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typedef struct parm parm;
struct parm {
float x; /* extent of x displacement */
floaty; /* extent of y displacement */
float heave;/* extent of heave (downward pressure) displacement */
float roll; /* extent of roll displacement */
float pitch;/* extent of pitch displacement */
float yaw;/* extent of yaw displacement */

¥
int main(void)
{
float frame[NROW*NCOL];
parm p;
window w;
bitmap b;
for (;;) {
getframe(frame);
procframe(frame);
getparms(frame, &p);
updatemap(&p, &b, &w);
}
}
void updatemap(parm *p, bitmap *b, window *w)
{
zoom(b, p->heave);
rotate(b, p->yaw);
pan(b, p->roll, p->pitch);
putbmp(b, w);
}

Fig. 25
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SENSORS, ALGORITHMS AND
APPLICATIONS FOR A HIGH DIMENSIONAL
TOUCHPAD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. Provisional
Application 61/089,386, filed Aug. 15, 2008, the contents of
which are incorporated herein.

FIELD OF THE INVENTION

It is well known that conventional, low-dimensional point-
ing devices like the mouse, which have only two independent
ways of moving or degrees of freedom (DOFs), can be tedious
and inefficient to use. The small size of cell phones and many
other consumer electronic devices exacerbates the problem,
making them even less efficient, and more difficult, to use.
Contributing to the solution of these problems will help
address the larger problem of improving the usability of com-
puting systems and devices—that is, to provide interfaces that
make operating such systems intuitive, efficient and appeal-
ing.

DESCRIPTION OF THE RELATED ART

The need the technology disclosed herein addresses is for a
pointing device that can be used to operate computer systems
and electronic devices, and that can be used with small, hand-
held devices as well as larger systems. This need has been
addressed predominantly with computer mice, trackballs,
conventional touch pads (such as those found on many laptop
computers), and, for smaller devices, mechanical buttons.
More recently, improved touch interfaces have appeared on
the market, which provide multi-touch and gesture recogni-
tion capabilities. There are two main problems that these
existing interfaces pose: the low-dimensionality problem
(LDP) and the small-format problem (SFP).

The LDP occurs because the most widely available point-
ing devices provide control of only two continuous, indepen-
dent dimensions or parameters, varied by side-to-side move-
ments (sway) or forward-back movements (surge). Devices,
like those mentioned, that incorporate multi-touch or gesture
recognition capabilities have more DOFs and provide control
of'more parameters, but their capabilities are nevertheless still
limited, and can be improved. The reason is that the systems
the pointers are used to control typically have many more
parameters that can be varied. Thus the small number of
pointer parameters creates a bottleneck, forcing the user to
carry out many additional or overhead operations that could
be avoided with a pointing device with more degrees of free-
dom.

To see the effects of the bottleneck, consider some of the
things a user must do, using a typical word processing appli-
cation in a windowing environment, to cut text from one
document and paste it in another. After dragging the mouse to
select the text to cut, the user must move the mouse to select
“Cut” from the Edit menu. She must move the mouse again to
set the insertion point in the target window, and move the
mouse yet again to select “Paste” from the Edit menu. The
movements required to select “Cut,” to set the insertion point,
and to select “Paste” are all overhead operations, required to
change the assignment of the two parameters of the mouse to
different parameters of the word processing application.
These are only some of the overhead operations that must be
performed in this task.
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The example illustrates partitioning, one of the two main
strategies used to cope with the LDP. Partitioning, which can
be used for discrete as well as continuous operations, is the
technique of assigning different functions to different regions
of'a visual display or a device. For instance, in the example,
one uses one part ofthe display to select text in one document,
another part to set an insertion point in the second document,
and other parts to execute the cut and paste operations. In
every case, one uses the same two-dimensional surface to
perform the functions, but the nature of the function varies
depending on the region of the display or the device that the
user has selected.

The second problem, the SFP, is a special case of the LDP:
it is the LDP as it occurs in using small, portable or handheld
devices. The lack of a high-dimensional pointing device is a
more severe problem in using small devices than larger ones
because the small size of the visual display or control surface
limits the size and number of partitions that can be created. As
a result, in small devices partitioning is typically supple-
mented with sequencing, the temporal analog of partitioning.
Sequencing is used less extensively in larger devices.

In sequencing, rather than assigning different functions to
different regions of a control surface at the same time, difter-
ent functions are assigned to the same regions at different
times. For instance on a smart phone, one screen is used to
select a playlist, a second to select a song in the playlist, and
athird to control the playback of the selected song. Sequenc-
ing, like partitioning, requires overhead operations. However,
they are also required to change the function of screen
regions—for instance, by pressing an on-screen button—
rather than only to move from one region to another, as in
partitioning.

SUMMARY OF THE INVENTION

In one embodiment, the invention comprises a method for
controlling an electronic device through the touch of at least
one finger on a tactile array sensor, measuring at least one
change in one angle of the position of the finger with respect
to the surface of the tactile array sensor, producing a mea-
sured-angle value, and using the measured-angle value to
control the value of at least one user interface parameter of the
electronic device.

In another embodiment, the invention comprises a method
for controlling an application operating on an electronic
device via the touch of at least one finger on a tactile array
sensor, measuring at least one change in one angle of the
position of the finger with respect to the surface of the tactile
array sensor, producing a measured-angle value, and using
the measured-angle value to control at least one attribute of
the application operating on the electronic device.

In yet another embodiment, the invention includes a
method for refining raw measurements responding to at least
a first and a second finger position attribute, the first and
second finger position attributes being any distinct two of roll,
pitch, yaw, surge, sway, and heave. The method comprises
obtaining first tactile array measurement data from the tactile
sensor array for a first time interval, processing the first tactile
array measurement data, performing a first raw measurement
computation operation resulting in a first time interval raw
first finger position attribute value, and performing a second
raw measurement computation operation resulting in a first
time interval raw second finger position attribute value.

The method also includes obtaining second tactile array
measurement data at a second time interval, processing the
second tactile array measurement data, performing a first raw
measurement computation operation resulting in a second
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time interval raw first finger position attribute value, and
performing a second raw measurement computation opera-
tion resulting in a second time interval raw second finger
position attribute value.

After obtaining the first and second raw finger position
attribute values for the first and the second time intervals, a
rate of change for the first and the second finger position
attributes are determined.

If the rate of change of the of the first finger position
attribute is sufficiently larger than the rate of change of the of
the second finger position attribute, then the second time
interval raw first finger position attribute value is provided as
the first finger position attribute and the first time interval raw
second finger position attribute value is provided as an output
for the second finger position attribute.

If the rate of change of the of the first finger position
attribute is sufficiently smaller than the rate of change of the
of'the second finger position attribute, providing the first time
interval raw first finger position attribute value is provided as
the first finger position attribute and the second time interval
raw second finger position attribute value is provided as an
output for the second finger position attribute.

In still another embodiment of the invention, the roll angle
of'a finger in contact with a tactile sensor array is measured by
obtaining tactile array measurement data from the tactile
sensor array, processing the tactile array measurement data
with at least one data array processing algorithm by the pro-
cessor, performing a first identification operation for identi-
fying edge information of the processed tactile array mea-
surement data resulting in edge location data, performing a
second identification operation for identifying the peak
region of the processed tactile array measurement data result-
ing in peak location data, and calculating a relative roll angle
measurement of the finger using the edge location data and
the peak location data resulting in roll angle measurement
data.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the invention and are incor-
porated in and constitute a part of this specification, illustrate
embodiments of the invention and together with the descrip-
tion serve to explain the principles of the invention. The
figures illustrate what is described in the Detailed Description
of the Invention.

FIGS. 1a-154 illustrate the strategies of partitioning and
sequencing.

FIG. 2 illustrates how a finger can simultaneously adjust
several or all of the parameters with viable degrees of inde-
pendent control.

FIG. 3 illustrates the information flow and high level archi-
tecture of one embodiment of an HDTP.

FIG. 4 illustrates various exemplary HDTP sensors.

FIG. 5 illustrates an HDTP touchpad that serves as a
peripheral device for a personal computer or workstation that
may comprise three different kinds of sensors.

FIG. 6 depicts a laptop computer comprising a tactile sen-
sor and a fingerprint scanner.

FIGS. 7a-7eillustrate handheld devices comprising at least
one HDTP sensor.

FIG. 8 illustrates a module for calculating the values for
each of the six motions of freedom.

FIG. 9 illustrates an exemplary pre-processing module.

FIG. 10 depicts the effect of finger yaw rotation on a
contact region.
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FIG. 11 depicts an exemplary procedure for calculating a
yaw angle.

FIG. 12 illustrates exemplary pseudo-code for calculating
second moment of inertia tensor.

FIG. 13 depicts an exemplary calculation of the yaw angle
from an image.

FIG. 14 depict an exemplary calculation of major and
minor axes and eccentricity of contact region.

FIG. 15 illustrates the effect of pitching a finger forward on
a contact region.

FIGS. 16a and 165 illustrate exemplary state machines
based on a change of area and for determining eccentricity of
the contact reason in transition between a pitched back and a
pitched forward orientation.

FIGS. 17a-17¢ depict the effects of rolling a finger having
neutral pitch on the shape of the resulting contact area.

FIGS. 18a-18c¢ depict the effects of rolling a finger when
pitched forward on the shape of the resulting contact area.

FIGS. 194-19f depict the effects of rolling a finger when
pitched forward and pitched bank on the resulting intensity
distributions.

FIG. 20 depicts the effect of rolling a finger when pitched
very far back on the resulting intensity distribution.

FIGS. 21a-21c shows the effect of roll on the distribution
of force across the contact region.

FIG. 22 depicts an exemplary architecture for decoupling
parameters.

FIGS. 23a-23fdepict exemplary operations for map appli-
cations and associated finger movement.

FIG. 24 shows an exemplary architecture for map applica-
tion.

FIG. 25 depicts exemplary pseudo-code for implementing
map applications.

FIG. 26 is a block diagram illustrating an exemplary archi-
tecture that could be used to allow a user to determine which
of'three different maps would be displayed by rolling a finger
to three different extents.

FIGS. 27a-27¢ depict exemplary operations to pan a web
page.

FIGS. 28a-28¢ depict exemplary operations to zoom and
select a web link.

FIGS. 294-29d depict exemplary operations to switch
between web viewing modes.

FIGS. 30a-30¢ depict exemplary operations of assigning
roll movements for navigating across web pages.

FIGS. 31a-31g depict exemplary operations of navigating
music player screens.

FIGS. 32a-32¢ depict exemplary yaw operations to select a
position in a voicemail message.

FIGS. 334-33d depict exemplary pitch and roll operations
to select keys of a virtual keyboard.

FIGS. 34a-34b depict exemplary pitch operations to select
one of a plurality of virtual keyboards, for example, between
letters and numbers.

FIGS. 354-35b depict exemplary operations for activating
and using a word completion and selection function used in
text generating applications.

FIGS. 35C-35D further depict exemplary operations for
activating and using a word completion and selection func-
tion used in text generating applications.

DETAILED DESCRIPTION OF THE INVENTION

Introduction

Partitioning and sequencing are illustrated schematically
in FIG. 1. In both cases, overhead operations, represented by
the curved arrows, are required to change how the dimensions
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of a conventional pointing device are assigned so it can be
used to carry out two different functions, which together
require varying more dimensions than the pointing device
provides. And in both cases, the overhead operations can
interfere with the user’s ability to use computing devices to
carry out tasks. The reason is that overhead operations mul-
tiply the number of movements the user must make, and can
increase the cognitive load on the user, since they may force
her to repeatedly divert her attention from carrying out a task,
such as editing a document, to the mechanics of doing so.

But there is an important asymmetry between partitioning
and sequencing. Because multiple partitions can be displayed
at one time, partitioning can provide visual cues about the
context in which a particular task is carried out. But in
sequencing, there will be fewer visual cues, or they will be
altogether absent. This can force the user to rely on her
memory for the context of a given operation, imposing an
additional cognitive burden. Further, as the size of a device
decreases, the number of different screens required to carry
out a given task will typically increase. For these reasons,
smaller devices are generally less efficient and harder to use
than larger ones.

Degree of Urgency for Solutions to the LDP and SFP

Partitioning and sequencing are strategies for displaying
information as well as for control. As display strategies, they
can have considerable value, and in many cases are indispens-
able. The problems that result from their use are not, in
general, that different regions of a screen, or different screens,
display different but related information. To decompose a
high-dimensional space into multiple lower-dimensional
spaces that are displayed in separate regions can decrease the
cognitive load on the user. And only so much information can
be displayed on a screen at once, so the extensive use of
sequencing is unavoidable for small screens. But as control
strategies, they are prone to severe problems.

