Weighted Average Interpolation

[0200] The interpolation in the re-calculation step (step 42
in FIG. 4A) may be based on a weighted average algorithm.
Like Delaunay triangulation, the weighted average algorithm
involves applying a linear operator on the measured projec-
tion values, with the coefficients in the linear operator being
given by the known locations of the original sampling points
and the interpolation points in the sample space.

[0201] Onebenefitof weighted average interpolation is that
the computation of the coefficients may be simple to imple-
ment, e.g. compared to Delaunay triangulation. Another ben-
efit is the possibility of doing on-the-fly computation of the
coefficients in the linear operator (instead of using pre-com-
puted coefficients) if available memory is limited, e.g. when
the signal processor (10 in FIG. 1) is implemented as an
FPGA.

[0202] These benefits will be further illustrated by way of
an example, in which a weighted average algorithm is used
for on-the-fly interpolation of original projection values g(¢,,
s;) into a matched sinogram g'(¢';, s';), in three steps S1-S3.
Reverting to FIG. 14B, the original projection values corre-
spond to the sampling points (stars), and the matched sino-
gram corresponds to the interpolation points (circles). In the
following example, the weight function is represented as
| -

[0203] S1. Initialize an accumulator sinogram, acc(¢';,
s';), and a weight sinogram, w(¢';, s',), by setting them to
Zero.

[0204] S2. For each sampling point (¢,, s;), execute the
following sequence of sub-steps i.-iii. for all interpola-
tion points (¢', s',):

[0205] 1. w=F e (A, AS)=F 3y (§1=9';, 54-5")
[0206] ii. acc(q', s';)=acc(9', s')+0 2(¢s Si)
[0207] iii. w(¢';, s')=W(¢", s' )+
[0208] S3. For each interpolation point (¢', s';, compute

the matched sinogram:
[0209] If w(¢', s')>0, then set g'(¢';, s')=acc(¢';, s,)/
w(9', '), otherwise set g'(¢", s')=0

[0210] There are numerous weight functions F . that may
be used in this and other examples. One characteristic of a
suitable weight function F ;. is that it decreases as IA¢l, |As|
increase. The constants in the weight function F - may be
chosen such that each projection value g(¢,, s,) contributes to
only one or a few interpolation points (¢';, s';). This makes it
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possible to speed up the interpolation significantly since step
S2 is reduced to an accumulation in the vicinity of the respec-
tive sampling point (¢, s;). In one example, the sub-steps
1.-iii. are only executed for the 3x3 interpolation points (¢',,
s'j) that are closest to each sampling point (¢, s;) in the
sample space.

[0211] A few non-limiting examples of weight functions
include: F,(A¢p, As)=e A¥/208+A205)  and F_ (Ad,
As)=1/(1+a,-Ap*+a, As?), where 0, 0, t, , @, are constants.
[0212] Generally, the interpolation by weighted average
may be seen to involve, for each interpolation point, a step of
calculating a weighted contribution to the value of the inter-
polation point from at least a subset of the sampling points
(e.g. implemented by S2: i.-ii.), and a step of aggregating the
weighted contributions (e.g. implemented by S2: iii. and S3),
wherein each weighted contribution is calculated as a func-
tion of the projection value of the sampling point and a dis-
tance in the sample space between the interpolation point and
the sampling point.

[0213] It can be noted that the above discussion is equally
applicable for re-calculation into a fan geometry, by changing

(. 5) to (o, ).

7. Alternative Reconstruction Techniques in Standard
Geometries

[0214] It is to be understood that the reference to Filtered
Back Projection (FBP) herein is merely given as an example
of a technique for reconstructing the attenuation field. There
are many other known techniques that can be used for recon-
struction, after re-calculation into a standard geometry, such
as for instance ART, SIRT, SART and Fourier-transform
based algorithms. More information about these and other
algorithms can be found, e.g., in the above-mentioned books
“The Mathematics of Computerized Tomography” by Nat-
terer, and “Principles of Computerized Tomographic Imag-
ing” by Kak and Slaney.

[0215] It should also be noted that it is possible to do an
unfiltered back projection and perform the filtering on the
reconstructed image.

[0216] Fourier-transform based algorithms give the prom-
ise of time complexities of O(n*log(n)), i.e. a significant
improvement. However, as stated by Kak and Slaney, the
naive algorithm may not suffice. The naive algorithm is dis-
cussed by Natterer on pages 119-125, whereupon Natterer
continues to present two different improved algorithms (on
pages 125-127) that are stated to produce good results. The
above-referenced article by Fourmont presents further algo-
rithms that involve the use of FFT-based algorithms designed
to handle uneven distribution of input data and/or output data.
[0217] Itcanalso be noted that in certain implementations,
it may be advantageous to perform a low-pass filtering of the
updated set of projection values that results from the re-
calculation into a standard geometry, before applying the
reconstruction technique.

