Abstract of \Principles and Applications of
Multi-touch Interaction” by Tomer Moscovich, Ph.D., Brown University, May 2007.

Many everyday activities rely on our hands' ability to deftly control the physical at-
tributes of objects. Most graphical interfaces only use the hals position as input,
ignoring a rich array of other hand parameters such as oriertan or nger con gu-
ration. This dissertation examines how multi-touch input les us make better use of
our manual dexterity.

We study the human factors governing multi-touch interactia, with special em-
phasis on nger coordination. Continuous multi-touch methds are emerging as a
valuable form of high-degree-of-freedom input, yet few gielines exist to aid the de-
signer of multi-touch interfaces. The results of our studies real the roles played by
the visual structure and the control structure of tasks in deterrnming the e ectiveness
of mappings between users' hands and ngers and the parameteéngy control in a
software system. They increase our understanding of multi-toudhteraction and its
relationship to related methods such as bimanual interaction

We also presents a number of novel interaction techniques thdtustrate the
bene ts of multi-touch interaction. These techniques let uss work faster and more
uently than do traditional single-point interaction metho ds. We describe a perfor-
mance animation technique that lets users easily express ideasout motion and
sequence while forgoing the extensive training and e ort reqed for traditional an-
imation. We also discuss a family of techniques that use multipleger contacts to
control digital instruments for manipulating graphical obgcts. These instruments
allow for parallel control of multiple parameters (such as pgtion and orientation)
and reduce the need for separate interaction modes by unifgiroperations (such as
grouping and moving objects).
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Chapter 1

Introduction

Figure 1.1: Many simple everyday tasks, such as tying one's shoesjuire simultane-

ous coordinated control of multiple degrees-of-freedom. Wdmost of us can perform

this feat without even thinking, prevailing graphical interfaces do not make use of our
manipulation abilities, relying on only a single point for input.

Our everyday interaction with the world is complex, uid, and often transparent.
But when we interact with modern graphical interfaces, we arstripped of our dex-
terity, and are left poking clumsily at the digital world with the single index nger of
the mouse pointer. Single-point interaction can be di cult] imagine tying your shoes
with only one nger. Using two hands improves the quality of ineraction. But even
with one nger on each hand most of us would be hard-pressed to gi#essed in the
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morning. With the use of a nger and thumb on one hand, our maniplative ability
skyrockets. The goal of our research is to make interaction with computer more
facile and satisfying by using abilities of the hand beyond simglposition control.

While multi- nger interaction is a common experience for mst touch-typists, typ-
ing, clicking a mouse, and executing keyboard shortcute.g., control-C for copy)
are discrete, serial actions. This dissertation will focus on ietactions that are con-
tinuous and coordinated, like the movements of an artist contlling a paintbrush.
Multi-point touchpads make this type of interaction possible These touchpads de-
tect every point where their surface is in contact with the usé& hands or ngers.
Thus, they can be used to control many more parameters than tréenal pointing
devices.

1.1 Motivation

b
Hi
(
|
Hi

Figure 1.2: While our minds and bodies can control many streasyof information,
and computers can accept many streams of input, our interact with the software
must trickle through a single-point input device.

Real-world tasks often entail specifying multiple parameter For example, when
setting a table one must control at least two spatial dimensions @none orientation
for each utensil. Similarly, multi-parameter setting is alsomplicit in many tasks
performed on a computer. Common examples include window mpulation, map

In this dissertation, we use the term parameter to refer to measurable properties that a user
may want to control. These may be properties of digital or physical objecs (e.g., object orientation)
or properties of the user's body €.g., distance between nger and thumb).



navigation, control of multiple objects, image editing opeations such as cropping
or tone mapping, and drawing tasks such as curve editing, colselection, or object
layout and scaling. But adjusting more than two parameters on aomputer is often

complicated. Let us take, as an example, the task of positiorgn orienting, and

scaling an object in a drawing program (see gure 1.3). Standartechniques found
in programs such as Microsoft PowerPoint and Adobe lllustratorteak up the control

of these parameters into a sequence of steps. Graphical widgegpresent separate
modes, each controlling a single software parameter (like objesize) or a pair of
related parameters (like X and Y positions). However, as anyongho has used a
measuring tape knows, in the real world one can position, orienand stretch an

object in a single uid motion. The complexity of the software echnique derives
from the fact that input devices like the mouse can only contidwo parameters at

once. While our minds and bodies can control many streams offenmation, and

computers can accept many streams of input, our interactionith the software must

trickle through a single-point input device.

Figure 1.3: To set the leaf at the top of the branch using a standdidrawing paradigm,
the user selects the leaf and moves it near its destination. He theelects the scale
widget and scales the leaf. Next, he selects the rotate widgetdaorients the leaf.

Finally, he selects the leaf again and moves it to its goal pogih. This common
operation requires four selections and three separate modes.

Multi-point input allows for more parallel interaction, thus reducing the neces-
sary complexity of the Ul. This parallelism can lead to faster pédormance, because
sub-task execution can overlap in time. Larger sub-tasks may imgve expert skill ac-
quisition through chunking [98], as experts become adept at performing increasingly
large sub-tasks [28]. Parallelism has other cognitive bene {§8]. For example, to
draw an axis-aligned ellipse a user must specify the top-left anebtbom-right points
of of its bounding rectangle. When working sequentially, itan be di cult to deter-
mine where to place the rst point, as the user must mentally visu&e the eventual



position of the ellipse. When working in parallel the user can siply monitor the
rendered ellipse while adjusting its bounding rectangle.

While there are many potential ways of providing high-degesof-freedom input,
there are several reasons to believe that using the ngers forpuat would be most
e ective. As noted by Card, Mackinlay, and Robertson [29] the mnscles groups in
the ngers are controlled by a disproportionally large area fothe motor cortex. A
large control area for a muscle group may be correlated withdh bandwidth. This
idea is supported by the experimental results of Zhat al. [130], which indicate that
better performance is achieved by assigning a high-degreeffeledom task to the small
muscle groups of the ngers rather than to the muscle groups ohé wrist and arm.
Studies by Balakrishnan and MacKenzie [14] conclude that thie ect does not result
from a higher bandwidth in the muscle groups of individual n@rs, but rather from
the cooperative interaction of several ngers working in caert.