The problems lie in what the user must do to move among
partitions or screens—that is, the problems are due to the
overhead operations that are required. In particular, low-di-
mensional pointing devices pose a serious problem because
several times as many operations—most of which are over-
head operations—may have to be carried out with a lower-
dimensional device as with a higher-dimensional one. Adding
to the problem, these operations may require a high degree of
precision, as in moving an on-screen pointer over a scroll
arrow or pressing a small virtual, on-screen button on a smart
phone, further increasing the cognitive load. Nor are the LDP
and SFP isolated problems, confined to a small number of
people who require specialized tools. Rather, because of the
prevalence of computing devices, these are problems faced by
a significant portion of the world’s population, including the
vast majority of people in industrialized societies.

The extent and severity of the problems are evident from
the eagerness with which smart phones are adopted. There are
undoubtedly a number of reasons for its popularity, but one
particularly important one would seem to be that it is not only
touch operated, but enables users to overcome some of the
limitations of low-dimensional devices by exploiting gestures
and multi-touch interactions in addition to more conventional
interaction techniques.

Pointing technologies found on the smart phone are impor-
tant steps in improving the usability of computing devices,
but there are further improvements that can be made. A point-
ing interface that has even more dimensions is even easier and
more pleasing to use. The high-dimensional touchpad
(HDTP) disclosed herein is adapted to be one such pointing
device.
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HDTP Technology

In one embodiment, the HDTP utilizes an array pressure
sensor, or tactile sensor, combined with real-time image
analysis firmware, software or hardware to create a pointing
device with a number of desirable features:

a large number of continuous, as well as discrete, degrees

of freedom;

natural, intuitive and efficient operation;

several degrees of freedom that are available using a con-
tact area not much larger than a fingerprint;

gesture recognition and multi-touch capabilities;

recognition of a variety of different forms of hand contact;

recognition of patterned sequences of contact; and
flexibility in the manner in which it is operated.

Although there are existing and emerging pointing devices
that have some of these features, what sets the HDTP apart is
its potential to provide them all in an improved form, and in a
single device that has a low physical profile and can be imple-
mented in a range of different shapes and sizes. As aresult, the
HDTP could enhance the capabilities and improve the opera-
tion of a wide variety of different systems and devices, among
them:

The windowing systems found on personal computers,
where the HDTP could enhance the user’s ability to
operate common applications like word processors,
spreadsheets and web browsers.

Drawing or painting software applications.

Small handheld devices, particularly ones that provide a
large number of complex applications.

Electronic musical instruments and related systems; for
instance, small HDTPs could be mounted on a guitar or
affixed to keys of a keyboard, or used to control a com-
plex application like a mixer.

CAD/CAE systems, where the HDTP could be used to
manipulate objects in a virtual three-dimensional space.

Machine control, telerobotics and other industrial systems.

Assistive devices for disabled persons, where the HDTP’s
sensitivity to fine movements and flexibility in its man-
ner of operation could be particularly valuable.

Operation

There are many possible ways in which the HDTP could be
operated, but the following example illustrates one particu-
larly noteworthy way, in which the user operates the touchpad
with the tip of her index finger. As shown in FIG. 2, the
fingertip has six degrees of freedom, three translations and
three rotations: (1) side-to-side translation (sway), (2) for-
ward-back translation (surge), (3) increased/decreased down-
ward pressure (heave), (4) side-to-side tilt (roll), (5) forward-
back tilt (pitch), (6) side-to-side swivel (yaw). Note that the
last four movements can be made using a surface with a very
small area, not much larger than a fingerprint. By assigning
each degree of freedom to a different parameter of an external
system, the user could control up to six parameters without
having to carry out the overhead operations a lower-dimen-
sional pointing device would require. And, because move-
ments in four of the degrees of freedom require only a very
small area, they can be particularly advantageous for operat-
ing portable or handheld devices.

Architecture

The high-level architecture of one embodiment of the
HDTP, as well as the information flow from input to output, is
shown in FIG. 3. The tactile sensor comprises a grid of inde-
pendent, pressure-measuring cells, capable of distinguishing
multiple levels of pressure, with the exact number depending
onthe characteristics of the sensor. The sensor converts tactile
input into a “pressure image,” a two-dimensional array of
pressure values representing the distribution of the pressure
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applied to the sensor’s surface. The image processing com-
ponent uses the pressure images to calculate the values of
various parameters, which can include the size of the contact
area, the total pressure, the average pressure, the geometric
center of the contact area, the extent of the yaw rotation and so
on. An application interface generates control signals on the
basis of the parameter values; for instance, it could use the
value for the total pressure to set the zoom level of a docu-
ment, or roll values to set the position of a cursor. The user
directly controls parameters such as the average pressure and
geometric center, proximal parameters, and the parameters or
dimensions of the system controlled using the HDTP distal
parameters. Note that implementing the image processor and
the application interface as separate modules will facilitate
adapting the HDTP for different uses since the application
interface could be tailored for different applications without
changing the rest of the system.

HDTP Sensor Hardware

The core idea of the HDTP is to provide a touch interface
with a sufficiently high resolution to capture nuances of finger
and hand movements. In the case of a single finger, these
nuances would include movements in all six possible degrees
of freedom, as shown in FIG. 2. Although the embodiment of
the present invention just described utilizes a tactile sensor,
there are a number of other kinds of sensors that could be
used. These other kinds of sensors, illustrated in FIG. 4,
include fingerprint scanners, optical sensors or video cam-
eras, and enhanced versions of the smart phone touch screen.
These and related sensors will now be considered.

Fingerprint Scanners: Fingerprint recognition technology
is mature, robust and inexpensive. Fingerprint scanners have
a significantly higher spatial resolution than even the highest-
resolution tactile sensors. As a result, it may be possible to use
binary images in place of multilevel ones. This could be done,
for instance, by exploiting deformations in the patterns of
ridges due to pressure and/or parallax to calculate the amount
of pressure applied by the finger to the sensor surface and the
relative distance of different parts of the finger from the
scanner surface. It should be noted, however, that fingerprint
sensors could be utilized to provide multilevel information as
well—for instance, capacitive fingerprint scanners can detect
a plurality of gradations in the distance of various parts of a
finger to the scanner surface. The patterns of ridges could also
be used to identify certain kinds of movements, and to mea-
sure their rate and extent.

Atouchpad that incorporates a fingerprint scanner has been
developed, though the fingerprint scanner is used for authen-
tication rather than as a user interface. The use of a fingerprint
scanner for a user interface, and using it to detect variations in
pressure and yaw rotation has been disclosed in Russo et al.
(see below). However, Russo et al. have failed to appreciate
that a fingerprint scanner could be used detect variations in all
six DOF's of a single finger, as well as in movements combin-
ing more than one finger, and to appreciate how movements of
different kinds carried out simultaneously or sequentially in
various combinations could be advantageously utilized to
operate a device or system.

Optical Sensors and Video Cameras: Small optical sensors
or video cameras, such as those used in optical mice and
mobile phones, could also provide sensors for the HDTP. (In
addition some fingerprint scanners are optically based.) Like
fingerprint recognition technology, the technology for optical
sensors and video cameras is mature, robust and inexpensive.
For example, current and proposed mobile phones use a built-
in video camera for gesture recognition as well as generating
video images. A similar camera with sufficiently high reso-
Iution could provide images suitable for the HDTP.
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Enhanced Smart Phone Touchscreen: Patents have been
filed that disclose a touchscreen with not only a multi touch
capability (see, for example, Steven P. Hotelling et al., “Mul-
tipoint Touch Surface Controller,” US 2007/0257890), but the
capability to distinguish multiple levels of pressure (see, for
example, Steven P. Hotelling et al., “Force Imaging Input
Device and System,” US 2007/0229464). A touchscreen like
that is suitable for some embodiments of the HDTP, particu-
larly if it is adapted to provide a higher spatial and pressure
resolution. Note, however, that even a touch screen with rela-
tively low spatial and pressure resolution could provide par-
tial capabilities of the HDTP.

Tactile Pad Integrated in Large Display for Mobile
Devices: A display that rolls and unrolls up for portability and
attached to a mobile device has been developed. A flexible
HDTP, such as one based on a tactile sensor, could be inte-
grated into the display to provide an enhanced touch inter-
face.

Sensors for Binary Images: Itis possible to calculate values
for proximal parameters from hand and finger images that are
binary—that is, images that consist of only off and on pixels,
though more precise calculations may require multilevel
information. In fact, values could be calculated for some
proximal parameters using only the outlines of images. (See
the discussion of image analysis algorithms below.) If only
binary images are used, there are many more options in terms
of sensors that could be used. For instance, a relatively low-
resolution fingerprint scanner capable of acquiring only
binary images could be used. In general, using binary images
in place of multilevel ones will result in an HDTP with alower
production cost, though multilevel images may be needed for
applications where a high degree of precision is required.

Hybrid HDTPs: One point to note is that a single device or
system could comprise more than one kind of sensor to form
a “hybrid” touch interface. For instance, as shown in FIG. 5,
a HDTP touchpad that serves as a peripheral device for a
personal computer or workstation could comprise three dif-
ferent kinds of sensors: a fingerprint scanner; a low-resolu-
tion, capacitive tactile sensor, and a high-resolution, resistive
tactile sensor. An HDTP in a laptop computer, as shown in
FIG. 6, could also comprise a tactile sensor and a fingerprint
scanner. These are just a few of many possible examples of
hybrid HDTPs, as will be apparent to one of ordinary skill in
the art. There are at least two reasons why it could be advan-
tageous to have a hybrid HDTP. First, to reduce the cost of a
product, alower-resolution but less expensive sensor could be
used for most of the HDTP, and a higher-resolution but more
expensive sensor could be used for a small part of it. Another
reason has to do with functionality. Some types of sensors
may be better suited for certain uses than others. For instance,
because tactile sensors are flexible, they could be used in
places where a fingerprint scanner could not. In some
embodiments of the present invention, a high-resolution por-
tion of a hybrid HDTP is implemented using a fingerprint
scanner, which doubles as a security device used for user
authentication.

It will be apparent to one of ordinary skill in the art that
many different kinds of array or matrix sensors that have a
sufficiently high resolution and are responsive to tactile input,
like those mentioned, can be utilized as a sensor for the
HDTP.

HDTPs in Handheld Devices

With the advent of the smart phone, handheld devices with
touch interfaces have become popular and increasingly preva-
lent. Such devices already incorporate some sophisticated
capabilities, such as recognition of gestures, and multi touch
capabilities. By including an HDTP as part of a touch inter-
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face, or as the entire touch interface, those already-sophisti-
cated capabilities could be considerably enhanced. There are
a number of different possible embodiments.

In one embodiment, illustrated in FIG. 7a, an HDTP
supplements mechanical buttons. In a variation of this
embodiment, small HDTPs are affixed to the surfaces of
mechanical buttons, or replace mechanical buttons alto-
gether. In another embodiment, illustrated in FIG. 76, an
HDTP is used for the entire control surface of a handheld
device. FIG. 7c illustrates a hybrid version of an HDTP. As
shown, there is a small area of the control surface that uses a
high-resolution HDTP, with a lower-resolution HDTP, or
modern touchscreen, such as that found in a smart phone,
making up the rest of the control surface. As mentioned
earlier, a fingerprint scanner used as an HDTP could double as
a security device used for user authentication. HDTPs could
also be affixed to the sides of handheld devices, as shown in
FIG. 7d. Capacitive tactile sensors would be particularly well
suited for this use, because of their durability. FIG. 7e illus-
trates a case in which a handheld device is entirely encased in
HDTPs. Again, as noted earlier, different kinds of sensors
could be affixed to different parts of the device—for instance,
low-resolution tactile sensors could be used for the sides and
rear of the device, while high-resolution tactile sensors or
fingerprint scanners could be used for the main control sur-
face, on the front of the device.

Algorithms for Calculating Parameter Values

In one embodiment, the displacements of a finger in each of
six possible DOFs (surge, sway, heave, pitch, roll, yaw) are
calculated separately as shown in FIG. 8; it will be clearto one
of ordinary skill in the art, however, that it may be advanta-
geous to combine calculations to make calculating the param-
eters more efficient. Exemplary algorithms for calculating
each parameter, some of which are illustrated in FIG. 8, will
now be described.