8. Concluding Remarks

[0218] Theinventionhas mainly been described above with
reference to a few embodiments. However, as is readily
appreciated by a person skilled in the art, other embodiments
than the ones disclosed above are equally possible within the
scope and spirit of the invention, which is defined and limited
only by the appended patent claims.
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[0219] For example, the reconstructed attenuation field
may be subjected to post-processing before the touch data
extraction (step 48 in FIG. 4A). Such post-processing may
involve different types of filtering, for noise removal and/or
image enhancement.

[0220] FIG. 29 illustrates the result of applying a Bayesian
image enhancer to the reconstructed attenuation field in FIG.
23E. The enhanced attenuation field has merit values: m,=1.
6433 and m,=5.5233. For comparison, the enhanced attenu-
ation field obtained by applying the Bayesian image enhancer
on the reconstructed attenuation field in FIG. 14D has merit
values: m;=1.8536 and m,=10.0283. In both cases, a signifi-
cant quality improvement is obtained.

[0221] Furthermore, it is to be understood that the inventive
concept is applicable to any touch-sensitive apparatus that
defines a fixed set of detection lines and operates by process-
ing measured projection values for the detection lines accord-
ing to any tomographic reconstruction algorithm that is
defined for a standard geometry, where these standard geom-
etry does not match the fixed set of detection lines. Thus,
although the above description is given with reference to FBP
algorithms, the inventive concept have a more general appli-
cability.

[0222] It should also be emphasized that all the above
embodiments, examples, variants and alternatives given with
respect to interpolation, removal of detection lines, and esti-
mation in gap regions are generally applicable to any type of
emitter-sensor arrangement and irrespective of standard
geometry.

[0223] Furthermore, the reconstructed attenuation field
need not represent the distribution of attenuation coefficient
values within the touch surface, but could instead represent
the distribution of energy, relative transmission, or any other
relevant entity derivable by processing of projection values
given by the output signal of the sensors. Thus, the projection
values may represent measured energy, differential energy
(e.g. given by a measured energy value subtracted by a back-
ground energy value for each detection line), relative attenu-
ation, relative transmission, a logarithmic attenuation, a loga-
rithmic transmission, etc. The person skilled in the art realizes
that there are other ways of generating projection values
based on the output signal. For example, each individual
projection signal included in the output signal may be sub-
jected to a high-pass filtering in the time domain, whereby the
thus-filtered projection signals represent background-com-
pensated energy and can be sampled for generation of pro-
jection values.

[0224] Furthermore, all the above embodiments, examples,
variants and alternatives given with respect to an FTIR system
are equally applicable to a touch-sensitive apparatus that
operates by transmission of other energy than light. In one
example, the touch surface may be implemented as an elec-
trically conductive panel, the emitters and sensors may be
electrodes that couple electric currents into and out of the
panel, and the output signal may be indicative of the resis-
tance/impedance of the panel on the individual detection
lines. In another example, the touch surface may include a
material acting as a dielectric, the emitters and sensors may be
electrodes, and the output signal may be indicative of the
capacitance of the panel on the individual detection lines. In
yet another example, the touch surface may include a material
acting as a vibration conducting medium, the emitters may be
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vibration generators (e.g. acoustic or piezoelectric transduc-
ers), and the sensors may be vibration sensors (e.g. acoustic or
piezoelectric sensors).

[0225] Still further, the inventive concept may be applied to
improve tomographic reconstruction in any field of technol-
ogy, such as radiology, archaeology, biology, geophysics,
oceanography, materials science, astrophysics, etc, whenever
the detection lines are mismatched to a standard geometry
that forms the basis for the tomographic reconstruction algo-
rithm. Thus, the inventive concept could be generally defined
as a method for image reconstruction based on an output
signal from a tomograph, the tomograph comprising a plural-
ity of peripheral entry points and a plurality of peripheral
withdrawal points, which between them define actual detec-
tion lines that extend across a measurement space to propa-
gate energy signals from the entry points to the withdrawal
points, at least one signal generator coupled to the entry
points to generate the energy signals, and at least one signal
detector coupled to the withdrawal points to generate the
output signal, the method comprising: processing the output
signal to generate a set of data samples, wherein the data
samples are indicative of detected energy for at least a subset
of the actual detection lines; processing the set of data
samples to generate a set of matched samples, wherein the
matched samples are indicative of estimated detected energy
for fictitious detection lines that have a location in the mea-
surement space that matches a standard geometry for tomo-
graphic reconstruction; and processing the set of matched
samples by tomographic reconstruction to generate data
indicative of a distribution of an energy-related parameter
within at least part of the measurement space.