One way to acquire input from several ngers is to record the pots where they
touch the surface of a digitizing tablet or touchscreen. Sewartechnologies now exist
for creating multi-point touchpads (see section 2.1). Thesewchpads make for excel-
lent general-purpose input devices, as they are well-suited f@ wide variety of input
tasks. Since multi-point touchpads can also act as a single-pbiouchpads they are
easy to integrate into prevailing GUI platforms. Thus users gaithe bene ts of multi-
point input while maintaining full compatibility with matu re, standardized one-point
interaction techniques. A touchpad can also be specialized fepeci c interaction
tasks by placing overlays or stencils over its surface. These dags divide the sur-
face into regions to emulate control-panels composed of miple input devices [26].
For example, a touchpad can serve as an array of sliders [21] et of programmable
buttons. In a similar fashion, a touchpad can be used for text-ini by emulating a
soft-keyboard [39]. Multi-point touchpads also provide goodupport for gestural in-
terfaces, as they allow for whole-hand and multi- nger gestess that closely resemble
real-world manipulative gestures [39,93,122]. Finally, niitpoint touchpads support
bimanual interaction techniques. Two-handed interaction &s been studied exten-
sively, and is well understood [12,53,59]. Researchers havedlgped many bimanual
interaction techniques that outperform their unimanual canterparts and reduce task
complexity (see section 2.2.3).



One use of multi-point touchpads that has not been well studiegreviously is
continuous input of multiple parameters. As discussed above, thiype of input is
highly desirable. A few initial explorations [85, 93], inclding some discussed here,
show this to be a promising research direction. However, it is dcult to draw general
conclusions from these experiments that can be applied to futi development of
interaction techniques. How can we guide interface designers the most promising
areas of a vast design space? This dissertation works to improver amderstanding
of the human factors involved in continuous multi-touch ineraction, and the design
implications thereof.

1.2 Thesis statement

This dissertation works to support the following thesis:

In a wide variety of tasks, continuous graphical interactio using several ngers
allows users to communicate information to a computer fastand more uently than
single-point graphical interaction techniques.

1.3 Dissertation Overview

The goal of this dissertation is to show how interaction techniges that use multi-
point touchpads can improve the quality of human-computernteraction through
coordinated high-DOF input. We begin by discussing other attepts at improving
interaction by using high-DOF input (Chapter 2). This includes development of high-
DOF input technology such as touchpads, vision tracking, and strumented gloves,
as well as techniques such as bimanual interaction, gesturataraction, and tangible
interaction. We describe a series of novel multi-touch intecéion ideas, and show
speci ¢ examples of such techniques (Chapter 3). These includesystem for perfor-
mance animation, and a family of techniques which illustratbow to create e ective
high-degree-of-freedom tools. To help interface designemvdlop future multi-touch
interaction techniques, we study key human factors involvechimulti-point input.
The results of our investigation increase the understanding of gu methods, and al-
low us to formulate guidelines for their design (Chapter 4). fie contributions of this



work are discussed in Chapter 6.

1.4 Contributions

This dissertation contributes to the eld of human computer interaction in several
ways. It establishes continuous multi-touch interaction as aaluable method of high-
degree-of-freedom input. The techniques described in thi®o act as landmarks in
the design space of multi-touch interaction. The techniqueshemselves o er more
uid graphical interaction in multiple domains. They allow novices to easily create
simple, yet expressive, animations, a di cult task using traditimal methods. They
simplify graphical manipulations tasks, such as object translatn and orientation,

by unifying the control of related parameters, and they enhare the selection and
grouping of multiple objects.

This work also increases our understanding of interaction usingultiple ngers
on one hand, and how it compares to related methods such as bimal input. Our
experiments show that people can e ectively coordinate the ation of multiple n-
gers to accomplish common graphical interaction tasks. Theysal assess the role of
stimulus-response compatibility and of the separability of inpudimensions in cre-
ating e ective mappings between ngers and software paramets. This knowledge
allows us to formulate a set of design-principles for multi-tech interaction techniques
which will guide the development of future interfaces.

1.5 Terminology

Bimanual interaction technique Interaction technique involving the use of both
of a user's hands.

Control structure Organization of controllable parameters in an input devicer
a user's arms, hands, and ngers. See Section 4.3.

Coordination  Control of two or more parameters simultaneously so as to attaia
goal more e ectively than by independent control.



Gesture/hand-gesture A hand posture possibly combined with hand motion used
to initiate a command and optionally command parameters to aoftware system.

High-degree-of-freedom, high-DOF Involving more than two parameters.

Instrument A mechanical orlogical device which transforms human action so as
to make a task easier to perform or to enhance human performanaka task.

Integral control structure Structure of input parameters which makes it easy to
control one without a ecting the others. An Etch-A-Sketch exhbits such a structure.
(Contrast with separable control structure.)

Multi-touch interaction technique Unless otherwise stated, this term refers to
methods that use multiple contact points on a multi-point towchpad for continuous
control of multiple parameters in a software system.

Multi-touch, multi-point, multi- nger Relating to the use of multiple nger
contacts on a multi-point touchpad.

Parallelism  Simultaneous control of two or more parameters.

Parameter We use the termparameter to refer to measurable properties that a
user may want to control. These may be properties of digital orhysical objects
(e.g., object orientation) or properties of the user's body €.g., distance between
nger and thumb).

Posture/hand-posture Static con guration of the hand, generally used to signal
a command to a software system. Segesture

Separable control structure Structure of input parameters which makes it easy
to control them together in a coordinated manner. A computemouse exhibits such
a structure. (Contrast with integral control structure.)



Touch-pad, touch-surface, interactive surface Any surface that is capable of
reporting information regarding hand contact with itself. hformation may range from
a binary touch/no-touch, to a proximity map or traction eld .

Whole-hand interaction Interaction methods that use more parameters of the
hand than its position. Examples include hand posture, nger an guration, joint
angles, etc.



