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GLOSSARY

assignment problem Finding the best one-to-one matching between sets of
equal size.

attractor ring A set of points fixed in a ring around the hand, one per finger
and palm heel, which are used to associate nearby unidentified
contacts with particular fingers.

bimanual manipulation Using two hands simultaneously to navigate, move,
or stretch onscreen objects.

carpal tunnel syndrome Compression of the median nerve caused by inflam-
mation of the tendons which pass through the carpal tunnel at
the underside of the wrist. Causes numbness, tingling, sharp
wrist pains at night, and eventual degradation of hand motor
control if untreated. Though one of the most widely feared
repetitive strain injuries, it appears in only about 20 percent of
RSI cases [117].

chord A combination of fingers on one hand which contact a surface
simultaneously. Some combinations are easier for the user to
perform or the system to recognize than others.

chordic manipulation 4-DOF control of onscreen graphical objects with slides
of two or more fingers across a surface.

channel selection Choosing and touching a particular combination of fingers
to select between pointing, dragging, scrolling, etc., in analogy
to pressing a subset of mouse buttons.

contact (noun) A general term for signals produced when a grounded con-
ductive object such as a finger approaches a capacitance-sensing
surface. The groups, paths, and fingers of Chapters 3 and 4 are
each contacts at different stages of processing.

cumulative trauma disorders (CTD) Slightly more general term than repet-
itive strain injury which includes occupational back injuries.
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cubital tunnel syndrome Same as carpal tunnel syndrome except compresses
ulnar nerve at the elbow (near the funny bone).

degrees of freedom (DOF) The number of independent directions a solid
object or joint can move. Three-dimensional free space has six-
DOF, three for translation along the x, y, and z axes, and three
for rotation in the xy, yz, and xz planes. The joints of the wrist
and fingers have over 20-DOF total.

DeQuervain’s Syndrome Entrapment of the tendons which extend and raise
the thumb where they pass through tendon sheaths at the wrist.
Can be caused by holding thumbs too high when typing or
pulling thumb backwards on thumb-operated trackballs.

Dvorak key layout An alternative key layout designed by August Dvorak in
the 1930’s. Its primary advantage is that the most frequently
typed characters are placed on home row, so finger excursions
to the front and back rows are greatly reduced.

electrode A thin conductive plate, thousands of which form the sensor ar-
ray of the MTS. The sensed parameter is the change in electrode
capacitance caused by approach of another conductive object
such as fingertip flesh. Precise contact locations are obtained
by grouping and interpolating neighboring electrode measure-
ments.

finger Any of the thumb, index, middle, ring or pinky.

finger identification Determining which fingertip, palm heel or thumb on a
given hand is causing a particular surface contact.

fingertip The tip of any of the index, middle, ring or pinky fingers, but
not the tip of the thumb.

frame rate The frequency with which the electrode scanning hardware scans
the whole proximity sensing array. Also known as the array
scanning rate.

hand identification Determining which of the left or right hands is causing
a particular surface contact or cluster of contacts.

floating finger A finger which is in detection range (less than 3 mm from the
surface) but is not actually touching the surface.

forearm pronation Rotation of the forearm so that the palm faces down.
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forearm supination Rotation of the forearm so that the palm faces up.

forepalms The mounds of often callused flesh protecting the underside
of the joint between the metacarpals and proximal phalanges,
where the distal palm branches into the fingers.

graphical manipulation Direct control of continuous software parameters
whose state changes are usually indicated by movement of some-
thing on the screen.

graphical user interface (GUI) A modern software interface like the Win-
dows 95 desktop which has icons, menus, windows, buttons, and
dialogue boxes operated principally by the mouse, as opposed to
older command line interfaces which only required a keyboard.
GUIs rely heavily on the mouse pointer location to determine
context and mode.

group In the context of Chapter 3, a set of electrodes which all appear
to be affected by the same distinguishable part of the hand.

hunt and peck typing Novice typists typically strike keys with the index fin-
gers only, visually searching the keyboard for each key. Trained
typists use this method sporadically for unfamiliar or hard-to-
reach key sequences.