1. A method of enabling touch determination based on an
output signal from a touch-sensitive apparatus, the touch-
sensitive apparatus comprising a panel configured to conduct
signals from a plurality of peripheral incoupling points to a
plurality of peripheral outcoupling points, thereby defining
actual detection lines that extend across a surface portion of
the panel between pairs of incoupling and outcoupling points,
at least one signal generator coupled to the incoupling points
to generate the signals, and at least one signal detector
coupled to the outcoupling points to generate the output sig-
nal, the method comprising:

processing the output signal to generate a set of data

samples, wherein the data samples are indicative of
detected energy for at least a subset of the actual detec-
tion lines,

processing the set of data samples to generate a set of

matched samples, wherein the matched samples are
indicative of estimated detected energy for fictitious
detection lines that have a location on the surface portion
that matches a standard geometry for tomographic
reconstruction, and

processing the set of matched samples by tomographic

reconstruction to generate data indicative of a distribu-
tion of an energy-related parameter within at least part of
the surface portion.

2. The method of claim 1, wherein the step of processing
the output signal comprises:

generating the data samples in a two-dimensional sample

space, wherein each data sample is representative of an
actual detection line and is defined by a signal value and
two dimension values that define the location of the
actual detection line on the surface portion.
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3. The method of claim 2, wherein the step of processing
the set of data samples comprises:

generating estimated signal values of the matched samples

at predetermined locations in the two-dimensional
sample space, wherein the predetermined locations cor-
respond to the fictitious detection lines.

4. The method of claim 3, wherein the estimated signal
values are generated by interpolation based on the signal
values of the data samples.

5. The method of claim 4, wherein each estimated signal
value is generated by interpolation of the signal values of
neighboring data samples in the two-dimensional sample
space.

6. The method of claim 4, wherein the step of processing
the set of data samples further comprises:

obtaining a predetermined two-dimensional interpolation

function with nodes corresponding to the set of data
samples, and
calculating the estimated signal values according to the inter-
polation function and based on the signal values of the data
samples.
7. The method of claim 6, further comprising:
receiving exclusion data identifying one or more data
samples to be excluded, wherein the step of processing
the data samples comprises identifying the node corre-
sponding to each data sample to be excluded, re-design-
ing the predetermined interpolation function without
each thus-identified node, and calculating the estimated
signal values according to the re-designed interpolation
function and based on the signal values of the data
samples in the nodes of the re-designed interpolation
function.
8. The method of claim 3, wherein the step of generating
estimated signal values comprises, for each matched sample:
calculating a weighted contribution to the matched sample
from each of at least a subset of the data samples, and

aggregating the weighted contributions, wherein each
weighted contribution is calculated as a function of the
signal value of the data sample and a distance in the
sample space between the matched sample and the data
sample.

9. The method of claim 3, wherein the matched samples are
arranged as at least one of rows and columns in the two-
dimensional sample space.

10. The method of claim 9, wherein the matched samples
are arranged with equidistant spacing within each of said at
least one of rows and columns.

11. The method of claim 1, wherein the step of processing
the set of data samples comprises:

operating a two-dimensional Fourier transformation algo-

rithm designed for irregularly sampled data on the set of
data samples to generate a set of Fourier coefficients
arranged in a Cartesian grid, and

generating the estimated signal values by operating a two-

dimensional inverse Fourier transformation algorithm
on the set of Fourier coefficients to generate the set of
matched samples.

12. The method of claim 3, wherein the step of processing
the set of matched samples comprises:

applying a one-dimensional high-pass filtering of the

matched samples in the two-dimensional sample space
to generate filtered samples, and

processing the filtered samples to generate at set of back

projection values indicative of said distribution.
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13. The method of claim 2, wherein the surface portion
defines a sampling area in the two-dimensional sample space,
and wherein, if the actual detection lines given by the geo-
metric arrangement of incoupling and outcoupling points
result in at least one contiguous region without data samples
within the sampling area, the step of processing the set of data
samples comprises:

obtaining a predetermined set of estimated sampling points

within the contiguous region, and for each estimated
sampling point,

identifying the location of a corresponding fictitious detec-

tion line on the surface portion;

identifying, for each intersection point between the corre-

sponding fictitious detection line and the actual detec-
tion lines or between the corresponding fictitious detec-
tion line and the fictitious detection lines for the set of
matched samples, an intersection point value as the
smallest signal value of all data samples corresponding
to the actual detection lines associated with the intersec-
tion point; and

calculating a signal value of the estimated sampling point

as a function of the intersection point values.