Chapter 2

Review of Literature and
Technology

Many e orts have been made at harnessing our hands' ability to nmapulate real-world
objects to control digital objects. The results of these e orthave yielded devices such
as touchpads and instrumented gloves for measuring the shapealgrose of our hands,
as well as many techniques for using these parameters. Howevaly@a few methods
have addressed the focus of this dissertation: continuous myttarameter control (see
section 2.2.5). The majority of techniques that rely on dirdcmeasurement of hand
parameters use a symbolic, \gestural," interaction style, in wich additional hand
measurements are used to specify commands or interaction modather than for
parallel input. Meanwhile, most high-DOF input techniques ely on special-purpous
hardware for measuring speci c sets of parameters.g., rigid-body position and ori-
entation) rather than on direct hand measurements. The one maj exception to
this state of a airs is bimanual interaction, where direct masurements of the motion
of the user's hands are used for parallel high-DOF control. Cbnuous multi-touch
interaction can be seen as a generalization of the bimanuateraction style. It inher-
its the bene ts of two-handed interaction, while o ering the possibility of even more
parallelism, and a greatly expanded design space. This chapfgaces the emerging
eld of continuous multi-touch interaction within the cont ext of earlier high-DOF and
whole-hand interaction techniques.
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2.1 Multi-touch and Whole-hand Input Technol-
ogy

2.1.1 Touchpads

Touch tablets that can sense more than a single point of contactene rst proposed
by Lee, Buxton, and Smith in 1985 [77]. Their digitizer is comosed of an array of ca-
pacitive proximity sensors where the nger and sensor act as twdgbes of a capacitor.
Since capacitance is inversely proportional to the distanceetween the plates, robust
contact detection can be accomplished by simply selecting anm@ppriate threshold.
The resolution of the digitizer can be enhanced beyond the pigal resolution of the
sensor matrix by interpolating data from neighboring groupsfesensors. The touchpad
could also approximate pressure sensing by monitoring the incesain capacitance as
the ngertip attens against its surfaces.

Another touch-surface based on capacitive coupling is Dietz dih.eigh's Diamond-
Touch system [35]. The digitizer is composed of a grid of row andlamn antennas
which capacitively couple with users when they touch the sure. Users in turn, are
capacitively coupled through their chairs to a receiver. Byriving each antenna with
a unique signal, the system can tell which antenna is being tousth by which user. A
key advantage of this technique over other methods, is that ¢an identify which user
is touching the surface. The DiamondTouch system uses time-dsion multiplexing
to cycle through the row and column antennas. This scheme onlyeyds the margins
of the capacitively coupled area, which limits the system's dlity to identify multiple
points of contact. A user touching the surface at two points caproduce two possible
interpretations, and so the system is limited to providing an as-aligned bounding
rectangles of the area touched by each user.

Rekimoto's SmartSkin [93] can provide an image of a hand's gximity to each
point on its surface (see gure 2.1). The digitizer consists of arig of capacitively
coupled transmitting and receiving antennas. As a nger apprades an intersection
point, the strength of the signal drops. By measuring this drop,he system can
determine how close a nger is to the receiving antenna. Thrgi time-division mul-
tiplexing the transmitting antenna is identi ed as well. By thresholding the proximity
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Figure 2.1: The SmartSkin touchpad returns an image of the sliance from the touch-
pad to the hand.

map, multiple points and complex contact regions can be idered.

Several multi-point touchpads have been produced commalty, although their
mechanisms of operation are not always known. The TouchStreaand iGesture
touchpads by FingerWorks [39] appear to be an array of cap#ee sensors, and can
report the position, contact area, and eccentricity of mulple ngers. They are likely
to be decedent from the multi-touch surface described by Westean [115]. The
Tactex MTC Express uses a series of ber-optic strain gages to ngeae pressure on
multiple points of its surface. Other multi-point touchpadswhich appear to respond
to pressure are the Tactiva TactaPad [101], and JazzMutant'sdmur.

2.1.2 Vision-based Systems

Vision based systems can be roughly classi ed as \direct" systems, whetameras
are aimed directly at the users hands, and \indirect" systems, whe the cameras are
aimed at a touch-surface that produces a change in the image evhtouched by a
nger or object. As the body of research on direct vision systemsrfband and nger
tracking is very large, we only describe a few representativestgms. For a more
complete review of the literature see [32,79].
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One of the earliest direct vision system for whole-hand interaon is Krueger's
VIDEOPLACE [69]. The system captures an image of the user, who stds in front
of a plain background. It segments the image, and displays it as silhouette in
real-time. The moving silhouette can then be used to interact ith digital objects
and animated characters. Wellner's DigitalDesk system [114] segnts an image of
a pointing nger against a cluttered background by calculatig a di erence image
between two consecutive frames. Contact with the desk is deteimed by using a
microphone to listen to the sound of a nger tapping the desk. Th¥isual Touchpad
system of Malik and Laszlo [85] uses the disparity between the imesyof two cameras
to determine the height of ngers above the touchpad. The syste reports that a
nger is in contact with the touchpad if it is bellow a threshold height above the
touchpad. By tracking the position of the hand, the Visual Toucpad can make an
informed guess as to the identity of each nger, and also cal@ié its orientation.

Rekimoto and Matsushita's HoloWall is a typical example of an direct" vision
system. An infrared illuminant and a camera equipped with an iméred Iter are
placed behind a di usive projection panel. As objects begin tapproach the panel
they are faintly lit by the infrared light. The illumination rises dramatically when
object touch the di usive panel, which allows the system to unafrguously determine
the contact areas by simply thresholding the infrared image. Aimilar system by
Han [56] uses frustrated total internal re ection to highlightthe touched area.

In contrast to most touch-systems, which can only determine the gaion, shape,
or area of contact, the GelForce system of Vlackt al. [108] measures the traction
force applied to the touchpad. The system tracks a dense array oflored markers
embedded in a block of clear silicone to determine the tractioeld. Since the system
detects deformation due to both pressure on the surface as wedl lateral forces, it
can be used for both isotonic and isometric input. This ability rakes the device
appropriate for both position and rate control.