integral Control devices or tasks in which it is possible to move along
all axes or in all degrees of freedom simultaneously, e.g. moving
diagonally in a plane.

inner Towards the thumb of a given hand, known more formally as
medial.

mouse cursor Usually denoted by an arrow pointer moving across the screen,
this cursor has traditionally been controlled by a mouse.

multi-touch surface (MTS) A surface with a proximity sensor array un-
derneath capable of unambiguously measuring the positions of
multiple finger contacts.

one-shot A command or key sequence which cannot easily be undone or
reversed and which is normally not repeated. One-shot com-
mands are therefore only issued once per hand slide across the
surface.

outer Towards the pinky of the given hand.
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path In context of Chapters 3-5, the trajectory of a surface contact
which is persistently tracked across successive proximity images.
If it cannot be associated with an electrode group from the most
recent array scan, it is deactivated, representing finger liftoff.

palm heels The pair of fleshy mounds at the base of the palm near the wrist.

pen grip A hand posture or configuration in which the middle, ring, and
pinky fingers are curled under the palms and the thumb and
index finger are pinched together as if holding a pen.

puck A mouse-like device often used with electromagnetic drawing
tablets [149]. The primary differences from the conventional
mouse are that the puck can report its absolute position rather
than just relative changes in position, and pucks often have 4-
16 buttons rather than just 1-3. Pucks and drawing tablets are
used most often by professional draftsmen for computer-aided-
design (CAD). These same tablets usually support styli as well.

QWERTY key layout The alphabet key layout which has long been stan-
dard on most English typewriters and computer keyboards. Char-
acter placement seems random, but speed is fairly good because
typing of consecutive characters often alternates between hands.

repetitive strain injury (RSI) Long-term damage to tendons, muscles, and
nerves caused by highly repetitive and forceful body motions.
Tends to affect smaller muscle groups such as those in the arm
and hand.

separable Control devices or tasks in which movement is only possible
along one axis or degree of freedom at a time, e.g. driving in
Manhattan geometry, or using orthogonal cursor mode in CAD
programs.

slide Coupled lateral motion of all fingers in a chord across the sur-
face.

sliding tap A brief chord contact with the surface including fast lateral fin-
ger motion.

stylus A special pen whose motion, pressure, and tilt can be sensed
electromagnetically by drawing tablets (e.g. [149]). Most recent
models are light and cordless, though older versions were encum-
bered with cords or heavy batteries. Styli and drawing tablets
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are used most often by artists and graphics designers but can
also be used with handwriting recognition software. Many of
these tablets support pucks as well.

tap A quick press and release of the finger to the surface with min-
imal lateral motion.

tendonitis  Inflammation of the tendons, the collagenous tissues which con-
nect muscle to bone, due to overuse.

tenosynivitis Swelling of the sheath which surrounds a tendon where the ten-
don passes over bones or curves.

text cursor The cursor, usually denoted by a flashing bar or highlight block,
at which typed characters are inserted. Can be moved incremen-
tally by arrow and page keys.

touch typing Skilled typing in which all ten fingers are used, finger motions
are quick and ballistic, and the typist does not look for the keys.

touchpad A credit-card-sized finger-sensing surface popular in notebook
computers. Because touchpads contains long row and column
electrodes rather than electrode arrays, they may detect two or
three fingers but can only report a global position averaged over
all finger contacts.

ulnar deviation Rotated posture of the wrist in which the pinky points out-
ward away from the sides of the body.
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ABSTRACT

This research introduces methods for tracking and identifying multiple finger
and palm contacts as hands approach, touch, and slide across a proximity-sensing
multi-touch surface (MTS). Though MTS proximity images exhibit special topo-
logical characteristics such as absence of background clutter, techniques such as
bootstrapping from hand-position estimates are necessary to overcome the invisi-
bility of structures linking fingertips to palms. Context-dependent segmentation of
each proximity image constructs and parameterizes pixel groups corresponding to
each distinguishable surface contact. Path-tracking links across successive images
those groups which correspond to the same hand part, reliably detecting touchdown
and liftoff of individual fingers. Combinatorial optimization algorithms use biome-
chanical constraints and anatomical features to associate each contact’s path with
a particular fingertip, thumb, or palm of either hand. Assignment of contacts to a
ring of hand part attractor points using a squared-distance cost metric effectively
sorts the contact identities with respect to the ring structure.