14. The method of claim 13, wherein the signal value of the
estimated sampling point is given by the largest intersection
point value.

15. The method of claim 13, further comprising, for each
estimated sampling point:

identifying a number of local maxima in the intersection

point values, and

calculating the signal value of the estimated sampling point

as a combination of the local maxima.

16. The method of claim 2, wherein the dimension values
comprise a rotation angle of the detection line in the plane of
the panel, and a distance of the detection line in the plane of
the panel from a predetermined origin.

17. The method of claim 2, wherein the dimension values
comprise an angular location of the incoupling or outcoupling
point of the detection line, and a rotation angle of the detec-
tion line in the plane of the panel.

18. The method of claim 17, wherein the standard geom-
etry is a fan geometry, wherein the touch surface has a non-
circular perimeter, and wherein the angular location is
defined by an intersection between the actual detection line
and a fictitious circle arranged to circumscribe the touch
surface.

19. The method of claim 1, wherein the standard geometry
is one of a parallel geometry and a fan geometry.

20. The method of claim 1, wherein said signals comprise
one of electrical energy, light, magnetic energy, sonic energy
and vibration energy.

21. The method of claim 1, wherein the panel defines a
touch surface and an opposite surface, wherein said at least
one signal generator is arranged to provide light inside the
panel, such that the light propagates from the incoupling
points by internal reflection between the touch surface and the
opposite surface to the outcoupling points for detection by
said at least one signal detector, and wherein the touch-sen-
sitive apparatus is configured such that the propagating light
is locally attenuated by one or more objects touching the
touch surface.

22. A computer program product comprising computer
code which, when executed on a data-processing system, is
adapted to carry out the method of claim 1.
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23. A device for enabling touch determination based on an
output signal of a touch-sensitive apparatus, said touch-sen-
sitive apparatus comprising a panel configured to conduct
signals from a plurality of peripheral incoupling points to a
plurality of peripheral outcoupling points, thereby defining
actual detection lines that extend across a surface portion of
the panel between pairs of incoupling and outcoupling points,
means for generating the signals at the incoupling points, and
means for generating the output signal based on detected
signals at the outcoupling points, said device comprising:

means for receiving the output signal;

means for processing the output signal to generate a set of

data samples, wherein the data samples are indicative of
detected energy for at least a subset of the actual detec-
tion lines;

means for processing the set of data samples to generate a

set of matched samples, wherein the matched samples
are indicative of estimated detected energy for fictitious
detection lines that have a location on the surface portion
that matches a standard geometry for tomographic
reconstruction; and

means for processing the set of matched samples by tomo-

graphic reconstruction to generate data indicative of a
distribution of an energy-related parameter within at
least part of the surface portion.

24. A touch-sensitive apparatus, comprising:

a panel configured to conduct signals from a plurality of
peripheral incoupling points to a plurality of peripheral
outcoupling points, thereby defining actual detection
lines that extend across a surface portion of the panel
between pairs of incoupling and outcoupling points;
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means for generating the signals at the incoupling points;
means for generating an output signal based on detected
signals at the outcoupling points; and
the device for enabling touch determination according to
claim 23.
25. A touch-sensitive apparatus, comprising:
a panel configured to conduct signals from a plurality of
peripheral incoupling points to a plurality of peripheral
outcoupling points, thereby defining actual detection
lines that extend across a surface portion of the panel
between pairs of incoupling and outcoupling points;
at least one signal generator coupled to the incoupling
points to generate the signals;
at least one signal detector coupled to the outcoupling
points to generate an output signal; and
a signal processor connected to receive the output signal
and configured to:
process the output signal to generate a set of data
samples, wherein the data samples are indicative of
detected energy for at least a subset of the actual
detection lines,

process the set of data samples to generate a set of
matched samples, wherein the matched samples are
indicative of estimated detected energy for fictitious
detection lines that have a location on the surface
portion that matches a standard geometry for tomo-
graphic reconstruction, and

process the set of matched samples by tomographic
reconstruction to generate data indicative of a distri-
bution of an energy-related parameter within at least
part of the surface portion.
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