A di erent approach to vision-based touchpads is described by gon [117,119],
who instead of relying tracking nger positions for input calclates an optical ow-
eld. This technique uses the motion of the entire hand to movand rotate objects.
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2.1.3 Whole Hand Input

A large body of work has been dedicated to accurate estimatiofiwhole-hand posture
and movement. This has generally been done either throughsion-based methods, or
by instrumenting the hand with sensors to measure a large numbeirttand parameters
(e.g., extension and adduction of all ngers). While the stated goal afnany of these
system is to allow users to interact with the digital world using heir real-world
manipulation skills, successful vision and glove-based interamti systems have been
primarily limited to gesture-based interaction (see below). & a detailed survey of
the literature see LaViola [75] and Struman [99].

2.1.4 High Degree-of-freedom Input

Several general purpose input devices attempt to make use of ability to manipulate
the many degrees of freedom of physical objects. A large numlzéithese devices are
6 DOF controllers designed to control the three spatial and tlee angular degrees of
freedom of a rigid body in space. These devices can be categmtias free moving
isotonic controllers such as the \Bat" by Ware [112] and the Fingerbalbf Zhai et
al. [130] that allow for isomorphic position and orientation conbl, and isometric
controllers such as the Spaceball [1] and Space Mouse [2] thaeuhe forces applied
by a user to a static object to control the rate of change of parasters. In between
these extremes arelastic controllers such as the \poor man's force-feedback unit"
of Galyean and Hughes [45] and the EGG of Zhai [127]. These deggrovide more
kinesthetic feedback thanisometric devices, but retain the self-centering property
needed for rate control.

Hybrid devices also exist. For example, the GlobeFish [44] is alagtic position
controller coupled to an isotonic orientation controller. he rockin' mouse [9]is a
di erent sort of hybrid; it uses two spatial dimensions and one agular dimension to
control position in three dimensions.

Specialized multi DOF devices have been created for a vagiedf applications.
Motion capture systems are one example [22], as are instrumehtarmatures [38].
ShapeTape [64] is a length of rubber tape instrumented with 3Bend and twist
Sensors.
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2.2 Multi-touch and Whole-hand Interaction Tech-

niques

2.2.1 Classi cation of Multi-touch and Whole-hand Interac-
tion Techniques

Struman [99] describes a taxonomy of whole-hand interactidechniques which di-
vides them into a class of discrete and a class of continuous inpnethods. Within
each class a technique is described as a direct interaction, apped interaction, or
a symbolic interaction. Zhai and Milgram [129] point out thatinteraction methods
form a continuum ranging from the direct to the indirect. Direct interaction methods
are based on an isomorphisnbetween the control space and the display space, while
indirect methods or \tools" rely on more complex mappings. Inhe light of Struman's
classi cation, this continuum can be further extended from ismorphism to tool to
symbol. Using a touchscreen to select an object would lie on the isorphism end of
the continuum, while using a gesture to execute a command would on the symbol
end. Many of the techniques described below are hybrid methethat rely on a ges-
ture or hand posture as a symbolic mode-switch that determinesé interpretation
of a subsequent mapped or direct manipulation.

2.2.2 Hand Gesture Interfaces

Much research on whole hand interaction techniques has examd the concept of
gestures. Hand gestures in the context of HCI are much like hand gests in everyday
communications. They are hand postures and movements that exgss an idea. These
may be simple, iconic symbols used to invoke a command, or, likepainting index
nger, they may also serve to indicate the parameters of an opaion [68]. While
such gestures may allow a user to select which of several paramettr adjust, the
additional degrees-of-freedom are generally used for speaifythe gesture, and not
for coordinated high DOF control.

This term is used somewhat loosely in the literature, generally as a reference to asometry or
similarity transformation.
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An early example of whole hand gestures is the Charade system [Whjch recog-
nizes hand postures as commands to slide a presentation system.isTiype of ges-
tural interaction can be thought of as simply an implement-fee instance of keyboard
command-shortcuts, and is found in many gesture-based systems. Esample, Wu
and Balakrishnan's RoomPlanner application [122] uses a taipg gesture to invoke
menus, and a horizontal hand gesture to brink up a private dispyaarea. However,
the system also uses compound gestures in which a hand posture canfdewed
by motion to adjust a parameter. Placing two ngers on the toub-surface initiates
rotation, a at hand gesture pans the work area, while a vertial hand gesture lets
users sweep items along the table. In a similar vein, Maliét al. [84] describes a set
of hand gestures for panning, resizing, and zooming a 2D workspa The posture
of the hand is used to select one of several system parameters widah be mapped
to continuous parameters of the hand. For example, a two ngetouch Initiates a
mapping from the inter- nger distance to the zoom-scale of thevorkspace. Gestures
do not have to be restricted to one person|Morris et al. extends the concept to
cooperative multi-user gestures.

A set of 3D multi- nger hand gestures is introduced by Grossmaset al. [51] for
object manipulation on a volumetric display. For example, altumb \trigger" gesture
is used to select an object, and a pinch gesture is used to move itogélet al. [109]
makes use of 3D hand gestures for pointing on very large displays.

Studies and observation of the usability of the above systems eal that a well-
designed gesture set can lead to fast, uid interaction in settirgg such as table-top
collaboration, which are not well served by traditional mousand keyboard methods.
However, gesture-based systems are di cult to design and extend.eStures must be
carefully designed so as to be easy to learn, easy to di erentiat®m one another,
and to accept parameters in a meaningful manner. Adding a sirgbesture to such
a carefully designed system may invalidate the entire design. @&hdesign is often
ad hog and few guidelines regarding gesture design and mapping asgignt exist.
Wu et al. [121] o er some thoughts on how to design usable systems througlstyze
reuse.
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2.2.3 Bimanual Interaction

Two-handed interaction techniques have much in common witimulti-touch interfaces,
as both attempt to increase parallelism in continuous paramet input by measuring
multiple hand parameters. A 1986 study by Buxton and Myers [24kveals that par-
allel two-handed continuous input can reduce task completiotime for scrolling and
graphical manipulation tasks. Numerous studies have since inesed our understand-
ing of bimanual interaction, and many techniques have beengposed for making use
of our two-handed interaction abilities.