Despite the ascension of the mouse into everyday computing, more advanced
devices for bimanual and high degree-of-freedom (DOF) manipulation have failed
to enter the mainstream due to awkward integration with text entry devices. This
work introduces a novel input integration technique which reserves synchronized
motions of multiple fingers on the MTS for multi-DOF gestures and hand resting,
leaving asynchronous single finger taps on the MTS to be recognized as typing on
a QWERTY key layout. The operator can then switch instantaneously between

typing and several 4-DOF graphical manipulation channels with a simple change in
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hand configuration. This integration technique depends upon reliable detection of
synchronized finger touches, extraction of independent hand translation, scaling, and
rotational velocities, and the aforementioned finger and hand identifications. The
MTS optimizes ergonomics by eliminating redundant pointing and homing motions,
minimizing device activation force without removing support for resting hands, and
distributing tasks evenly over muscles in both hands. Based upon my daily use of a
prototype to prepare this document, I have found that the MTS system as a whole
is nearly as reliable, much more efficient, and much less fatiguing than the typical

mouse-keyboard combination.

XXX
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Chapter 1

INTRODUCTION

1.1 The State of Hand-Computer Interaction in 1998
In the first paper to formally demonstrate the advantages of two-handed
graphical manipulation, e.g. scrolling with one hand while pointing with the other,

Buxton and Myers [23] lament:

To date, very few computer systems easily lend themselves to experi-
mentation with the types of interaction described in this paper.

Twelve years later, further research [62,86,171] has verified the efficiency and in-
tuitiveness of simultaneous two-handed manipulation and high degree-of-freedom
(DOF) controls. Manually demanding tasks such as web browsing and computer-
aided- design (CAD) have also become ubiquitous, but the requisite input devices
have yet to appear on the personal computer market. As Leganchuk et al. [90] point

out,

One reason for this may be the difficulty in equipping systems with
inexpensive and available input devices capable of capturing bimanual
input.
Enthusiastic investigation of gesture recognition via alternative input devices has
also lulled since pen computing, data gloves, and ergonomic keyboards failed to
blossom in the early 1990s. Hope for improvement in human-computer interaction
has shifted to speech recognition, but speech is clearly inappropriate for precise

manipulation of graphics. Computer manufacturers seem to have concluded that
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the combination of a keyboard and a two-dimensional pointing device, e.g. mouse
or touchpad, cannot be outdone in terms of overall practicality. This dissertation
will challenge the status quo with an ergonomic, economical, manual input device
which achieves the anticipated performance gains of two-handed gestural interaction,
yet is practical enough to replace mice and keyboards in general computer use.

In currently popular graphical user interfaces, most computer users rely heav-
ily upon the mouse to avoid memorizing keyboard commands or non-sensical hot-
key sequences. These interfaces are very easy to learn because all possible actions
are clearly displayed as buttons or other visual controls and accessible with sim-
ple mouse clicks, but this likeable reduction in cognitive load amplifies demands on
the hand and breaks the train of thought in other ways. Even the simple task of
web browsing may involve a cumbersome sequence of clicking on page links, moving
the mouse pointer to distant scrollbar controls, clumsily manipulating the scrollbar,
then moving the pointer back to newly uncovered links. The homing distance be-
tween keyboard and mouse may also discourage users from moving hands back to
the keys for highly efficient keyboard methods. Once at the keyboard, however, the
hands face further danger. Unless the keyboard is a truly ergonomic model, stiff
keys, ulnar deviation and forearm pronation exacerbate the risk of carpal tunnel
syndrome and other painful repetitive strain injuries (RSI).