Surge and Sway: An exemplary way to determine the
extent of the sway and surge displacements is to use the x- and
y-coordinates, respectively, of the geometric center of the
contact region. The x- and y-coordinates of the center can be
calculated by summing, respectively, the values of the x- and
y-coordinates of each loaded cell or “sensel” (for “sensing
element”) in the entire scanned image and dividing by the
number ofloaded sensels. An advantage of this method is that
it is relatively immune to scattered, relatively isolated noise or
out-of-calibration or bad sensels, provided the resolution of
the sensor is sufficiently high, since the effects of a few
isolated sensels with spurious readings on the calculated val-
ues will be negligible. However, if needed, the effects of noise
or bad sensels could be reduced or eliminated by applying
well known image processing techniques, such as threshold-
ing the images and/or applying median filters. An exemplary
image processing module is illustrated in FIG. 9.

Heave: There are a number of different methods that could
be used for calculating the extent of heave, the up-and-down
translation of the finger. One way to calculate it is to use the
mean average of all loaded sensels of the sensor; in a case
where a pressure sensor is used, this would be the sum of the
pressures of all loaded sensels divided by the number of
loaded sensels. Other exemplary ways to calculate heave
include using the mode or median average of the pressures,
the total pressure, or the number of loaded sensels. An advan-
tage of using the mean average (as well as the mode and
median averages) is that the heave value is then independent
of the size of the contact region. As a result, these ways of
calculating heave would be suitable for cases where the size
of'a person’s fingers is not known in advance, or a device is
expected to be used by persons with fingers of different sizes.
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Alternatively, it may be advantageous in certain situations
to calculate heave in a way that does not require distinguish-
ing multiple levels of pressure. This would be the case, for
instance, if binary images are to be used, which, as men-
tioned, could be advantageous if it is desirable to use inex-
pensive hardware. To deal with the fact that different people
may have fingers of different sizes, a variety of techniques
may be used if binary images are required. For instance, the
user could train the system by providing sample images when
configuring the system foruse. This could be done by prompt-
ing the user to provide images that vary systematically with
respect to the amount of pressure used to make them. In
another exemplary technique, the user could set a reference
level by holding her finger momentarily on the sensor and
providing an indication that she is setting the reference
level—for instance, by holding her finger momentarily sta-
tionary, or by tapping with a second finger.

Yaw: The yaw algorithm makes use of the fact that in the
majority of cases when the finger is placed on the HDTP, the
resulting image is essentially elliptical or elongated, as shown
in FIG. 10a. When the finger is subjected to a yaw rotation, the
resulting image remains essentially elliptical or elongated,
though ithas a different orientation, as illustrated in FIG. 105.

These observations are exploited in the following algo-
rithm, which is illustrated at a high level in FIG. 11. The
general idea is as follows. First the second moment of inertia
tensor is calculated. Then a singular value decomposition
(SVD) is applied to the resulting two-by-two matrix. The yaw
value is then calculated from the result obtained by applying
the SVD. (It should be noted that the value calculated for the
yaw rotation of a finger could be advantageously utilized in
other contexts besides assigning the value directly to the value
of'a corresponding distal parameter. For instance, as will be
discussed below, it can be advantageous in calculating certain
proximal parameters to correct for the yaw rotation of a finger
by rotating the pressure image so the finger points essentially
straight ahead. The algorithm described herein for calculating
the yaw angle can also be used to determine how large such a
correction should be.)

An exemplary way to calculate the second moment of
inertia tensor is as follows. For each loaded sensel in the
image, three values are computed: (1) the square of the x-co-
ordinates, (2) the square of the y-coordinates, and (3) the
product of the x- and y-coordinates. A running sum for all the
loaded sensels in the image is calculated for each of (1)-(3).
The running sums are then used to create a two-by-two matrix
consisting of the running sums of (1), (2) and (3), which
occurs twice. Next the moment of inertia tensor is normal-
ized. To do this, first the mean averages of the x-coordinates
ofall the loaded sensels in the image, and of the y-coordinates
of all the loaded sensels, are calculated. Then, for each ele-
ment in the second moment of inertia tensor, the element is
divided by the number of loaded sensels, and a quantity is
subtracted from it as follows: for the x-squared element, the
square of the mean averages of the x-coordinates of all loaded
sensels is subtracted; for the y-squared element, the mean
averages of the y-coordinates of all loaded sensels is sub-
tracted; and for the two elements that are the sums of the
products of the x- and y-coordinates of each loaded sensel, the
products of the mean average of the sum of the loaded x-co-
ordinates and the mean average of the sum of the loaded
y-coordinates are subtracted. Exemplary pseudo-code for
implementing this algorithm is shown in FIG. 12.

An exemplary way to apply the SVD to the second moment
of inertia tensor to obtain the yaw angle is as follows. As is
know to one of ordinary skill in the art, applying the SVD
creates three matrices, typically called “U,” “S” and “V.”
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Element U[0][0] is then divided by element U[0][1]. The
arctangent of the resulting quotient is then calculated. The
resulting quantity is the yaw angle. A block diagram illustrat-
ing this method is shown in FIG. 14.

(It should also be noted that applying an SVD to the second
moment of inertia tensor can be advantageously used to cal-
culate the lengths of the major and minor axes of an ellipse
corresponding to the contact region. This can be done using
the “S” matrix resulting from the application of the SVD: the
length of the major axis can be calculated by finding the
square root of the product of element S[0][0] and four, and the
length of the minor axis can be calculated by finding the
square root of the product of element s[1][ 1] and four. A block
diagram illustrating the application of this technique to find
the lengths ofthe major and minor axes and the eccentricity of
a corresponding ellipse is shown in FIG. 14.)

When a finger is pitched somewhat forward with a neutral
roll (i.e. rolled essentially to neither the right nor the left), the
shape of the resulting contact region can be essentially circu-
lar. This is illustrated in FIG. 155; this is in contrast with the
essentially elliptical shape of an image generated when the
finger is pitched further back, as shown in FIG. 15a. When the
image is essentially circular, the yaw angle will be indeter-
minate. An exemplary way to handle such cases is to retain the
last determinate yaw angle. Then, if the yaw value for a given
image is indeterminate, the last determinate yaw value is
assigned as the yaw value for that image. In this way, discon-
tinuities in the yaw angle as the finger is pitched from front to
back or from back to front are prevented.

When a finger is pitched very far forward, so the fingernail
comes close to or touches the surface of the sensor, the shape
of'the contact region is essentially elliptical, as it is when the
finger is pitched further back. However, the ellipse in this case
is much smaller than when the finger is pitched further back,
and the major and minor axes of the ellipse are switched, as
illustrated in FIG. 15¢. The procedure just described for cal-
culating yaw assumes, however, that the direction in which
the major axis of the ellipse points is the direction in which the
finger points, so if the major axis of the ellipse is horizontal,
then it would be assumed that the finger is turned to point to
one side. But, because the major axis will be perpendicular to
the direction in which the finger points when the finger is
pitched far forward, the assumption will lead to the wrong
conclusion in such cases, since it implies that the finger is
pointing to the side when it is in fact pointing forward.

An exemplary way to solve this problem is to implement a
state machine. The basis for the state machine is the following
set of observations. There is a noticeable difference in the
sizes of the areas of the two kinds of ellipses; with the ellipse
associated with the finger pitched forward being significantly
smaller than the ellipse associated with the finger pitched
back. Let fbe a value such that the areas of the two ellipses are
different by a factor of at least f. If the area of the contact
region increases by at least f, then the finger points in the
direction of the major axis of the ellipse. If the area of the
contact region decreases by a factor of at least f, then the
finger points in the direction of the minor axis of the ellipse.
Thus, by observing how the size of area of the contact region
changes, it is possible to determine whether the finger is
parallel to the major axis or the minor axis of the ellipse, and
so whether the calculation of the yaw angle described earlier
can be used as it is, or whether it will need to be rotated by 90
degrees.

FIG. 164 illustrates an exemplary state machine based on
these observations. In state 1, the finger is pitched back, and it
points in a direction parallel to the major axis of the ellipse of
the contactregion. In state 2, the finger is pitched forward, and
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it is parallel to the minor axis of the ellipse. A transition is
effected from state 1 to state 2 if the area of the contact region
decreases by a factor of at least f, since that will occur only if
the finger is being pitched forward. And a transition is
effected from state 2 to state 1 if the area of the contact region
increases by a factor of at least f, since that will occur only if
the finger is being pitched back. Note that unless the area of
the contact region changes by a factor of at least f, it will not
be possible to determine the orientation of the finger. This is
reflected in state O of the state machine, the initial state. In
state 0, the direction of the finger is unknown, and there is no
transition to a known state unless the area of the contact
region changes by a factor of at least f. However, although the
orientation of the finger cannot be determined until there is a
significant change in the area of the contact region; a reason-
able assumption can be made. Because pitching the finger far
forward is less natural—and so less likely to occur—than
pitching the finger further back, it may be advantageous to
assume, when the system starts up, that the finger is pointing
in the direction of the major axis.

A second exemplary state machine is illustrated in FIG.
165b. It is like the first state machine except, in place of
effecting a transition when the area of the contact region
changes by a given factor, transitions are eftected by consid-
ering whether the shape of the contact area becomes less or
more circular in combination with considering whether the
area of the contact region increases or decreases. Unlike the
first state machine, there is no value for the factor f that must
be chosen. Whether the contact region counts as circular or
not could be based on the eccentricity of the region’s shape—
that is, on the ratio of the major and minor axes.

Pitch: An exemplary way to calculate a value for the extent
of' the pitch displacement is based on the following observa-
tion: as the finger pitches from back to front when it is ori-
ented vertically so the yaw angle is essentially zero, the ver-
tical distance from the top of the contact region to the bottom
becomes steadily smaller (provided it is not pitched too far
forward), as illustrated in FIGS. 154-c. This observation sug-
gests the following exemplary algorithm for calculating
pitch. (1) The technique described in the last section is used to
calculate the yaw angle. (2) The value for the yaw angle is
used to rotate the image so the contact region is oriented
vertically. (3) The least y-coordinate of the loaded pixels is
subtracted from the greatest y-coordinate of the loaded pixels.
The difference is the value assigned to pitch. This algorithm is
depicted in FIG. 8.

In some situations it may be advantageous to remove noise,
since noise may occur near the edges of the image as a result
of shear or oblique forces. In such situations, there can be
loaded pixels that fall outside the contact region, the region
where the finger actually touches the sensor. Because these
spurious loaded sensels tend to occur at the edges of the
sensor, the distance between the least and greatest y-coordi-
nates of the loaded sensels may reflect the presence of noise
rather than the height of the contact region.

One exemplary approach that could be taken to solve this
problem is the following. Because pixels that are loaded due
to shear or oblique forces in many cases have low pressure
values, they could be eliminated by thresholding the entire
image. If the spuriously-loaded sensels have sufficiently low
pressure values, then a low-level threshold could eliminate
the spuriously-loaded pixels while preserving the loaded pix-
els in the contact region.

A second exemplary approach could advantageously be
taken in cases where the spuriously-loaded sensels are rela-
tively isolated because, on this approach, the sensels could
have any pressure values. This approach is to apply a median
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filter, a well-known technique for removing scattered noise
from an image (see R. C. Gonzalez and R. E. Woods, Digital
Image Processing, 3rd ed., Prentice Hall, Upper Saddle River,
N.J., 02008). When a median filter is applied to an image,
each pixel in the image is assigned a value in turn. The
assignment for a given pixel is made by considering its neigh-
borhood, the pixels that surround it, with the value assigned
being the median of the values of all the pixels in the neigh-
borhood, including the value of the pixel whose value is to be
assigned. Neighborhoods of different sizes can be used, but
they are typically squares, with the pixel whose value is to be
assigned at the center.

Another problem that can arise is due to the fact that when
the finger is pitched far enough forward, the fingernail will
come in contact with the sensor. This increases the height of
the contact region. As a result, if the calculation of the pitch
displacement is based only on the height of the contact region,
it will not be possible to distinguish cases in which the finger
is pitched all the way forward from cases in which itis pitched
further back. This can be problematic, since if the user is
using variations in pitch to control variations in a dimension
of a target system, she will need to be able to induce the
variations in the target system dimension in a predictable way.
This is best achieved by a simple, monotonic response, so that
the pitch value consistently decreases as she pitches her finger
forward and consistently increases as she pitches her finger
back.

One exemplary solution is to look at differences in the
shapes of the contact regions, since regions formed when the
fingernail touches the sensor surface will have a different
shape from those formed when it is pitched further back, even
though they have the same height. Another exemplary solu-
tion is to ignore changes in the height of the image when the
height falls below a certain value. A very simple way to
achieve this, which requires no change to the algorithm
described earlier, is to require that the tip of the user’s finger
lie off the sensor surface when operating the HDTP so the
problematic cases never arise.