Depending on the task, bimanual interaction may have severabgantages over
unimanual techniques. The most obvious advantage is parali@h. If users can suc-
cessfully control parameters using two hands simultaneously, @ can accomplish
a multi-parameter manipulation task in less time. However, someesearchers have
found that the bene ts of bimanual interaction are not limited to mechanical e -
ciency, but that using two hands changes the way users think abiba task [59]. An
experiment by Leganchuk [78] provides a good example of thi®articipants were
given a gure enclosing task which required signi cant visual @nning to accomplish
with one hand (see gure 2.2). The performance advantage ofahbimanual condi-
tion over the unimanual condition increased with the di culty of planning required

to accomplish the task.

Figure 2.2: (a) To draw an axis-aligned ellipse, a user speci eposing corner points
P and Q of its bounding rectangle. (b) When using one hand, a usetust specify
these points one at at time. However, determining the locatioof the rst point is

a challenging mental visualization task. For example, to tigty enclose a rectangle
within an ellipse, the user must visualize the bounding rectangland its associated
ellipse to determine a valid position for the initial point. (9 Using two hands allows
the user to externalize the visualization task by rapidly explong the solution space.
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Bimanual interaction methods can be categorized as technigs where the hands
are used symmetrically, such as steering a bicycle, and techrnéguvhere they are used
asymmetrically, such as peeling a potato. Guiard puts forwardn in uential model
of cooperative, asymmetric bimanual interaction [53] whiclattempts to explain the
advantage of manual specialization. According to the modelhé hands are coupled
through the arms and body to form a kinematic chain, with the pn-dominant hand as
the base link. The model predicts many properties observed isyanmetric bimanual
interaction. The rst, is that the non-dominant hand serves toset a dynamic reference
frame for the dominant hand's operation. Handwriting, wheré¢he non-dominant hand
keeps the paper in the dominant hand's most e ective work-aeeis a good example
of this. The second, is a scale di erences in motion where the dorant hand acts on
a ner scale both spatially and temporally than the non-dominat hand. The third
is non-dominant hand precedence in action, as dominant harattion is not sensible
before its reference frame is set. Hincklegt al. [59] con rms the reference frame
roles of the hands in cooperative action. The model is widelysed as a guideline for
designing bimanual interaction (for example, Kurtenbaclet al.'s T3 system [70]), and
also explains why the bene ts of two handed interactions do n@xtend to task that
fail to meet Guiard's description. For example, a study by Dithn et al. [36] found
only a nominal benet in using two mice for distinct tasks.

In contrast to asymmetric interaction, where the hands play derent but com-
plementary roles, in symmetric bimanual interaction both hads serve the same ma-
nipulative function. Experiments by Balakrishnanet al. [12] indicate that symmetric
bimanual interaction requires an integrated task with a sing focus of attention to
be successful (in terms of low error and high parallelism). Laiple et al. have shown
that symmetric mappings can be more e ective than asymmetric appings for certain
tasks [72{74].

Researchers and designers have developed a large number ofhumal interaction
techniques. For example, the toolglass and magic lenses tecfugs let users click
through a pallet held in the non-dominant hand [18,70]. 2D nagation methods take
advantage of two hands for uni ed zooming and panning [57]. &fious techniques for
gure drawing [70,71] and curve editing [10,74,91] have alb@en proposed. Since 3D
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navigation and manipulation tasks require the user to contrah large number of pa-
rameters, bimanual interaction methods seem to be a promisinglgtion. Techniques

have been devised for object visualization and manipulatior83, 58] as well as for
camera control and navigation [13,125,126]. More bimanuchniques are described
in sections 2.2.4 and 2.2.5 in the context of tangible and mittouch interaction.

2.2.4 Tangible Interfaces

Another way of using multiple ngers for input is to manipulate physical tools and
props who's properties €.g., orientation) are mapped to parameters of the software.
The idea, known as tangible or graspable interface, is to makese of our natural
prehensile abilities and the a ordances provided by physicabtbjects. Fitzmaurice
et al. point out some advantages of graspable Uls [41]. They includerphlel and
bimanual input, spatial multiplexing of input rather than temporal multiplexing,
support for collaboration, and making use of our spatial reasarg and manipulation
skills.

To illustrate this concept Fitzmaurice et al. introduce \bricks," tracked physical
blocks that serve as handles to digital objects. Users can assoeia brick with
a digital object by placing it on its display image. Moving thebrick produces a
corresponding movement in the object. By attaching bricks tdhe control points
of an object €.9., a spline curve) users can perform more complex manipulations.
The metaDESK of Ullmer and Ishii extends this idea by creating lpysical icons that
serve as specialized handles and tools who's physical constimimnanslate to digital
constraints in the software. Hinkley's system for neurosurgicalisualization used
tracked physical props including a head model and a rectangulplate. These props
serve to do more than provide 6 DOF input|their shape gives the wser a tangible
cue as to the state of the system.

2.2.5 Continuous Multi-touch Interaction

This dissertation is particularly concerned with continuouscoordinated multi-touch
control of multiple parameters. Several systems show exampldgtas type of control.
Most of the techniques fall into one of three categories: 1D wadtors or sliders, object
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transport and scaling, and speci cation of rectangles.

Buxton rst introduced the idea of partitioning a multi-touc h digitizer into strips
to emulate a bank of sliders such as those found in audio mixersdastudio light
control panels [27]. A similar technique is described by Blaskand Feiner, although
in their system multiple contacts are used to increase the e ec# number of strips
rather than for parallel control [21]. Benkoet al. [17] take a di erent tack, and use
the distance between two contact points to adjust the contradlisplay ratio between
a touchscreen and a cursor. A similar idea is used by Morret al. [87] where the
distance between one user's ngers on a table controls the widbf a stroke drawn
by another user.

Rekimoto [93] rst introduced a technique for using two or morengers to si-
multaneously translate, rotate, and scale a 2D object. The systemds a similarity
transformation that is most similar, in a least-squares sense, toéhtransformation of
the ngers, and applies it to the selected item. A similar two- rger technique is used
by Wu [122]. Wilson [118] takes a related approach, by nding &gid transformation
that matches the optical ow of the user's hand. Maliket al. [85] take a slightly
di erent approach to translating and rotating items, by measumg the change in a
single nger's position and orientation, and applying it to the object.