In the past few years, the growth of the Internet has accelerated the pene-
tration of computers into our daily work and lifestyles. The shear amount of time
students spend browsing the web, writing papers, sending e-mail, and playing com-
puter games turns the annoying inefficiencies and poor ergonomic habits cited above
into a rash of crippling illnesses [132]. In 1997, over 100 students at Harvard Uni-
versity requested assistance because of RSI, compared to 1 in 1991. Over 200 cases
were diagnosed at the MIT Student Health Center, up 44% from 1995. This author,
too, has struggled throughout graduate school with tendonitis brought on by the
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volume of computer programming for this and other projects. RSI disproportion-
ately affects high achievers because of the intensity with which they work. Nature is
imposing a strange limitation on the best minds of the Internet Generation, which
says, “the harder you work on glorious new technology, the longer it will take your
bodies to recover from the pain.”

The inadequacies of the mouse-keyboard interface may also hinder the qual-
ity of artistic projects in which computers are the primary tool. Granting that
computers enable amazing new audio and visual effects, clumsy interfaces also en-
sure the artist remains engrossed in the workings of the computer rather than in
the artistic vision. Pianos and paintbrushes do not contain artificial intelligences to
anticipate the intentions of the artist, yet they provide a subtlety and richness of
control which allow nuance to flow from the artist effortlessly. Once a pianist has
technically mastered a piece, he or she concentrates during performance on perfect-
ing the musical phrasing, which the hands can modulate subconsciously. I easily
experiences such oneness with the piano, but never with the computer, because I
cannot sustain subconscious mastery of the interface.

My academic advisor, Prof. John Elias, and I began the present work when
we realized that the conventional mechanical keyboard, for all of its strengths, is
physically incompatible with the rich graphical manipulation demands of modern
software. Single or dual-finger devices such as pointing sticks and touchpads embed-
ded in the keyboard overuse one finger and cannot match the versatility of whole
hand manipulation. Most operators will not adopt a drawing tablet with stylus or
puck [90] or other bimanual manipulation methods as long as frequent movements
back to the keyboard are necessary. Speech recognition reduces dependence on the
keyboard in some situations, but total reliance on speech for text and command
input can strain the voice and annoy co-workers. Progress appears to be stymied

by a Catch 22 in which typing cannot be eliminated, yet gesture capable devices
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cannot thrive in the same physical space as the keyboard.

This dissertation attempts a compromise by developing touch typing and
whole hand manipulations for a keyless, multi-touch-sensitive, smooth surface. The
compromise hinges upon the hypothesis that since typing movements are essentially
ballistic and do not carry the subtlety of musical keyboarding, the lack of tactile
reference from mechanical keys can be compensated by other means. Though per-
fection of these means will be left to future work, they can include depressions of the
surface around home row, forming a raised dot at the center of each key, tracking
hand drift over the key layout using the redundancy of English, and issuing sounds
to indicate when a surface tap has been recognized as a keypress. Giving up me-
chanical keys provides clear ergonomic and economic benefits, as well as allowing
detection of all fingers as they slide smoothly across the surface.

By replacing the keyboard with a multi-touch-sensitive surface (MTS) and
recognizing hand motions as described in this dissertation, hand-computer interac-
tion can be dramatically transfigured. Scrolling and panning need no longer inter-
rupt the primary task, but can be accomplished with a slide of the fingers on the
non-dominant hand akin to flipping the corner of a page. Browser back and forward
no longer require a trip to the buttonbar, but become a speedier version of the
scrolling gesture. Cut, copy, and paste become quick pinch gestures. Object sizing
and rotation in drawing programs no longer requires menu access, but becomes in-
tegral with dragging by a simple contraction of the fingers or rotation of the wrist.
Handwriting mode can be indicated by forming a pen grip with or without stylus, so
the operator does not have to constantly pick up and put down the stylus to type.
Because nearly all activity can be distinguished by relative position or velocity, a
skilled operator seldom need look at the surface.