Roll: Calculating the roll displacement appears to be the
most complex of the six basic parameters associated with the
movement of a single finger. The reason has to do with the
variability in the shapes and sizes of the contact region
depending on the extent of the pitch displacement when the
finger is rolled, as illustrated in FIGS. 15a-c. When the finger
is pitched all the way forward, so the fingernail is close to the
sensor surface, the contact region is essentially elliptical, with
the minor axis parallel to the direction in which the finger
points. As the finger is pitched back, the contact region
becomes essentially circular, and then essentially elliptical
again, with the size of the contact region steadily increasing.
Also, the ellipse formed when the finger is pitched back is
rotated by 90 degrees from the ellipse formed when the finger
is pitched forward, so the direction in which the finger points
is parallel to the major axis rather than the minor axis, as it is
when the finger is pitched forward.

Because of these differences in the shape of the contact
region depending on the pitch of the finger, there is no simple
signature for roll, since the changes in the appearance of the
images that result when the finger is rolled vary depending on
the pitch of the finger. When the finger is pitched back, the
shape of the contact region changes as the finger is rolled, as
illustrated in FIGS. 17a-c: when the finger is rolled neither to
the right nor left, the image is elliptical, as illustrated in FI1G.
17b; as it is rolled to the right, the right side of the contact
region becomes increasingly straight, while the left side
remains curved, as illustrated in FIG. 17¢; and as it is rolled to
the left, the left side of the contact region becomes increas-
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ingly straight while the left side remains curved, as illustrated
in FIG. 17a. This pattern of variations suggests that roll dis-
placement could be measured by considering how curved the
horizontal borders of the contact region are. However, when
the finger is pitched far enough forward so the contact region
is circular, it remains essentially circular regardless of how
the finger is rolled, as illustrated in FIGS. 18a-c.

One exemplary strategy is to treat roll as undefined when
the contact region is essentially circular, thus requiring that
the user’s finger not be pitched too far forward to vary the roll
parameter. (In such cases, the last defined value for roll could
be retained, as described earlier for yaw.)

A second exemplary strategy involves taking account of
the pressure distribution across the contact region. One pos-
sibility is to use the horizontal displacement of the center of
mass of the contact region from its geometric center. How-
ever, the center of mass and geometric center tend to be too
close together for this to work. Nevertheless, visual inspec-
tion of pressure images suggests that even though the geo-
metric center and center of mass are close, the pixels with the
highest pressures tend to be concentrated towards the right or
left edge of the contact region depending on whether the
finger is rolled to, respectively, the right or the left. Further,
the relative distance of the highest-pressure pixels from the
horizontal edges of the contact region tends to vary as a
function of the amount of roll displacement, so that the
greater the displacement, the closer the high-pressure pixels
are to one edge.

These tendencies areillustrated in FIGS. 19a-f. In FIG. 194
the finger is rolled left when pitched forward, and in FIG. 194
the finger is rolled left when pitched further back. In both
cases, the highest-intensity pixels are concentrated near the
left edge of the contact regions. In FIG. 19¢ the finger is rolled
right when pitched forward, and in FIG. 19fthe finger is rolled
right when pitched further back. In both cases, the highest-
intensity pixels are concentrated near the right edge of the
contact regions. In FIG. 195 the finger has a neutral roll when
pitched forward, and in FIG. 19¢ the finger has a neutral roll
when pitched further back. In contrast with the other cases, in
these cases the highest-intensity pixels are distributed essen-
tially evenly across the image, and are not concentrated closer
to one side of the contact region or the other.

The following exemplary algorithm, depicted in FIG. 8, for
assigning a value to roll exploits the observed regularities.

(1) Rotate the image to normalize its orientation.

(2) Get a pressure histogram for the image.

(3) Find the pressure such that there are x % pixels in the
image with at least that pressure. (The exact value of x is to be
determined empirically. It is expected, though, that it will be
somewhere in the range 20-25%.)

(4) Threshold the image to set all pixels below the threshold
to 0.

(5) Get the center of mass of the resulting image.

(6) Get the horizontal distances from the center of mass to
the left and right edges of the contact region in the original
image.

(7) Get the ratio of the two distances; a useful roll value will
be related to the ratio.

It may be advantageous to use a different algorithm to
better accommodate cases where the finger is pitched very far
back, so the top surface of the finger comes close to being
parallel to the sensor surface, and the base of the end joint of
the finger approaches or touches the sensor surface. An exem-
plary image showing the resulting contact region and the
pressure distribution is shown in FIG. 20. As can be seen from
the figure, in this sort of case the highest concentrations of
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high-pressure sensels are not confined to the edge of the
image, but extend horizontally beyond the geometric center.

An alternative algorithm for measuring roll is suggested by
FIGS. 21a-c. These figures include graphs illustrating sche-
matically the force (i.e. total pressure) as a function of each
column of sensels. The graphs have distinctive shapes asso-
ciated with the direction of the roll. When the finger is rolled
to the right, shown in FIG. 21¢, the columns with the highest
force are shifted towards the right edge of the contact region,
and the force decreases more quickly in the columns to the
right of the peak than to the left. When the finger is rolled to
the left, shown in FIG. 21a, the force versus column graph is
essentially a mirror image of the graph created when the
finger is rolled to the right, with the columns with the highest
force shifted towards the left edge of the contact region, and
the force decreasing more quickly in the columns to the left of
the peak than to the right. By contrast, when the finger is
essentially not rolled, as shown in FIG. 215, the force versus
column graph forms a roughly Gaussian curve, and there is no
clear asymmetry as there in the cases in which the finger is
rolled.

The pattern evident in the force versus column graphs
could be exploited in a number of ways to create a metric for
roll. An exemplary algorithm to do so is to count the number
of columns from the right edge of the contact region to the
nearest column with a maximal force value, and the number
of columns from the left edge of the contact region to the
column closest to it with the maximal force value. When the
finger is rolled, one distance will be considerably larger than
the other, and which one is larger will indicate the direction
towards which the finger is rolled. But when the finger is not
rolled, the columns of maximal force will be closer to the
center of the contact region. Note that, to facilitate using this
algorithm to measure roll, the yaw angle of the image could be
calculated, and the image rotated using the value for the
angle, so the contact region will be oriented vertically, as
described above.

A second exemplary algorithm that exploits the pattern in
the force versus column graphs just described is to calculate
the skew of the graph, and then to relate the roll value to the
skew value; skew is a well-known quantity implemented in
many statistical software packages. If needed, the image
could be rotated, using the algorithm described earlier, so the
contact region is oriented vertically. Also, if needed, the skew
values could be smoothed using such techniques as fitting a
spline to the force versus column graph before calculating the
skew, or applying a windowed linear regression or a median
filter to the calculated skew values.

It will be apparent to one of ordinary skill in the art that
there are other possible ways to exploit the pattern in the force
versus column graphs described above.

Calculating Proximal Parameters from Fingerprint Scan-
ner Images

As discussed supra, a fingerprint scanner or another very
high-resolution scanner may be used as the sensor for the
HDTP. If such a scanner is used, the images of the finger
would have a sufficiently high resolution to discern the whorls
of'the fingerprint. Although the methods described earlier for
calculating the values of the six proximal parameters may be
used in those cases as well. Because of the high resolution,
patterns of deformations or alterations in the whorls as
imaged by the sensor could also be exploited. As taught in
Anthony P. Russo, “System for and Method of Determining
Pressure on a Finger Sensor,” US 2006/0078174, as the finger
is pressed into the sensor, the ridges in the whorls grow closer
together. And as taught in Anthony P. Russo, “System for and
Method of Generating Rotational Inputs,” US 2005/0041885,
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when the finger is subjected to yaw rotation, the rotation of the
pattern of ridges could be used to measure yaw. In addition, in
Anthony P. Russo et al., “System and Method of Emulating
Mouse Operations Using Finger Image Sensors,” US 2005/
0179657, the use of a fingerprint scanner as a device for
emulating a standard mouse is taught.

In one embodiment of the present invention, the HDTP
uses a fingerprint scanner or other very high-resolution sensor
capable of discerning fingerprint whorls. In addition to mea-
suring heave and yaw by applying the techniques of Russo et
al., deformations in the whorls could be used to measure pitch
and roll. This could be done by identifying distinctive patterns
in the whorl deformations associated with the pitch and roll
movements. For instance, since the ridges in the whorls grow
closer together as the finger is pressed more firmly against the
sensor, when the finger is rolled, the ridges will grow closer
together on the side it is rolled towards, and further apart on
the other side. Similarly, as the finger is pitched, the ridges
will grow closer together in the direction towards which the
finger is being pitched, and further apart in the other direction.
Note that the distinctive pattern of the whorls could also be
used to determine the orientation of the finger in cases in
which the pitch of the finger results in a contact region with an
essentially circular shape. An exemplary way to do so
involves having the user create an image of the finger that can
be used as a reference. This could be done explicitly by
having the user provide a training image when she first con-
figures the HDTP for use. Alternatively, the image used as a
reference could be any elliptical image produced on a par-
ticular occasion of use that is determined, using the tech-
niques described earlier, not to result from pitching the finger
far forward.

Independent Variation of Parameters

The HDTP can enable a user to vary a large number of
independent parameters. In the case of a single finger, for
some applications it will be advantageous for the user to be
able to vary any one of the six parameters corresponding to
the six degrees of freedom of the finger without varying the
others. For instance, it may be advantageous for the user to be
able to vary the value for pitch without also varying the values
for surge, sway, roll, heave and yaw. However, in the case of
some of the exemplary parameter calculations described ear-
lier, a change in one parameter will be coupled to a change in
another. For instance, rolling the finger will also change the
x-coordinate of its geometric center, which may be used to
calculate sway. Similarly, pitching the finger will also change
the y-coordinate of its geometric center, which may be used to
calculate surge. Therefore, for some applications it may be
advantageous to implement a decoupling strategy to allow a
user to vary the parameters independently.

An exemplary strategy to decouple parameters is based on
the following observation. The software functions that imple-
ment the algorithms for calculating individual parameters
could also be used to tell whether the value of a parameter has
changed, simply by seeing whether the value calculated for a
given parameter has changed since the last time it was calcu-
lated. Similarly, these functions could be used to determine
how much each parameter has changed. By looking at the
overall patterns of changes in all six proximal parameters, one
could assign values to the parameters in such a way that the
user could vary each parameter independently of the others.

As an illustration of how this strategy could be imple-
mented, consider how it could be used to enable the user to
vary pitch without appreciably varying surge. If the user
slides her finger forward without varying its pitch, the y-co-
ordinate of the center of the contact region will change appre-
ciably, but the calculated pitch value will change only mini-
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mally. But if she pitches her finger forward, not only will the
calculated pitch value change, but so will the y-coordinate of
the geometric center of the contact region—in fact, the
change in the y-coordinate will track the change in pitch fairly
closely. If we consider the patterns of changes in the two
values taken together, there are two cases: (1) surge changes
appreciably but pitch does not, and (2) surge changes appre-
ciably and so does pitch. Therefore, an exemplary method for
enabling a user to vary pitch independently of surge is to take
account of the changes in both values: if the calculated surge
value changes but the calculated pitch value does not (or
changes only minimally), update the surge value; but if both
values change, update only the pitch value.

To implement this strategy for decoupling variations in
parameters, the following exemplary software architecture,
illustrated in FIG. 22 could be used, which isolates the cal-
culations of the parameter values from their assignments as
the effective values of the parameters. In this way, the effec-
tive values of the proximal parameters, on which the calcu-
lations of the distal parameters are based, can be based on the
overall patterns of changes in the parameter values that are
actually calculated.

It will be advantageous for some applications to modify the
strategy just described, since, although it would enable a user
to vary each parameter independently of the others, there may
well be cases in which the user really does want to vary more
than one parameter simultaneously. For instance, she may
want to vary both pitch and surge together, by pitching her
finger forward as she slides it forward over the surface of the
sensor.

An exemplary way to accommodate cases like this, in
which the user wants to vary multiple parameters simulta-
neously, involves assigning threshold values to each param-
eter, so that the values assigned to a parameter would be
updated only if the difference between the current value cal-
culated for the parameter and the last value calculated for it
exceeds the threshold. For instance, in the case just described,
three cases can be distinguished: (1) surge changes but pitch
does not; (2) surge changes and so does pitch, but the change
in surge falls below the value assigned as the threshold for
surge; (3) surge changes and so does pitch, and the change in
surge is at least the threshold value. In case (1) the parameter
assignment module would update only the value for surge, in
case (2) it would update only the value for pitch, and in case
(3) it would update the values for both pitch and surge.