Figure 2.3: Rekimotoet al.'s \potential eld" interaction: Objects slide away from
the hand on the surface.
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Dietz and Leigh [35] show how two contact points can determiren axis aligned
rectangle. This technique was later used by Forlines and Shgt2] to specify regions-
of-interest for sh-eye-lenses. Benket al. [17] uses a similar technique for zoom-
pointing. One nger is used to specify the initial center of a retangle to magnify,
while the other stretches the rectangle. After the center haseen speci ed, the rst
nger is used to precisely point at a small target.

A few multi-touch techniques do not fall into the above classesRekimoto [93]
shows a curve manipulation technique where four nger contapoints are mapped
to the control-points of a Bezier curve. The work also shows aexample of \potential
eld" manipulation, where objects slide down the gradient of distance eld from the
touch-surface to the hand (see gure 2.3). A di erent type of iteraction is described

by Malik et al. [84] where one hand positions the works space of the other to ess
a large display.



Chapter 3
Case Studies

In this chapter we discuss several novel interaction technigsighat illustrate the
expressive power of multi-touch interaction. Some of these teuques show how multi-
touch methods simplify tasks that are currently controlled usig a single point. For
example, the similarity cursor eliminates the need for sepamtranslation, rotation,
and scaling modes. Other techniques, like multi-touch perforamce animation, let
users do things they could not have done before.

These techniques also serve to ground future research into mittiuch methods by
showing the kinds of tasks that can bene t from this type of inteaction. They point
out new directions to explore, while serving as guideposts invast design-space. The
insight gained by observing the strengths and weaknesses of thesehhiques helps us
formulate design recommendations, and increases our understang of multi-touch
manipulation.

3.1 Deformation and Animation

Figure 3.1: Animation sequence of a crawling worm. The animatonoves and bends
the drawing with his ngers as though manipulating a real-wdd exible object.

21



22

3.1.1 Motivation

How many words express the meaning of a smile? We spend much of oakivwg
hours communicating with others using our words, our voices, ptacial expressions,
and our bodies. Some ideas are most easily expressed with words levbthers are
better suited for pictorial expression. Ideas about time or seguace are often easiest
to explain using motion. In face-to-face conversation we conomly use gestures and
props to express such ideas. A dinner roll embodies the car thatewed on the
highway. A key-chain illustrates the ner points of a basketb# play. Unfortunately,
our digital communication are commonly limited to static tex and images, as ani-
mated explanations are di cult to produce. The di culty lie s in the large number of
parameters required to describe an animation.

To produce computer animations today, animators must specifg large number
of keyframes Each frame is a slightly modi ed instance of the previous frae Ani-
mation software interpolates the motion to Il in the in-between frames and produce
a smooth animation. Animating in this manner is a tedious pro@s that takes years
to master [103]. The transformation between time and frames @&specially di cult
to learn.

While the traditional process can produce very high quality @mation, expository
animation can be e ective even at a very low delity. We use ths fact, along with two
observations, to make 2D animation accessible to novice users, aodsimplify the
task for professional animators. The rst observation, noted by Haalinen et al. [55]
is that given easily deformable characters made of clay, andsanple stop-motion an-
imation system, novice users were able to produce rich expressammations with
no instruction or training. Using clay characters makes it vergasy to transform one
frame into the next. Animators can use their real-world maniplation skills to bend
the clay in their hands, and control many parameters at oncenlcontrast, traditional
animators must completely redraw the character in each framevhile computer an-
imators can only control one or two parameters at a time. Clagation created by
novices, however, exhibits odd timing artifacts due to its @ators' di culty in trans-
forming their conception of time into a sequence of frames. Thibrings us to the
second observation: In real-world communication using gestsrer props, people rely
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on their natural sense of timing to perform explanations of teporal ideas. A number
of performance animation techniques have been proposed asangof simplifying the
animation process [8,37,88], but as they are generally lirad to controlling a single
point at a time, the user must record and synchronize several lageof motion in
order to control multiple animation parameters. We introdue a performance ani-
mation technique that allows users to bend and manipulate dwings as though they
were physical rubber props. By using several ngers to control enacters with many
degrees-of-freedom, novice animators can create lively agxpressive animations (see
gures 3.1 and 3.2).

Our deformation method has uses beyond simple performance raation. An-
imators today often give a plain appearance to their charaets because redrawing
elaborate surface decoration, such as stripes on a tiger, isywé&me consuming [103].
Since our method produces plausible deformations for the @rior of shapes, it can
signi cantly reduce the need to redraw decorations.

3.1.2 User Experience

Figure 3.2: A user makes a whale open and close its mouth as it swim
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Our system presents the animator with a drawing of a 2D charactgrrojected
onto a table. Touching a point on the character pins that pointo the animator's
nger. The system bends and stretches the character so as to mamt the pinned
points xed to the animator's ngers as they move on the table Since this interaction
is similar to interaction with real-world objects, users grasplte underlying concept
right away. In informal demonstrations we found that as soon gsarticipants realized
that the drawings respond to their touch, they began to move ahstretch them to see
how they behave. Participants were able to produce simple mohs immediately, and
with a bit of practice were able to make more complex and intesting animations.

Our system places no constraints on how users may grasp or move tmavadngs.
This encourages exploration of di erent types of manipulabn in order to discover
what works well with each particular drawing. To create a ma complex motion, two
people may work together, and attempt to coordinate di erehparts of the drawing.
While novice animators using traditional key-framing techmques tend to produce
stilted, robotic motion, users of our system produce rich, liféke results, as their
animations inherit all of the nuances and imperfections ofhe users' hand motion.
The animations are simple, but they preserve much of the expregsipower of hand
gestures and body language.

Conversation facilitated by this type of animation is suitabé for real-time ex-
planations or collaborative storytelling when all particimnts are co-present. These
animations can also be used for remote or archival exposition bging broadcast or
recorded.