Though operators may need a couple days to get used to the different “feel”

of interacting with a smooth surface, just as drivers must get used to the different
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responsiveness of the controls on a new car, basic typing and pointing skills transfer
from conventional keyboards and touchpads to the surface. Novices can hunt and
peck on the warped QWERTY key layout printed on the sensing surface. For touch
typing, users must learn to hold the hands fairly steady over the key layout and rest
them on the surface during lulls in typing. They also must try not to grossly over-
shoot key rows. To attain the performance gains of instantaneous mode switching,
a few sensible finger chord gestures must be memorized, but this is not nearly as
difficult as learning a chord keyboard typing scheme. And while the elimination of
key activation force makes the ergonomics of the surface exceptional, users should
still take rest breaks and vary their posture to prevent minute inflammations from

accumulating into long-term injuries.

1.2 Summary of Final Device Operation

Obtaining basic keyboard and mouse functionality from the MTS should be
easier than operating a keyboard and mouse, but is necessarily somewhat differ-
ent. Only the more advanced functionality such as text cursor manipulation and
command gestures, which conventional pointing devices cannot support, requires
substantial learning or adaption on the user’s part. Therefore it is assumed in the
following that only the functionality necessary for an application and on par with

the user’s skill level will be enabled at a given time.

1.2.1 Typing
Though development of typing recognition software is not yet complete, the

MTS strives to support both touch and hunt and peck styles of typing.

1.2.1.1 Default Key Layout
A default QWERTY key layout (Figure 1.1) is printed on the MTS with

key columns morphed to fit an average hand. The layout is pre-morphed because
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without indentations to force the fingers onto a straight home row, the fingertips will
naturally fall along an arc. Future versions of the M'TS may include indentations
or depressions for the home row keys and raised dots at the centers of other keys.
The alphabetic number and shift keys are all in their standard relative locations.
However, function and editing keys are rearranged (as is often done in laptops) to
reduce long-distance hand excursions. Space is placed under the right thumb and
backspace under the left, so people who are used to spacing with either thumb will
need to adjust. Enter and delete are accessed by extending the right and left thumbs,
respectively, as on the Kinesis [29] key layout. The function keys are arranged in
a pie [67,85,135,145] at the center of the board where they can be reached easily
and invoked with properly angled finger flicks. Arrow and page keys can also be

arranged in pies if they are not assigned to chord gestures.

1.2.1.2 Key Activation

The keys are not mechanical in the sense that they do not give when pressed.
They are simply areas of the hard surface which are sensitive to quick, light taps
by the finger. Thus a key is activated only when a finger touches the surface near
a symbol and lifts back off the surface within half a second. If the finger arrives
synchronously with other fingers from the same hand or slides around on the surface
too much, then the keypress signal will not be generated. This allows the whole hand
to rest on the surface and lift off without invoking any action. An auto-repeat or
typematic mode for sending identical keypresses is invoked by holding a single finger
on a symbol for at least one second while all other fingers are lifted. The repeat

rate can be controlled by finger pressure to prevent overshoot at high rates.

1.2.2 Chordic Manipulations
For editing commands and manipulation of graphics the MTS recognizes a

variety of chordic manipulations. Chordic manipulations are performed by placing a
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combination of fingers on the surface at the same time and then sliding these fingers
across the surface. The thumb-fingertip combination selects one of the manipulation
or command channels shown in Table 1.1. Within each channel, the operator can

perform:

e a chord tap by quickly lifting all the fingers off the surface after they touch.

e a hand translation, sliding all the touching fingers in the same direction across

the surface at the same speed.

e a hand rotation as if turning a jar lid or screw between the thumb and finger-

tips.

e a hand scaling which pinches the thumb and fingertips together or flicks them

apart.

Table 1.2 describes icons for all these chord motions that the MTS recognizes. Ta-
bles 6.1 and 1.4 show the most basic mappings between motion channels and com-
mand events. Additional mappings for the left hand are shown in Tables 6.2 and 6.4
of Chapter 6. An operator would start learning the mappings from a quick-reference
card fashioned after these tables. These simple chord motions should quickly become

automatic with use.