Applications

There are many possible applications for the HDTP. It
could be used as a standalone computer peripheral, provide a
touchpad for a laptop computer, provide a component of a
gaming console, or be an integrated component of a device it
is used to control, such as a household appliance or electronic
musical instrument. In one notable class of applications, the
HDTP is an integrated component of a handheld computing
device. Examples of such devices include cell phones or
“smart phones,” personal digital assistants (PDAs), digital
cameras, and remote controls for televisions or home enter-
tainment systems.

The HDTP is well suited for providing a user interface for
handheld devices for several reasons. One reason has to do
with its capability to measure finger and hand movements that
require only a very small control surface. For instance, heave,
yaw, pitch and roll movements of a single finger can be
carried out on a very small control surface, only slightly larger
than a fingerprint. As a result, the HDTP could be used to
expand the ways in which a small device can be controlled.

Map Application
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In one exemplary application, the HDTP is used to control
a map application, used to find the location of a residence,
business or other place, or to obtain directions, such as the
mayp applications found in smart phones. The user can zoom
out by tapping with two fingers or making a pinching motion
with two fingers on the touchscreen; zoom in by double-
tapping with a single finger or unpinching two fingers; and
pan by translating a finger across the touchscreen right or left,
up or down, or a combination. But using the HDTP, the user
could carry out the same operations using finger movements.
In one embodiment, the user could pan left or right by rolling
afinger, up or down by pitching a finger and both ways at once
by rolling and pitching the finger at once. To zoom in, the user
could increase the amount of applied pressure, and, to zoom
out, she could decrease the amount of applied pressure. In
addition, the user could rotate the map by using yaw rotation.
These operations and the associated finger movements are
illustrated in FIGS. 23a-f

Using these fine movements to control the map application
is advantageous for a number of reasons. Because the move-
ments of pitch, roll and heave are finer than surge and sway,
and pinching and unpinching, the user could make them more
rapidly and with less effort. Because they can be confined to
one small part of the screen, they can be used in cases where
a control surface has very small dimensions. Also, because
they can be confined to one small part of the screen, they
occlude the screen to a significantly smaller extent, making it
easier for the user to view the map as she navigates it. Because
the user can simultaneously vary heave, pitch and roll, she
could readily zoom out as she searches for a region of interest
on the map, and zoom in when she approaches it. The
response of the application to the finger movements could
also be made to vary in a non-linear way in response to the
movements. For instance, the rate of pan could be exponen-
tially related to the extent of pitch or roll, so that the further
she rolls or pitches the finger, the faster the map pans. This
could be especially advantageous when combined with
zooming via heave for searching for a particular location on
the map. For instance, if the user wants to navigate from one
location to another, she could decrease the amount of down-
ward pressure to zoom out so she could see a larger area on the
map, and roll the finger significantly to pan at a high rate of
speed. As she approaches a location of interest, she could
decrease the extent of the roll rotation to slow the rate of pan,
and increase the amount of downward pressure to zoom in.
Clearly, panning and zooming in this way, rather than by
laterally and vertically translating a finger, pinching and
unpinching, and so on, is much faster and efficient, simply
because the movements are much smaller. Further, the fact
that the movements used to zoom and pan could be carried out
simultaneously, so the user could pan as she zooms, provides
avery natural way for the user to search for a specific location.

It should be noted that enabling the user to pan and zoom in
the way just described does not preclude retaining the existing
ways of zooming and panning in a smart phone—there could
be multiple ways provided for carrying out the same func-
tions. But it could be particularly advantageous to assign
different functions to different kinds of movements. For
instance, assigning a pan function to translating the finger
laterally and vertically could be retained, with pitch and roll
assigned to panning at a higher rate of speed, or at a rate
exponentially related to the extent of the tilts. The different
kinds of movements could also be assigned to completely
different functions. For instance, when the finger is translated
laterally, a menu is displayed in response to touching an icon
at the bottom of the screen. In this menu, the user could select
from among, for example, “Drop Pin,” “Show Traffic,”
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“Map,” “Satellite,” “Hybrid” and “List.” Using the HDTP,
surge or sway movements could display the menu, with sub-
sequent surge or sway movements used to select one or
another menu items. Similarly, pinching and unpinching
could be assigned additional functions, and icons could be
provided at the bottom of the screen that provide additional
functions. In this way, the number of operations made avail-
able to the user in the map application without having to
navigate to a different screen could be considerably
increased.

FIG. 24 shows an exemplary architecture for the map appli-
cation. Although the parameter values could be calculated in
a number of different ways, using a number of different
algorithms, one exemplary way to do so is to use the same
architecture for calculating parameter values described ear-
lier, which is shown in FIG. 8. Also, while the image prepro-
cessing module could be implemented in a number of ways,
one exemplary way to do sois shown in FIG. 9. FIG. 25 shows
exemplary pseudo-code that could be used as a basis for
implementing the map program. In the main( ) function, there
is a loop that repeatedly gets a frame of data from the sensor
by calling getframe( ), applies image processing operations to
the frame by calling procframe( ), calculates parameter values
from the processed frame by calling procframe( ), and dis-
plays the map bitmap by calling update map( ). The function
updatemap( ) uses the heave value to set the zoom level, the
yaw value to determine how far to rotate the bitmap, and the
roll and pitch values to pan the image. The image is then
displayed in the specified window by calling putbmp( ). Note
that the heave, yaw, roll and pitch values can be subjected to
scaling, smoothing or other operations before being used to
manipulate the bitmap.

Ablock diagram illustrating an exemplary architecture that
could be used to allow a user to determine which of three
different maps would be displayed by rolling a finger to three
different extents is shown in FIG. 26. As shown, after the
parameter values are calculated, the value obtained for roll is
evaluated. Depending on whether it exceeds a first threshold
(DELTA), falls below a second threshold (-DELTA), or falls
in between, one of three maps is selected to be operated on
and displayed. In all three cases, the selected map is operated
on by zooming to an extent responsive to the heave parameter,
rotating to an extent responsive to the yaw value, and panning
to an extent responsive to the surge and sway values. The
transformed map is then displayed, and the sequence is
repeated.

It will be apparent to one of ordinary skill in the art that
different movements and parameters could be used to select
the maps, and that the architecture shown for the map appli-
cation could be readily adapted for a large number of different
implementations of the map program, as well as for a large
number of other applications, including many of the other
applications described herein.

Web Browser Application

In another exemplary application, the web browser of a
handheld device is responsive to the movement of a finger in
all six degrees of freedom. In one exemplary implementation,
pitch and roll are used to pan, and heave to zoom. As in the
case of the map application just described, using pitch and roll
for pan is advantageous because it occludes the display to a
significantly lesser extent than surge and sway translations;
and, by combining pitch and roll with heave to zoom, it
provides an advantageous way to find a particular location in
a web page. The panning operations are illustrated in FIGS.
27a-c.

Another example of how the functionality provided by the
HDTP could be advantageous in operating a web browser for
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ahandheld device concerns selecting a link. The region of the
screen which the user must touch to select a link can be quite
small, and there can be other links in close proximity to the
link the user wants to select, making it difficult to select the
desired link. In the smart phone, the user can make the link
easier to select by unpinching the fingers to zoom in. How-
ever, because this requires separate, independent movements,
it is clumsy, and can be distracting, because of the relative
complexity of what the user must do to make selecting the
link possible.

The present invention, however, makes it possible to select
a link in much more efficient and natural ways. One exem-
plary way to do so is for the user to zoom in on the link by
pressing down on the region of the screen that includes the
link. Then, when the link is sufficiently large so she can put
her finger on it without also putting it on neighboring links,
she could use a slight yaw rotation to select it. This sequence
of operations is illustrated in FIGS. 28a-c.

Another way in which the present invention can be advan-
tageous for using a web browser involves navigating across
web pages. In the case of the smart phone web browser, one
can navigate from the page being viewed to a page recently
viewed by pressing an icon at the lower right of the screen.
Doing this changes the display, so the current web page is
reduced in size to fit well within the display, and the other web
page can be navigated to and selected by dragging a finger to
scroll laterally.

An exemplary, advantageous alternative method for navi-
gating to and selecting web pages made possible by the
present invention is the following. Rather than having to
translate the finger across the screen and press an icon or
button in a particular part of the screen, as in existing systems,
one could use a distinctive kind of movement made possible
by the HDTP, such as yawing the finger or increasing the
applied pressure, to switch between a mode to view web page
and a mode to select a web page. FIGS. 29a-c illustrate an
exemplary way that this could be done. The user enters page
selection mode by momentarily increasing the applied pres-
sure, and then rolls her finger to navigate to the desired page.
When the desired page is reached, the user returns to page
viewing mode by momentarily increasing the applied pres-
sure again. Note that, as will be evident to one of ordinary skill
in the art, many different kinds of movements could be used
to switch between different modes, this general technique
could be used to switch between more than two modes, and
this general technique could advantageously be used for a
wide variety of different applications.

In the preceding example, the user explicitly changes
modes by carrying out a specific kind of movement, which is
reserved for that purpose. An advantageous alternative is to
enable the user to switch modes implicitly, by assigning one
set of movements to viewing a web page, and another set to
navigating across web pages. One exemplary way to do so
involves assigning roll movements for navigating across web
pages. This assignment is illustrated in FIGS. 30a-c. For
instance, as a user rolls her finger to the right, web pages that
she had viewed subsequently to viewing the current page
could be displayed in turn, and as she rolls her finger to the
left, web pages that she had viewed prior to viewing the
current page could be displayed. If needed to avoid inadvert-
ently switching to the page selection function from the page
viewing function, the user can precede the roll by, for
example, a slight pitch movement or a slight yaw movement.
In an exemplary alternative method, to enter page selection
mode a change in the extent of the roll movement could be
required that is sufficiently large to avoid inadvertently enter-
ing page selection mode by making a slight roll movement; or
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placing a second finger, either of the same hand or the other
hand, on the touchscreen could be required.

Providing a way for the user to implicitly switch modes can
make operating a system even more efficient than reserving a
specific kind of movement to switch modes, since the move-
ment needed to explicitly switch modes is eliminated. Note
that this general technique for implicitly switching modes
could be implemented using many different assignments of
movements to operations, used to switch between more than
two modes, and used for a wide variety of different applica-
tions.

To facilitate selecting web pages, when the user enters page
selection mode by rolling her finger, outlines of the web pages
could appear, either in place of the page she is currently
viewing, as in a smart phone browser, or overlaid on top of the
page she is currently viewing. Note that if rolling the finger is
reserved, instead, for laterally panning the page she is view-
ing, then another finger or hand movement could be used.

The last two examples illustrate how the sensitivity of the
HDTP to a multiplicity of different kinds of movements could
be advantageously utilized to superimpose multiple, indepen-
dent control surfaces on a single physical surface. Instead of
requiring an explicit operation to change screens to carry out
two distinct sets of operations, by assigning, for instance, one
set of operations to surge and sway movements, and another
set to roll movements, the burden of having to carry out a
separate operation to switch between screens is eliminated.

It should be noted that—as will be evident to one of ordi-
nary skill in the art—there are many different ways in which
types of movements could be assigned to operations to pro-
vide multiple, independent control surfaces superimposed on
a single physical surface. For instance, roll in the previous
example could be supplemented with pitch to enable a user to
select web pages in a two-dimensional array of web pages
instead of the one-dimensional array just described. In
another exemplary assignment of movements to operations,
surge and sway are assigned to a first virtual control surface,
pitch is assigned to a second virtual control surface, and roll
is assigned to a third virtual control surface, enabling the user
to operate on three virtual control surfaces using a single
physical surface without requiring any explicit operations to
specify which control surface is being operated on. In yet
another exemplary assignment of movements to operations,
different levels of downward pressure are associated with
different control surfaces—for instance, a light pressure
could be used to navigate within a web page, and a heavier
pressure to navigate across web pages. It will be evident to
one of ordinary skill in the art that these are just a few of many
possible examples.

Music or Video Player Application

In another exemplary application of the HDTP, itis used to
operate an MP3 or other music player, or a video player. In
one embodiment, the user selects the current position in a
song being played by using roll or yaw movements. This
could be realized in many different ways. To give one
example, a yaw rotation to the right is used to fast forward the
song, and a yaw rotation to the left to rewind it, and the extent
of'the yaw movement could determine the new position in the
song. To give a second example, the song could be fast for-
warded or rewound for as long as the user’s finger is yawed,
respectively, to the right or to the left, with the extent of the
yaw rotation determining the speed at which the song is
fast-forwarded or rewound.

To adjust the volume the user could, for instance, vary the
pitch tilt or the amount of downward pressure. In a way
analogous to how the user can navigate from one web page to
another in an earlier example, the user could navigate among
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the screen displaying all playlists, the screen displaying the
current playlist, and the screen showing the currently played
song by rolling her finger.