3.1.3 Implementation Details

Our setup consists of a digital projector mounted on a platformtzove a multi- nger
touchpad (see gure 3.3). Images are projected onto the toughd so that points
touched by the user are registered with the corresponding pogin image-space.
For multi- nger input, we use Rekimoto et al.'s SmartSkin [93]. The device pro-
duces an image of the proximity of a hand or nger to each poinbn the touchpad.
Points where a nger is in contact with the SmartSkin show up ashot-spots"” in
the distance image. To maintain the identity of each contact pint, we track them
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.Prq’ector

Interaction Area
a (SmartSkin)

Figure 3.3: (a) Overview of our system setup. (b) Close-up of im&ction area.

through a sequence of frames using a greedy exchange algorittescribed by Veen-
man et al. [107]. We modify Veenman's algorithm to accommodate charg@ the

number of tracked points. The algorithm iteratively swaps thenter-frame point corre-

spondences so as to minimize the total distance between corrasgiag points. While

more elaborate error functions are possible (for example, byoaheling hand dynamics
or structure) we nd this technique works su ciently well. By avoiding assumptions
about hand structure, we can handle cases that do not t such assurtigns (such as
multiple users).

Figure 3.4: Moving an internal constraint point instantly a ects the entire shape.

The shape of a drawing in our system is represented by a triangle she This
mesh represents the \rest-state" of the drawing. The points wherthe user touches
the drawing serve as constraints for a 2D mesh deformation alggbm developed for
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this system [63]. The algorithm attempts to maintain the localrigidity of the mesh
while meeting the given constraints. It poses the problem as thminimization of
a quadratic error metric that measures the distortion associatlewith each triangle
in the mesh. It provides a closed-form solution which gives immd&te results. The
e ect of moving constraint points is global and instantaneousso small changes may
a ect the motion of the entire model (see gure 3.4). The objeicdeforms as though
made from a sheet of rubber-like material, making for very laly movement that is
predictable and easy to control.

3.1.4 Related Work on Accessible Animation

While previous systems have used direct whole-hand manipulati to accomplish
a variety tasks [93, 122], none have used the multiple degredsfreedom available
from multi-point touchpads to control the many degrees of #edom of an animated
character. Real-time performance animation through diréamanipulation has been
previously accomplished for very simple motions [8,34]. Morerplex animation is
possible through digital puppetry [100], in which a custom set afontrols is mapped
to the various parts of each character. The mapping, howeveis often arbitrary
and requires much practice to master. Motion capture uses a n@natural mapping
between the movements of the actor and the character. Howeyet is limited to
characters that have real-world counterparts (such as pe@énd animals) and cannot
be used to animate arbitrary 2D drawings.

Other attempts at making animation more accessible have usedyéed record-
ings of motion to iteratively add motion to an animation [37] While this approach
can yield more detailed motion than our technique, it cannobe used for real-time
performance, and it may be di cult to synchronize the separatly recorded motions.
Another way to control many degrees of freedom at once is to useegrecorded mo-
tion [104], or pre-speci ed con gurations [61,90]. These appaches produce pleasing
animations, but they restrict the type of motion that the user can produce to previ-
ously designed animation.
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3.1.5 Discussion and Future Work

The interaction technique embodied by our system has importammplications to the
eld of accessible graphics, as well as to multi-touch interaicin in general. Previous
multi-touch methods have been limited to fairly simple maniplations, such as con-
trolling sliders, specifying bounding rectangles, and 2D positing (see section 2).
Most were restricted to simultaneous control of only three or tor parameters using
two input points. Our results indicate that a greater level of ontrol is achievable.
Users were often observed controlling high-degree-of-freedoharacters using four or
more touch-points (generally the thumb and index nger of eeh hand). They were
able to bend the characters into a much larger variety of cogurations than could
be achieved using only two input points. The richness of the reswg animations
demonstrates that, if properly used, an increase in the numbef mput points can
lead to a qualitative enhancement in the expressiveness of ateiriace.

Many everyday activities require the coordination of many egrees-of-freedom.
Such activities include transporting multiple objects, or ofects that bend or have
moving parts, and manipulating a variety of tools. While compter users have the
ability to handle these kinds of tasks e ectively, their skillsare rarely used for digital
manipulation. Our animation system shows that multi-touch ineraction can take
advantage of these manipulation skills to allow for greater toughput, uency, and
parallelism in user input.

The designer of an animation interface must strike a balance lvaten expressive-
ness and complexity. Expert animators require great freedowf expression, and so
are willing to expend the e ort required to learn and use a conlpx interface. The
reduced complexity of animation interfaces aimed at novisecomes at the cost of
limits on expression. These limits are generally set by greatheducing the number
of controllable degrees-of-freedom. The DOFs may be elemamnes, such as object
position and orientation, or they may be parameters that combl pre-authored state
changes, such as time in a walk cycle. However, the low number oaidgable DOFs
is a limitation of traditional input devices, not of human motor control. Previous
techniques fail to tap the full extent of users' manipulation Ailities. Our system
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was designed speci cally to demonstrate how multi-touch inputan increase expres-
siveness while maintaining the simplicity of previous, more cetrained, performance
animation systems [8, 34,61]. As such, we have limited the systemrtal-time per-
formance using a single character. However, the system can be egted in a number
of ways that can increase the richness of resulting animationshile remaining far
simpler than traditional keyframe-based techniques.

Two key issues in increasing the expressiveness of the system are tharol of
multiple characters, and the coordination of more animatioparameters. Simultane-
ous manipulation of two or more objects can reduce user penfiaance and coordina-
tion due to divided attention and a lack of visual integration[12]. Our experience
with the system also leads us to believe that controlling more #n eight degrees-of-
freedom (which appear to roughly correspond to the positionrientation, and span
of the two hands) becomes increasingly di cult. One way to incease the number
of controllable characters or parameters is through coopsive multi-user control.
Given enough space, two or more users can animate separate chema or character
parts. This approach builds on the idea of spatially multiplegd input, an important
property of multi-touch interaction. However, multi-user imput is not always desir-
able. Instead, we may turn to temporally multiplexed input that can be implemented
using sequential recording, also known as layered animatior/[88].