1.2.2.1 Pointing

Moving the mouse pointer on the MTS is just like moving it on a touchpad
except two adjacent figures excluding the thumb must initially contact the surface,
rather than a single finger. After the two-finger chord is initialized, i.e., after half
a second, all but one finger can be lifted or the rest can drop to the surface while
cursor positioning continues. Once all five fingers are on the surface the hand can
be contracted to move in a third axis. Since the finger movements are averaged,

stopping all but one finger can cut the sensitivity to one fifth for very fine positioning.
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Table 1.1: Legend for finger combination/channel icons.

‘ Channel Icon ‘

Finger Combination

°* Any 2 fingertips (ex-
cluding thumb).
°°° Any 3 fingertips (ex-
cluding thumb).
ot All 4 fingertips (ex-
cluding thumb).
’ Thumb and any finger-
\ tip.
°* Thumb and any 2 fin-
\ gertips.
°°* Thumb and any 3 fin-
\ gertips.
eore Thumb and all 4 fin-
\ gertips.
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Table 1.2: Legend for chord motion icons.
‘ Motion Icon ‘ Type of Chord Motion ‘

@ Brief tap on surface (one-
shot).

+ Translation (slide) in any
direction.

i Reversible translation up

or down.

- Reversible translation left
or right.

Reversible up or down
translation, irreversible
right translation.

Translation in a particu-
lar direction (one-shot).

Contractive hand scaling
(one-shot).

AN

Expansive hand scaling
(one-shot).

P 2 R

AN

Clockwise hand rotation
(one-shot).

Counter-clockwise hand
rotation (one-shot).

O

10
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Tapping these two fingers simultaneously on the surface produces a primary mouse

click.

1.2.2.2 Dragging

On touchpads, tap-drag and double-tapping are rather clumsy operations.
On the MTS, primary double-clicks can be sent by tapping a three fingertip chord
just once. Primary dragging is invoked by sliding a three finger chord without the
awkward preceding tap of touchpads. Objects can also be resized or rotated during
drags by dropping the remaining thumb and finger to the surface and contracting or
rotating the hand. On computers which utilize a secondary mouse button, secondary

button clicks and drags can be generated from the thumb+two-fingertip channel.

1.2.2.3 Scrolling

Scrolling is initiated by a 4-finger chord, preferably on the hand opposite
the pointing hand. Again, by dropping the thumb to the surface, scrolling can be
expanded into zooming or rotating the window background. Autoscroll (scrolling
momentum) is easily invoked by sliding the four fingers and lifting off the surface in
a continuous motion, without decelerating. Browser back and forward is a further
variation of the four finger chord consisting of very quick, sliding taps to the left
or right. In a graphical user interface (GUI) with a three-dimensional desktop, the
thumb—+three-fingertip channel could be used to pan and zoom the entire desktop

or screen area, rather than a single window background.

1.2.2.4 Text Editing

In text editing or word processing contexts, the chord assignments are split
among hands such that the right hand chord controls a mouse cursor operation while
the left hand chord controls the corresponding text cursor operation. For example,

the right hand two finger chord would move the mouse cursor while the left hand

11
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Table 1.3: Mappings for right hand manipulation channels.

Right
Hand Chord GUI
Channel | Motion Action
@ Primary mouse button
click.
°o®
+ Mouse cursor manipula-
tion.
P X
@ Primary mouse button
double-click.
P X
ﬁvt» Dragging/Selection  via
primary mouse button.
000
@ No mapping to avoid ac-
cidents.
0o e Continuous
+ scrolling /panning of
current window.
000
@, |
ey layout homing.
oo No mapping to tolerate
\ + shifts in resting hand pos-
ture.
12
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two finger chord moves the text cursor with the arrow keys. Similarly, the right
three fingers would select with the mouse, and the left three with the text cursor
via <shift> arrow keys. The left four finger chord would control the scrollbar while

the right four finger chord emulated the page keys.

1.2.2.5 Menu Commands such as Cut, Copy and Paste

Even after all this, some room remains in the chord space for common menu
commands. Setting the thumb and forefinger down apart and then pinching them
together intuitively invokes cut. Copy becomes a simple, simultaneous tap of the
thumb and a fingertip. Setting thumb and forefinger down together and flicking them
apart invokes paste. A clockwise rotation as if turning a screw saves the current
file, and a counter-clockwise rotation pops up the open file dialog. Additional menu

commands could be invoked on future systems with handwriting gestures.