Another exemplary way in which the HDTP could be
advantageously used in a music player is to select whether a
playlist or song is to loop. In the smart phone, this is selected
using a tri-state control. The user taps once on a small icon to
repeat a playlist, a second time to repeat a song, and a third
time to disable the repeat function altogether. With the next
tap, the cycle begins again. By contrast, using the HDTP, the
user could select each of the three states by rolling her fin-
ger—for instance, rolling all the way to the left to repeat the
playlist, rolling all the way to the right to repeat the song, and
a neutral roll to disable the repeat function. To distinguish the
neutral roll used to suppress looping from a neutral roll used
to carry out other operations, the movements used to set the
loop control could be preceded by a yaw rotation, or they
could be carried out on a marked partition displayed on the
screen.

It will be apparent to one of ordinary skill in the art that
there are many uses for tri-state controls, and that the tech-
nique just described for setting a tri-state control, and related
methods using, for instance, yaw or heave, could be used to
set a tri-state control. Further, with sufficiently high accuracy,
the techniques described to set a tri-state control could be
extended to set controls with greater than three states or
discrete levels.

Another exemplary way in which the HDTP could be
advantageously exploited to operate a music player involves
the operation of icons that appear at the bottom of the screen,
which could be used to carry out dedicated functions. In
carrying out certain operations, such as dragging a finger
from the vicinity of the top of the touchscreen to the vicinity
of'the bottom or vice versa to scroll through a list of songs, the
user may inadvertently touch one of the icons, causing an
unintended operation to be carried out. The HDTP could
advantageously be used to minimize the likelihood this will
happen. For instance, by requiring a relatively heavy pressure
to select an icon, inadvertently touching it when scrolling will
be less likely to select it. To give a second example, a touch to
select an icon could be distinguished from a touch used for
scrolling by requiring a slight yaw rotation to select the icon.

It will be apparent to one of ordinary skill in the art that
there are many related ways to distinguish a touch used to
select anicon from a touch used to carry out other operations.
It will also be apparent to one of ordinary skill in the art that
this is a technique that could be applied in many different
contexts to minimize the effects of inadvertently touching
particular parts of a screen associated with specific operations
when using the finger to carry out other operations.

Another exemplary way in which the HDTP could advan-
tageously be used to operate a music player is illustrated in
FIGS. 31a-g. In this case, the HDTP {facilitates switching
between screens at three different levels of a hierarchy, com-
prising the sequence: (1) a list of playlists, (2) a list of songs
in the current playlist, (3) the currently selected song in the
current playlist. In FIG. 31a, the user rolls her finger to the left
when the currently selected song is displayed, which results
in the list of songs in the current playlist being displayed,
shown in FIG. 315. In response to a second roll to the left,
shown in FIG. 31¢, a list of playlists is displayed, shown in
FIG. 31d. In response to a first roll to the right, shown in FIG.
31e, the list of songs in the current playlist is displayed again,
shown in FIG. 31f. Finally, in response to a second roll to the
right, also shown in FIG. 31f; the current song is displayed
once again, as shown in FIG. 31g.
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It will be apparent to one of ordinary skill in the art that the
exemplary ways of carrying out operations on music players
described herein can also be used to carry out corresponding
operations on video player applications, as well as corre-
sponding operations in many other applications.

Voicemail Application

In another exemplary application of the HDTP, it could be
used to operate a voicemail application. It will be evident to
one of ordinary skill in the art that many of the techniques
described herein could advantageously be applied to the
operation of the voicemail application. To give one of many
possible examples, yaw rotation could be used to specify the
particular part of a voicemail message to be played, as shown,
in FIGS. 32a-c. It will be clear to one of ordinary skill in the
art that this general technique has a wide range of applica-
tions—for instance, it could be used to specify the particular
part of a song or video to be played.

Email Application

In another exemplary application of the HDTP, it could be
used to operate an email application. It will be evident to one
of ordinary skill in the art that techniques such as those
described herein to facilitate scrolling and switching among
screens, as well as for many other operations, could be used
here as well—for instance, pitch could be used to scroll
through a list of emails in a mailbox, and roll could be used to
switch among the screen used to select mailboxes, the screen
used to select messages in the selected mailbox, and the
screen displaying the text of the selected message.

Text Entry and Operation of On-screen Virtual Keyboards

An advantageous way in which the HDTP could be used is
to facilitate the operation of a virtual, on-screen keyboard,
such as that found on a smart phone. Such on-screen key-
boards are found by many users to be difficult and inefficient
to use, particularly for users with large fingers. Therefore,
ways in which the HDTP could make the keyboard easier to
use are of particular utility. (It will be clear to one of ordinary
skill in the art that, although this discussion of ways in which
the HDTP could improve the operation of an on-screen key-
board occurs in the context of composing and editing email
messages, the principles presented here are generally appli-
cable to any context in which an on-screen keyboard is used.)

One difficulty faced by the user of the keyboard is hitting
the right key, since the keys are small, and—so the entire
QWERTY keyboard can fit on a single screen, emulating a
standard keyboard used with a desktop or laptop computer—
the virtual keys are compressed into a small area with little
space between the keys. Although existing virtual keyboards
do not recognize pitch and roll as distinct kinds of move-
ments, the user may nevertheless be able to exploit those
movements to select keys neighboring one that has been
selected, since those movements shift the location of the main
part of the contact region to neighboring keys. However, this
technique is of limited utility, since only keys lying close to
the original region of contact can be selected, and the display
indicating which key is selected is occluded in some cases. In
the case of the smart phone or similar devices, an alternative
is to slide the finger to select different keys, since those
devices do not enter a character until the user releases a key by
lifting the finger off the surface of the touchscreen. However,
this is inefficient, and the display of the currently selected
character may be occluded. The situation is made more com-
plex, and creates more of a problem, because of the way
diacritical marks are selected: the user must press and hold a
key momentarily, which will bring up a menu providing vari-
ous diacritical marks for the associated character. This func-
tion can interfere with sliding the finger as a way to choose the
correct character.
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The HDTP provides ways to make selecting the desired
character easier. For instance, rather than pressing and hold-
ing a character to make available associated diacritical marks,
the menu could be brought up in response to a yaw rotation. A
generalized capability to select characters in response to, for
instance, pitch and roll movements could also be imple-
mented, so the user could select any key on the keyboard,
rather than just the keys under the contact region of the finger.
An exemplary way to implement this is to allow the user to
select an arbitrary key by pitching and rolling a finger, where
increasing or decreasing the extent of the pitch and/or roll tilts
selects a key that is, respectively, further from or closer to the
region of contact. This can provide a more efficient way to
select keys, and particularly to recover when the wrong key
has been pressed, than using the keyboard as it is currently
implemented. In particular, when pitch and roll are combined
with sliding, the user can much more easily and rapidly select
the desired key. Further, since the finger need not be directly
over akey to select it, there is less of a problem with occluding
keys by the fingers when the keys are being selected by the
user. This is illustrated in FIGS. 33a-d, in which pitch and roll
are used to select particular keys of a keyboard without
occluding any of the keys. It will be apparent to one of
ordinary skill in the art that, although in this example pitch
and roll movements are used to select keys, many other kinds
of movements could be used, and that the same operations
could be carried out with the finger occluding some of the
keys.

Another exemplary way in which the HDTP could be
advantageously employed to enter characters has to do with
the operation used to accept a character. The smart phone
enables the user to tell which key is being pressed by display-
ing the corresponding character on the screen. However, char-
acters are not accepted, and so are not added to the entered
text, until the user releases the virtual key by lifting her finger
off the screen. By making the operation of selecting a char-
acter separate from the operation of accepting it, the user can
tell which character is currently selected without entering it,
thus reducing errors due to inadvertently selecting the wrong
key. Using the HDTP, selecting and accepting characters
could be carried out in a related way, with the user selecting
characters by touching the corresponding keys of the on-
screen keyboard, and accepting a character by, for instance,
quickly and momentarily increasing downward pressure,
rolling to the right or left, yawing to the right or left, or
pitching forward or back. Accepting characters in one of these
ways provides an advantageous, more efficient alternative to
lifting a finger off the touchscreen, since they could be carried
out more quickly and with less effort.

Another source of inefficiency in using an on-screen key-
board has to do with switching virtual keyboards. In the smart
phone, there are two separate virtual keyboards, one for let-
ters, and another for numbers and a limited selection of sym-
bols, which, in some contexts, is supplemented with a third
keyboard providing more symbols. To change which key-
board is selected, the user must press a virtual key at the
bottom of the screen. This is inefficient and tedious, particu-
larly when entering text that incorporates a mixture of letters,
numbers and symbols.

The capabilities of the HDTP could be exploited to make
switching virtual keyboards less cumbersome and more effi-
cient. If pitch is not assigned to selecting individual keys, the
extent of the pitch tilt could be used to determine which
keyboard is selected. For instance, when the finger is pitched
back, in a resting or neutral position, the main keyboard, for
entering letters, could be selected. When pitched further for-
ward, the number-symbol keyboard could be selected, and
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when pitched even further forward, the keyboard providing
additional symbols could be selected. To make selecting key-
boards easier, which keyboard is displayed could change to
reflect which keyboard is currently selected, thus providing
visual feedback to the user. FIGS. 34a-5 illustrate using pitch
to switch from a letter keyboard to a number-symbol key-
board, with the display updated to reflect which keyboard is
active. In addition, lower- and upper-case letters could be
associated with different extents of the pitch displacement, or
the amount of downward pressure could be used to select the
case of the selected letter. Alternatively, if pitch is reserved for
selecting individual keys, yaw rotation or downward pressure
could be used to select keyboards. [t will be apparent to one of
ordinary skill in the art that there are a large number of
variations in the ways in which different kinds of movements
that the HDTP can recognize could be assigned to selecting
keys and keyboards.

Another way that using the keyboard could be made more
efficient is through the well-known technique of word
completion. In word completion, as the user types a word, a
word is displayed that starts with the same letters the user has
entered for the word so far. Which words are selected in
response to given sequences of letters typed could be based
on, for instance, statistical regularities observed for the indi-
vidual user, or for a collection of users. If the appropriate
word is displayed, the user could select it by pressing, for
instance, the space key or the return key, thus obviating the
need to type in the remaining letters. Although word comple-
tion can enable the user to enter text more efficiently, it is of
limited utility since the user has one word to select from, and
the word provided may not be the one the user intends; this is
especially likely when only a small number of letters, at the
beginning of a word, have been entered, since the possible
words will be only loosely constrained.

The HDTP provides a basis for implementing a more gen-
eral and efficient word-completion strategy. In one embodi-
ment, the HDTP enables a user to view and scroll through a
list of words, all beginning with the letters typed so far for the
current word, by tilting or rotating her finger. For instance, in
response to a yaw movement, instead of displaying a single
word, several words could be displayed that all begin with
those letters. The user could then scroll down the list of words
to reveal others by, for instance, rolling her finger to the right,
and scroll up to display again words that had earlier been
displayed by rolling her finger to the left. Then she could
choose a word by, for instance, lifting her finger off the
touchscreen, making a yaw rotation or momentarily increas-
ing the applied pressure.

FIGS. 35a-d illustrate screen displays that could appear to
facilitate the use of a general word-completion mechanism of
the sort just described. In FIG. 35a, a display for a simple
word completion mechanism is shown such as that used in the
smart phone. This mechanism could be retained for an appli-
cation based on the HDTP as the default word completion
mechanism. FIG. 356 shows a list of words, all beginning
with the letters typed in so far for the current word, that could
appear in response to, for example, a yaw rotation. Note that
the top word is currently selected, indicated by the box around
it. FIG. 35¢ illustrates the operation of scrolling down the list
of words to select a particular word, which could be carried
out in response to a roll movement. Finally, FIG. 35d shows
the insertion of a word selected from the list in the text,
effected by, for instance, a yaw rotation.

There are many possible methods that could be used to
determine what words should populate the list, and in what
order they should occur. For instance, they could be all the
words contained in a system dictionary, words the user has
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recently used, words in the current document, words in all the
documents ever created using the current application, words
entered in all documents ever created in all applications,
words the user explicitly designates as ones to be provided,
words in a particular English-language dictionary, and so on.
The order in which they appear could, for instance, be alpha-
betical, based on the frequency of use by the user across all
applications, in a specific application, in the current docu-
ment, and so on.

There are many other ways in which the HDTP could be
exploited to make text and character entry more efficient. For
instance, the user could repeat a character by applying a
pressure exceeding a certain threshold. Once the threshold
has been exceeded, further variations in pressure could be
correlated with the speed at which the repeated character is
entered. The HDTP could also be exploited for document
formatting. For instance, a yaw movement could be used to
indicate that the text that follows is bold or italicized. It will be
apparent to one of ordinary skill in the art that these are just a
few of many possible examples that could be given.