1.3 Hardware Summary
All experiments in this dissertation are conducted on a MTS prototype con-

sisting of separate processor and sensor circuit boards.

1.3.1 Sensing Hardware

The MTS prototype has approximately the same footprint as an enhanced
IBM PC AT keyboard. Thus it is the first multi-touch device with a sensing area
wide enough (20 cm x 40 cm) for simultaneous use by both hands. An ergonomic
arch across the middle of the surface tilts the hands sideways about 15°, reducing
forearm pronation and ensuring whole hand resting is comfortable. The active
sensing area is divided into 1600 electrode plates (see Figure 2.4 on Page 41). For
electrical insulation and low friction, the electrodes are typically covered by a .1 mm

thick polymer sheet.

13
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Table 1.4: Mappings for right hand command gesture channels.

Right
Hand Chord GUI
Channel | Motion Action
‘ |
\ 7 N | Cut (to clipboard).
\ @ Copy (to clipboard).
. }

\ # X\ | Paste (from clipboard).

°* Secondary mouse button
\ @ click (popup menu).

°* + Dragging/Selection  via
\ secondary mouse button.
\ @ Popup application win-

dow list.

‘ Browser Back.

o r—
. | New file.

ot !
A o Open file dialog.

o060 +
. 7N Save the current file.
\ /*\ Close the current file or

subwindow.

14
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The proximity sensors measure the electrode self-capacitance, or capacitance
from electrode to ground. This self-capacitance changes when a grounded con-
ductive object approaches the electrode and concentrates electric field lines. Note
that some touchpads sense mutual-capacitance between electrodes, rather than self-
capacitance, by measuring how a synchronous frequency couples from a drive elec-
trode to an overlapping sense electrode. The processor scans all electrodes every 20
ms, producing a 50 frames per second (fps) stream of prozimity images.

With suitable array segmentation and interpolation as described in Chap-
ter 3, the centroid resolution for finger-sized objects contacting the surface is about
.2 mm in the x direction (width), and .5 mm in the y direction (height). Objects
separated by as little as 6 mm in the x direction and 12 mm in the y direction can
be distinguished. As objects rise off the surface, position accuracy and distinguisha-
bility degrade until 2 millimeters above the surface, whence small objects become
undetectable.

Note that the MTS’s novel sensor technology is uniquely immune to parasitic
capacitances and can therefore be scaled to very large dimensions without degrading
the signal-to-noise ratio. The sensor technology is also compatible with very low cost
thin-film manufacturing techniques. This means that in high production volumes,
MTSs could become as cheap as conventional keyboards. If applied to a flexible
substrate, the sensor technology would also be suitable for handheld, portable, and

wearable computers.

1.3.2 Signal Processing Hardware

The processor boards contains a digital signal processor (DSP), static RAM
and FLASH memory, scanning state machine, and communication ports. A 60 MHz
Texas Instruments TMS320C32 floating point DSP is responsible for all scanning,
filtering, recognition, and communication algorithms. With 60 MFLOPS peak float-

ing point performance, this DSP is well-matched to the computational demands of
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the algorithms developed in this dissertation. By 1999 standards, 60 MFLOPS is
moderate performance available in quantities for less than $10 per processor. The

DSP is responsible for:

controlling the sensor array scan.
e forming and filtering the scanned proximity images.

e segmenting the proximity images into groups of pixels distinguishable as flesh

contacts.
e tracking motion of each flesh contact across the stream of images.

e identifying which part of which hand, i.e., fingertip, thumb, or palm, causes

each flesh contact.
e extracting hand motions from the contacts identified as fingers.

e generating keyboard and mouse events for the host computer in response to

motions of particular finger combinations.

These steps are also summarized by the MTS block diagram in Figure 1.2.