Painting Application

Another exemplary application of the HDTP is for a draw-
ing or painting application. In one embodiment, the user can
create full-color on-screen paintings, which could be saved to
a file, transmitted via a network, and so on. A palette could be
provided at the bottom of the screen that could be used to
select colors. The capability of the HDTP to pick up nuances
of finger movements could be utilized to allow users to use
their fingers to create a variety of subtle effects, as the fol-
lowing examples illustrate. The user could vary the width of
a line created by moving a finger on the screen by varying the
amount of downward pressure. The user could select a color
from the palette by touching it in the palette, and then touch-
ing the screen to use that color when painting with her finger.
To blend colors, the user could touch a first color in the palette
with a finger rolled to the left, and a second color with the
same finger rolled to the right. Then to vary the relative
amounts of each color that will be applied when she moves
her finger on the screen, the user could roll the finger to
varying extents—for instance, rolling all the way to the left
could apply the pure color selected when the finger was rolled
to the left, rolling it all the way to the right could apply the
pure color selected by rolling the finger all the way to the
right, and rolling it to an extent between the extremes could
apply a color with a mixture of the two colors proportional to
the extent of the roll, so that when the finger is rolled neither
to the right nor to the left the color applied will be the color
created by mixing the two original colors in equal propor-
tions.

Another advantageous way to apply colors would be to
assign different colors to different fingers by using a finger-
print recognition capability that could be incorporated into
the HDTP. When the user selects a color with a finger, the
distinctive pattern of ridges of that finger could be associated
with the color, so that different colors could be associated
with different fingers. Particular kinds of movements made
with one finger could be used to carry out control functions
rather than to create the images per se—for instance, yaw
could be used to set the zoom level. It could be advantageous,
however, to use only movements or gestures made with more
than one finger at once for control functions, so that move-
ments of single fingers could be reserved for creating the
image—for instance, if zoom is adjusted with a two-finger
movement, then the user could vary yaw in the course of
creating images without having to worry about changing the
zoom level.
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A drawing or painting application of this sort could be used
to create a finished drawing or painting. However, when
implemented in a small, portable or handheld device, it may
prove particularly advantageous in providing an artist with a
portable electronic sketch book that could be used to make
quick sketches or renderings of scenes or objects that could be
used as a basis for more polished art works.

Heightened Sensitivity

Another way that the capabilities of the HDTP could be
utilized to improve the functioning of a device is to provide
heightened sensitivity to touch. A tactile sensor or fingerprint
scanner, for instance, could detect a light touch that loads only
a few sensing elements. As a result, using an HDTP in place
of a conventional touch interface could make a device more
effortless to use, as the following example illustrates. In the
smart phone, when it has been idle for a while, the user must
slide a virtual, on-screen bar across the bottom of the screen.
Because the pressure threshold for detecting the user’s sliding
the bar is relatively high, and because the user must drag it
from one side of the screen to the other, it may take the user
two or three attempts to get the device to recognize the finger
movement, and to unlock the device.

By contrast, using the HD TP, an equivalent operation could
be carried out using a much lighter touch, as the following
examples illustrate. In order to prevent inadvertently unlock-
ing the device, a particular kind of movement could be
employed. For instance, a light yaw rotation could be used to
unlock the device. Note that because the shape of the contact
region, and how its orientation changes as a result of the yaw
rotation, are very unlikely to occur unless the user is inten-
tionally making the movement, it would be extremely
unlikely that incidental contact would unlock the device.
Thus, in this way, unlocking the device becomes much more
effortless when an HDTP is used.

Partitioning

As mentioned earlier, a common strategy used to increase
the number of operative dimensions of a touchscreen or other
pointing device is to divide the surface of the touchscreen or
other display into a number of discrete, spatially distinct
partitions. The partitions can be generated dynamically, so
that different screens are associated with different sets of
partitions. By assigning a different function or operation to
each partition, the number of operations made available to the
user in any given screen could be substantially increased. For
instance, in the startup screen of a smart phone, there are a
number of icons. By touching a particular icon, the user
launches a specific application.

In the case just described, the user’s ability to translate the
finger to one or another part of a screen or other control
surface is utilized to make available a variety of operations
without requiring the user to switch screens. Although it will
in many circumstances be advantageous to allow the user to
use different kinds of finger movements to vary continuous
quantities or dimensions, the HDTP provides an additional
way to extend the capabilities provided by spatial partitioning
to other kinds of movements. For instance, the range of pos-
sible applied pressures could be partitioned into a plurality of
smaller, distinct ranges; or the range of movements available
in yawing the finger from left to right could be partitioned into
a plurality of smaller, distinct ranges. Partitioning finger or
hand movements in these ways could be exploited in a way
analogous to how spatial partitioning is exploited to increase
the number of operations made available to the user in a given
screen.

An example of such partitioning was provided earlier in
connection with the operation of tri-state controls. Another
example was given earlier in connection with selecting one or
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another keyboard, where the extent of the pitch tilt determines
which keyboard (e.g. letter, number, and symbol) is active. To
give a third example, by dividing levels of pressure into ten
discrete ranges, the user could choose a single numerical digit
simply by increasing or decreasing the amount of downward
pressure applied to a single small region of the screen, thus
obviating the need to use surge and/or sway translation to
select digits. (Note that when the amount of pressure associ-
ated with a given digit has been applied, the user could accept
the digit using a light yaw rotation.) In a fourth example, in a
calculator application, the user could select an operation to
perform on two numbers by utilizing yaw rotation, with the
entire comfortable range of possible yaw rotations divided
into four partitions, one each for addition, subtraction, mul-
tiplication and division. Again, as in the example just given of
using heave to select a digit and yaw to accept it, in this case
the user could accept a given arithmetic operator by increas-
ing the applied pressure beyond a certain threshold.

It will be clear to one or ordinary skill in the art that these
same principles of partitioning could be applied to many other
kinds of movements that can be discerned by the HDTP and
many other kinds of operations.

Feedback

As is well known in the field of user interface design,
providing feedback to the user is an important tool for making
user interfaces more usable, and in many cases it is essential.
In the case of the HDTP, such feedback comprises visual,
auditory and tactile feedback. To give a simple example of
how such feedback is provided on the smart phone when a
user presses and releases a key of an on-screen, virtual key-
board, the character corresponding to the key appears on the
screen, inserted in the text being entered. To give another
example, when the user presses a key without releasing it, the
character associated with the key is displayed above it, allow-
ing the user to determine what character would be entered if
her finger were lifted off the screen.

Such feedback could be utilized to improve the usability of
a device that incorporates an HDTP. For instance, in the
example described earlier in which the range of possible
applied pressures is partitioned into ten smaller, discrete
regions, one for each digit, the user’s ability to select a given
digit could be improved with appropriate feedback. An exem-
plary way to do this is to provide visual feedback analogous to
the visual feedback used to improve the user’s ability to select
and accept a particular character using a virtual keyboard in
the way just described. Another exemplary way to facilitate
the user’s ability to select a given digit is to provide tactile
feedback, either in addition to or in place of visual feedback.
For instance, as the boundary of a pressure partition between
two digits is approached, the surface could be made to feel
stiffer or to vibrate more than when the applied pressure lies
further from the partition boundary. Techniques to provide
such tactile feedback are well known to one of ordinary skill
in the art, and include piezo-electric mechanisms and tactile
displays. Another possibility is to provide audio feedback,
such as a click marking the crossing of a pressure partition, or
a tone that increases in pitch as a partition boundary is
approached. Audio feedback too could supplement or replace
visual and/or tactile feedback.

Timing of Movements

The time it takes to carry out a given movement could be
taken into account in assigning a movement to an operation,
so that the same movement could be assigned to different
operations depending on how quickly it is carried out. For
instance, in the example given earlier in which a roll move-
ment is used to navigate across web pages, fast rolls and
slower rolls could be assigned different meanings; for
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instance, a slow roll could be used to select each page in the
sequence in turn, while a fast roll to the right selects the last
page in the sequence and a fast roll to the left selects the first
page in the sequence. Similarly, a sharp increase in pressure
could have a different meaning from a gradual increase. For
instance, in the example given earlier in which digits are
selected by varying the amount of applied pressure, a sudden
increase in pressure could repeat the last digit, and a sudden
decrease could delete the last digit.

Applications for HDTPs Affixed to the Side or Rear of a
Device

As mentioned earlier, a handheld device could have an
HDTP not only on the main physical control surface, but on
the sides of the device and/or the rear surface, either supple-
menting an HDTP on the main control surface or in place of
it; in the extreme case, the entire device could be encased in an
HDTP. A handheld device configured in this way has many
possible applications, and there are many different ways it
could be used. The following examples will illustrate some of
the ways in which it could be used, but it will be apparent to
one of ordinary skill in the art that the principles exemplified
could be extended to cover many other cases.

In one exemplary use, the user can turn the phone on and off
by gripping it in her hand and squeezing it. When used in this
way, it could be advantageous to use a different operation for
turning it on than is used for turning it off. In another exem-
plary use, when a call is received, the user can squeeze the
phone to send the call to voicemail. If the operations just
described of turning the phone on and off by squeezing it are
also to be made available to the user, different operations
could be assigned to different forms of contact. For instance,
sending a call to voicemail could be assigned to squeezing the
phone when only the sides are touched, while turning it on
and off are assigned to pressing simultaneously on the front
and rear surfaces, with, as before, one squeeze assigned to
turning the phone on, and two to turning the phone off.

Note that to distinguish touching the phone with the inten-
tion of carrying out these operations from gripping it to hold
it or carry it, or from touching it inadvertently, there is a
variety of techniques that could be used. For example, to turn
it on and off, the user could be required to pinch the device by
pressing it simultaneously with the thumb and forefinger,
with the thumb on the front surface and the forefinger on the
rear. In a second example, those operations could be carried
out in response to a particular kind of movement, such as a
yaw or roll rotation, or by pressing a specific part of the phone,
such as a corner. In a third example, patterns of squeezing
unlikely to occur unless intentionally made by the user could
be assigned to particular operations, such as requiring three
squeezes of the sides of the phone in quick succession to turn
it off.

In another exemplary use, HDTPs affixed to the sides or the
rear of the phone. The enables the user to carry out certain
operations by touching the HDTP in various patterns. For
instance, the user could toggle between playing and pausing
a song by touching once, fast forward by touching twice in
quick succession, and so on. Such operations could be
assigned to touching a particular part of the sides or rear
surface of the device, particular temporal patterns of touches,
and so on. Ifa particular part of the device must be touched to
carry out these operations, the user’s ability to touch the
appropriate part of the device could be facilitated by provid-
ing raised surfaces or other markings that could be discerned
by the user’s sense of touch alone.

Yet another exemplary way that HDTPs affixed to the sides
and/or rear of a device could be advantageously utilized is to
facilitate the use of applications that the device provides. For
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example, when entering text, the user could select which
keyboard (e.g. letter, number, symbol) is active by pressing
the sides and/or rear of the phone—for instance, by pressing
certain parts of the sides or rear surface or using certain kinds
of movements (e.g. yaw, roll, pitch). In such an embodiment,
it may be advantageous for the user to carry out one set of
operations with one hand and another set with the other
hand—for instance, the user could enter characters by press-
ing the keys of an on-screen, virtual keyboard with one hand,
and select which keyboard is active with the other.

It should be noted that holding the device in one hand and
operating the main control surface with the other could facili-
tate making certain kinds of movements. For example, if the
user desires to make a yaw or roll movement with a finger of
one hand, he could make a complementary movement hold-
ing the phone with the other—for instance, to facilitate mak-
ing a yaw movement with a finger of one hand, he could rotate
the phone in the opposite direction of the desired yaw move-
ment with the other hand.

HDTPs affixed to the sides and/or rear of a device could
also be used to carry out operations by tracing patterns on
them with the hand or fingers. For instance, sliding a finger
along one side, or tracing a circular pattern on the rear, could
be used to adjust the volume of a song that is playing.

It will be apparent to one of ordinary skill in the art that
these are just a few of many possible ways in which HDTPs
affixed to other parts of a device besides the main control
surface could be advantageously utilized.

Applications for Limited-Capability Hybrid Systems

Many of the exemplary applications described herein are
suitable for handheld devices operated predominantly by
means of a touchscreen or similar touch interface. However,
the HDTP could advantageously be used in hybrid systems
with limited capabilities, in which a small HDTP or HDTPs
supplement other kinds of input controls, such as mechanical
buttons. Although it will be clear to one of ordinary skill inthe
art that many of the applications described herein are suitable
for limited-capability hybrid devices, or could be adapted for
them, it is worth giving examples of ways in which the HDTP
could advantageously be used to improve the operation of
even handheld devices with limited capabilities.

In a first exemplary application, a small HDTP in a hybrid
device, such as that shown in FIG. 7a, is used to emulate a
navigation-selection control found in many handheld elec-
tronic devices, such as cell phones and remote controls. The
control, shown in FIG. 35, consists of a selection key sur-
rounded by four arrow keys. The arrow keys are used to
navigate a two-dimensional array of choices, and the selec-
tion key to accept the current choice. This control could be
replaced with a small HDTP, with the function of the arrow
keys carried out by the pitch and roll tilts of the finger, and the
selection function carried out by a heavier downward pres-
sure.

In a second exemplary application, the number keys of a
cell phone could each be equipped with an HDTP. Then, to
compose a text message, the user could enter particular letters
by placing her finger on the appropriate number key and
tilting her finger left or right to scroll through the letters
associated with the number key, and then applying a heavier
pressure to select a letter.

Usage Scenarios

A number of ways in which HDTPs could advantageously
augment the capabilities of a handheld device have been
described. In this section some exemplary scenarios will be
described which will provide further illustrations of the prin-
ciples of the invention. It will be apparent to one of ordinary
skill in the art that although specific details of the operation of
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an HDTP-equipped device will be presented, the principles of
the invention provide for a large number of alternative modes
of operation.

As a person is working, the alarm of his smart phone, set
earlier using a clock application, goes oft, reminding him to
check his email and voicemail. He turns the alarm off by
gripping the phone in his hand and squeezing it for a short
interval of time. He then unlocks the phone by touching his
index finger to the main control surface of the phone and
making a slight yaw rotation. A fingerprint recognition facil-
ity incorporated in the phone authenticates the user, and the
main desktop screen appears.

The user goes to the screen showing his voicemail mes-
sages by double-tapping an icon at the bottom of the screen,
which he had previously assigned to the operation of viewing
his voicemail. He scrolls through the list of messages by
putting a finger on the screen and varying the pitch tilt, with
the extent of the tilt determining the scrolling direction and
rate. Seeing an old message that he has not yet viewed, he rolls
his finger to the right to play the message. As the message is
playing, he sets the volume to an appropriate level by varying
the extent of the pitch tilt. Needing to repeat part of the
message, he yaw rotates his finger to the left, which rewinds
the message to an extent proportional to the extent of the yaw
rotation. He then plays the message starting from the speci-
fied location in the message by rolling his finger to the right.
Discovering he is not at the desired part of the message, he
repeats the sequence of adjusting the yaw angle and rolling
his finger right a couple of times, with the yaw angle deter-
mining the position within the message to start playing from
and the roll initiating playback from that location. After a
couple of tries, he finds the desired part of the message, and,
as it plays back, varies the pitch tilt again to play it back at an
appropriate volume.

After listening to the desired part of the message, he returns
to the main screen, and taps the email icon to view his email
messages. The list of mailboxes (each containing a number of
messages) appears, which he scrolls through by varying the
pitch of his finger. Finding the desired mailbox, he rolls his
finger to the right to view the messages in the mailbox. He
varies the pitch tilt of his finger to scroll through the list of
messages, and, coming to a message he has not yet read, rolls
his finger to the right to view it. Seeing that he needs to
respond to the message, he taps once to bring up the on-
screen, virtual keyboard. He types in the message by pressing
and releasing keys corresponding to the desired characters.
As he does so, he uses a combination of sliding movements
and pitching and rolling to reach the desired keys. Entering
the message requires that he switch among letter, number and
symbol keyboards. He does so by varying the pitch of his
finger and, simultaneously, increasing the downward pres-
sure to exceed a threshold that distinguishes pitch movements
used to select akeyboard from pitch movements used to select
a key. Once he has switched to the desired keyboard, he
reduces his pressure on the touchscreen, and the current key-
board remains active until he again uses a combination of a
pitch tilt and increased pressure to change it. Realizing that
some of the text he wants to enter occurs in an email he sent
earlier, he performs a quick yaw rotation to the right to book-
mark the current message and store the application state, so
that when he returns the cursor marking the insertion point
will be in the same location, and the currently active keyboard
will be displayed.

He next returns to the list of mailboxes by rolling his finger
to the left, once to ascend the menu hierarchy from the current
message to the list of messages in the mailbox, and a second
time to ascend to the list of mailboxes. Note that because the
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rolling movement was performed after the quick yaw rota-
tion, the roll is interpreted as a command to ascend the menu
hierarchy rather than to select a particular key of the current
keyboard. Had he changed his mind after the yaw movement
and decided to keep composing the current message, a second
quick yaw movement would have canceled the effect of the
first one, returning the system to the message composition
mode.

Next he scrolls through the list of mailboxes, using pitch
tilt, until he finds the appropriate one, and rolls his finger to
the right to view the messages in the mailbox. He then uses
pitch tilt to scroll through the messages, and rolls his finger to
the right after finding the desired message to view it. He is
now ready to copy the desired part of the message. He places
his finger on the screen in the region of the text he wants to cut,
and gradually increases the pressure to zoom in on the text to
facilitate setting the cursor at the appropriate point. He then
uses a combination of surge and sway to position the cursor
more precisely. Once set, he momentarily increases the
amount of pressure to switch to text select mode. He then rolls
right to select the text. The text is selected word by word, and
varying the extent of the roll rotation varies the rate at which
words are selected. Note that it is only by rolling to the right
that he advances the selection, since rolling to the left
removes words from the selection, again word by word, and
again with the rate at which words are removed from the
selection determined by the extent of the roll.

Once the desired text has been selected, he momentarily
increases the applied pressure to exit text selection mode and
copy the current selection to a buffer. He then performs a
quick yaw rotation to the right to return to the email message
he had been composing. Note that a quick yaw rotation to the
right returns him to the message he had bookmarked with that
movement, and that, had he performed a quick yaw move-
ment to the left, he would have returned to a message he had
bookmarked using that movement earlier in the day, which he
is still composing.

Having returned to the message he was most recently com-
posing, he sets the text cursor in the same way as before, by
placing his finger over the appropriate region of text, gradu-
ally increasing the pressure to zoom in on it, using a combi-
nation of surge and sway to refine the position, and momen-
tarily increasing the pressure to set the cursor. A quick roll to
the right then inserts the text from the buffer.

After finishing and sending the email message, the user
brings up a web page in the browser. He uses a combination of
pitch and roll to pan in order to see various parts of the page
and increases or decreases downward pressure to adjust the
zoom level. Desiring to return to a page he had viewed earlier,
he switches to page navigation mode by moving his finger
across the screen using a sway movement without apprecia-
bly rolling or pitching his finger. Once he does so, the current
page is displayed on a considerably reduced scale, and the
edges of the last page viewed appear to the left. He rolls his
finger to the left to scroll to the left so the last page is centered
in the display, and, at that point, he momentarily increases the
pressure to return to page viewing mode.

Next he decides to view a link in the page. To do so, he uses
a combination of pitch and roll to scroll to the region of the
page that contains the link, and presses down to zoom in on
the link. In this way, he is able to select the desired link rather
than accidentally selecting another link close to it. A yaw
rotation selects the link, and the corresponding page is dis-
played.

Remembering that he has an appointment later in the day at
anunfamiliar location, the user launches the map application.
He pans the map using a combination of pitch and roll, and
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adjusts the zoom level by varying the applied pressure. Real-
izing that he needs to view a map of a second location but will
also need to view the first location again, he sets a bookmark
to the current map as it is now displayed by making a quick
yaw movement to the left of approximately 45 degrees. He
then searches for the second location and displays it on the
map. He then pans the map using a combination of pitch and
roll, and adjusts the zoom level by varying the applied pres-
sure.

At this point, he switches back and forth between the two
maps. He does so by varying the yaw rotation: when the yaw
angle is approximately O degrees, the pitch, roll and zoom
movements all operate on the second map. But when the yaw
angle is approximately 45 degrees to the left, as in the move-
ment used to set the bookmark for the first map earlier, the first
map is displayed, and pitch, roll and zoom operate on that
map. Thus, when a yaw rotation of approximately 0 is com-
bined with pitch, roll and heave movements, the last three
movements carry out the corresponding operations on the
second map; and when they are combined with a yaw rotation
of approximately 45 degrees to the left, they carry out the
corresponding operations on the second map. This provides a
quick, efficient way to switch between viewing the first map
and viewing the second.

Theuser’s perusal ofhe maps is interrupted by a phone call.
He makes three quick taps to save the state of the map appli-
cation, and, after the call ends, returns to the map application
by making three quick taps again.

After he is done perusing the maps, the use brings up the
music player application. A list of playlists is displayed, and
one song from one of the playlists is the currently selected
song, which is paused. He navigates to the current song by
rolling quickly to the right once to descend the menu hierar-
chy to the playlist that contains the current song, and a second
time to navigate to the song. He taps the play button to resume
playing the song, and adjusts the volume by varying the pitch
tilt. Desiring to play a particular part of the song, he varies the
yaw rotation of his finger, with a movement to the right
advancing the song and a movement to the left rewinding it,
and the speed of the advance or rewind corresponding to the
extent of the yaw rotation. He then returns to the list of songs
in the current playlist with one quick roll to the left, and to the
list of playlists with a second quick roll to the left.

The user now decides to create a new playlist. To do so, he
selects “New Playlist,” an item that appears on the screen that
displays the list of playlists, and then makes a quick yaw
movement to the right. He looks through the songs on the
device, going through various albums, artists and playlists.
Each time he finds a song he wants to add to the new playlist,
he does so by putting a finger on the title of the song displayed
on the screen and making essentially the same quick yaw
movement to the right he designated earlier when he initiated
the creation of the playlist. When he has finished adding songs
to the playlist, he returns to the screen with the list of playlists
and taps the New Playlist menu item.

The user has now finished his current session with the
smart phone. Wanting to create a reminder to check his email
and voicemail at a later time, he uses a clock application to set
an alarm. In the case of this application, he grips the phone in
his right hand, with the thumb on the main control surface,
and rolls the thumb to scroll through the range of numbers for
the hour and a second range of numbers for the minutes, with
the direction and rate of scrolling corresponding to the direc-
tion and extent of the roll. Note that in this case the thumb is
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oriented so it points in a direction parallel to the base of the
device. Once the time has been specified, the user turns the
alarm on by gripping the sides of the device and squeezing it
twice in quick succession.

Additional Considerations

It should be noted that although many of the techniques
described herein were described using a smart phone as an
example, they could be advantageously applied to many other
kinds of handheld devices, including simpler mobile phones,
remote controls, and PDAs. It should also be noted that
although many of the techniques described are particularly
advantageous for operating HDTPs in handheld devices, the
techniques could also be advantageously utilized to operate
larger or other types of systems, such as laptop computers,
workstations, household appliances, medical devices, gam-
ing systems and automobiles. It should also be noted that
although the primary focus of the discussion has been on
movements made with a single finger, the HDTP could be
advantageously used for multi-touch operation.

We claim:

1. A method for measuring the angle of roll of a finger in
contact with a tactile sensor array by a processor, the method
comprising:

obtaining tactile array measurement data from the tactile

sensor array, the tactile array measurement data com-
prising tactile array measurement values;
processing the tactile array measurement data with at least
one data array processing algorithm by the processor,
resulting in processed tactile array measurement data;

performing a first identification operation for identifying
edge information of the processed tactile array measure-
ment data, the edge information comprising at least one
edge of a region of contact of the finger with the tactile
sensor array, the first identification operation resulting in
edge location data;

performing a second identification operation by the pro-

cessor for identifying a peak region of the processed
tactile array measurement data, the peak region compris-
ing a portion of the region of contact of the finger with
the tactile sensor array having the highest tactile sensor
measurement values of force within the region of con-
tact, the second identification operation resulting in peak
location data; and

calculating a relative roll angle measurement of the finger,

the calculation employing the edge location data and the
peak location data, the calculation resulting in roll angle
measurement data.

2. The method of claim 1 wherein the at least one data array
processing algorithm comprises a thresholding operation
employing a threshold value.

3. The method of claim 2 further comprises obtaining cen-
ter of mass data for the region of contact of the finger with
tactile array measurement values that exceed the threshold
value.

4. The method of claim 3 wherein the calculation addition-
ally employs the center of mass data.

5. The method of claim 3 wherein the calculation computes
a difference between the center of mass data and the edge
location data.

6. The method of claim 1 wherein the at least one data array
processing algorithm comprises a rotation operation.

7. The method of claim 1 wherein the at least one data array
processing algorithm comprises a center of mass operation.
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