One megabyte of lash EEPROM stores the program and multiple user con-
figurations on board. Two 10 kbps PS/2 ports are available for emulating IBM PC
keyboards and mice. With PS/2 converter boxes available from Kinesis Corp. [29],
mouse and keyboard emulation for Sun workstations and Macintosh computers is
also supported. A 1.2kbps RS-232C serial mouse port is included for interfacing to
older PCs. A 115kbps RS-232C serial port can exchange configuration and finger
tracking information with any host computer capable of running a Java 1.1 MTS

monitor application.
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Figure 1.2: Overall block diagram of the MTS hardware and software modules.
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1.4 Summary of Contributions

The work described in this dissertation breaks ground in the following areas:
e segmentation of surface contacts in proximity images.

e identification of thumb, fingertip, and palm contacts tracked across successive

images.

e translation-invariant sorting of contact points with respect to the inter-attractor

angles of an attractor point template.
e partitioning of contacts into left and right hand clusters.

e extraction of independent, 4-DOF velocity parameters from multiple finger

paths.

e integration of typing and pointing on the same surface via the distinction

between simultaneous and asynchronous finger touchdown.

While this is not the first implementation of a multi-touch device [15,17,88,89,107],
it is the first to fully develop the unique integration potential of such a system. I
have encountered and overcome many problems unique to proximity sensing along
the way.

Though proximity image segmentation is simplified by the fact that proxim-
ity images lack the background clutter and lighting variations which plague optical
images, the topology of proximity images also presents special challenges which
have not been addressed in previous image processing research. The most difficult
of these is the invisibility of hand parts which float above the surface. Also, the
low resolution of the proximity sensing array compared to video cameras obscures
boundaries between adjacent contacts. The conflicting segmentation needs of fin-

gertips, thumbs, and palms are effectively resolved via feedback of bootstrapped
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hand position estimates. Though the segmentation rules developed for the MTS
are somewhat ad hoc, any segmentation system will need to utilize the anatomical
constraints identified here to overcome proximity image ambiguities.

Correct identification of hand parts from proximity sensing information alone
has not been attempted before, apparently because previous researchers of multi-
touch devices [130] did not consider it possible. Nevertheless, distinguishing palm
contacts from finger contacts on a large M'TS is imperative for the motion recognition
algorithms to ignore palm motions and allow palms to rest on the surface. While
distinguishing fingers from one another is not always necessary or entirely feasible,
reliably distinguishing the thumb contact from the other fingers on a hand doubles
the number of finger chords which can be recognized compared to just counting those
fingers which touch the surface. Identifying the thumb and maintaining a consistent
order for other finger contacts also aids extraction of hand motion parameters.

Finding the minimum cost one-to-one assignment of surface contacts to a
ring of attractor points is shown to be an elegant solution to the finger identifica-
tion problem. Each attractor point represents the identity of one hand part such as
fingertip, thumb or palm. The attractor points are placed in a ring at default finger
locations to capture the shape of a relaxed hand. Translating each hand’s attractor
ring by a conservative hand position estimate helps stabilize identifications of hand
parts which temporarily lift off the surface. An illuminating property of such attrac-
tor rings is also proved. If the assignment cost is composed of the sum of squared
distances between contacts and their assigned attractor points, the identities of any
pair of contacts will not be erroneously swapped unless the vector angle between
the two contacts differs from the angle between the pair of attractor points by more
than 90°, regardless of whether the attractor ring is properly centered on the hand.
This property specifies for a given set of inter-attractor angles exactly how much

finger pair rotation will be tolerated before identities are erroneously swapped, and
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it also captures in a manner independent of hand translation and size the biome-
chanical constraint that fingers tend not to cross over one another. When extended
to more than two contacts, this property causes the assignment algorithm to sort
the contacts with respect to the attractor ring angles and orderings, again regardless
of whether the attractor ring is aligned with the hand. A fuzzy thumb classification
routine verifies thumb presence with tests of inter-contact angles, separations, and
velocities which are not easily incorporated into the attractor framework.

Determining which hand causes each surface contact is also a challenge on
surfaces which do not prevent hands from sliding across the middle to the opposite
side of the surface. Again, a combinatorial optimization approa