Just as a musician can record several tracks of music separatelydahen play
them back as a single composition, an animator can sequentialfgcord separate
tracks of motion for a single animation. For example, the aniator may rst record
the motion of one character, and then, while this motion is bieg played back, record
the motion of a second character. It is also possible to sequeriyatontrol many
parameters on a single character. The simplest way of implemearg this in our
system would be to simply record and play back the motion of the ntrol-points. As
a user records a new layer over existing motion, both the curreand the recorded
constraints are used to deform the character. More complex cpwsitions may also
be created. Hierarchical composition would be useful for septrg the recording
of large-scale motions from the recording of ne details. Thisnay be achieved by
embedding the ne-detail control-points within the warpedspace de ned by the large-
scale controls. For example, a user may rst animate a charactsrfacial expressions,
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and then record the motion of the character's body at a highdevel of the control
hierarchy. The face control-points would then be moved algnwith the larger body
deformations.

The creation of richer animations increases the need for aration editing. This
would allow the animator to ne-tune motion, and to correct eror in position or tim-
ing. Since performing animation is fairly quick, one straigforward editing method
is to simply re-record short segments of the animation. If a gres level of con-
trol is desired, it is possible to create a hybrid between perfmance animation and
traditional key-frame techniques. In such a system, users woulce de key poses
within the performed animation. The position of the control wints within this pose
may be edited, and the changes propagated within a user-spesi time window so
as to mantain continuity with the rest of the animation. Similar approaches have
been described for motion-capture data using various inverkaematics constraint
solvers [48, 76]. However, implementing such a system for defobieadrawings is
trivial, since one must only adjust the input constraints to our @&formation solver,
and the shape will deform accordingly. Key pose editing is apppriate for changing
the location of objects at a given time, however it is often d#&rable to change the
timing of a sequence of animation. One method for editing timg, proposed by Terra
and Metoyer [102], is to allow users to perform the timing of a ation path while
keeping the path xed. Features of the performed motion patle.g.,rapid directional
changes) are then matched to the original path, and the timinghnformation is trans-
fered. More precise time manipulations can also be performetime may be warped
S0 as to satisfy constraints on simultaneity or order. For exampl@ user performing
an animation of two colliding objects may nd it di cult to ge t them to bounce o
each other at the same time. The software can satisfy a simultangitonstraint by
slightly speeding up one object, and slowing down the other [88]



30

Figure 3.5: The hand cursor lets the user move the puzzle pieces though sliding
objects on a physical table.

3.2 Multi- nger Cursors

3.2.1 Motivation|Cursors as Tools

Our hands are capable of deftly manipulating a remarkable ey of objects. Yet when
a watchmaker slides a gear into place, he does not touch it ditly with his ngers,
but holds it, instead, in a pair of tweezers. Direct touch integiction is appealing since
it is a simple and familiar concept, but it is not always the bestvay to accomplish a
task. Several interaction techniques have illustrated how niitpoint touchpads can
be used to control several degrees of freedom in parallel [6R,22], but they all use
the devices as touchscreens, superimposing the display direc¥er the touch-surface.
Although touchscreens provide a simple, obvious mapping thas ieasy for users to
understand, they also have a few shortcomings.

These shortcomings are mainly related to physical constraint$ our arms, hands,



31

and ngers. Like the gears of a watch, many common Ul widgets ateo small to
be precisely manipulated by the average nger [6]. On a touch®en, users' hands
often occlude the very objects they are manipulating. Where screen is large many
areas are out of reach, but holding an arm unsupported for extded periods of
time is fatiguing even if everything is within an arm's lengt [5]. In most home and
0 ce environments, people do not interact with the computer ly touching the screen
directly. Instead, their actions are mediated by a cursor.

The indirection provided by the mouse cursor can have many bete For exam-
ple, by making use of a non-linear mapping between mouse motiand the motion
of the cursor, users can achieve precise, sub-pixel control awlspeeds, yet still move
rapidly across the screen with very little hand motion [23, 66]By dynamically ad-
justing the control-display ratio, it is possible to decouple tB motor-space from the
display-space to make small screen-widgets larger in motor-spaor to make long
distances over empty space shorter [20]. Similarly, virtual foes can be applied to
the cursor motion to guide users towards likely targets [4]. @er bene ts may be
gained by adjusting the shape of the cursor. For example, arearsars use a large
activation region in lieu of the standard single pixel \hot-sp@" This increases the
e ective width of targets, making small items easier to select.nlthis light the cursor
can be viewed not as a digital proxy for our nger, but as an ingument that enhances
our human abilities. Like the watchmaker's tweezers, the asdt's paintbrush, or the
sherman's net, cursors let us perform tasks that would be di cut to accomplish
unaided.

Still, instruments embodied by traditional 2D cursors are sonwehat limited, in
that they can be controlled by at most two parameters (the motin of a mouse inx
and y). As discussed earlier, limiting input to a single point reducespportunities
for parallel input, and complicates interaction by introdicing super uous modes and
control-widgets. In the following sections we introduce a faitly of interaction tech-
niques that use multi-touch input to control multi-degree-é-freedom cursors. These
techniques result in a more uid and coordinated interactiorstyle than found in their
single-point counterparts. They demonstrate the expressive pewof simultaneous
multi-parameter cursor control, and show how indirection though a cursor helps
users overcome the physical constraints that limit similar diret-touch techniques. It
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is important to note that we have chosen these techniques as repentative points in
the design space of multi-touch cursors; they may be combined, di@d, or extended
to suit a variety of applications.

3.2.2 Design Principles

We have attempted to design our cursor techniques so that they widl be easy for an
experienced mouse user to use and understand. Doing so not only eskhe tech-
niques easy to learn, but also makes them simple to integrate Wiéxisting single-point
user interface frameworks. We do this by maintaining, whenewpossible, certain key
attributes of the mouse cursor. The rst property is a continuos zero-order map-
ping. That is to say, we use the touchpad as a position control dee rather than a
rate-control device. Research has shown that position contrdads to faster perfor-
mance than other types of mappings [128]. The limited rangd the controller can
be addressed by making the mapping relative instead of absolutesérs can clutch
by lifting and repositioning), and by applying a speed-depemht gain function that
allows access to a large screen from a small footprint while sftoviding sub-pixel
accuracy. Note that this is particularly important for multi - nger cursors, as the
space taken up by several ngers decreases the e ective size of tiouchpad.

When using relative positioning devices, users must be able to drentiate be-
tween the tracking and dragging states [25]. Our touchpad supps a single press on
the interaction-surface that corresponds to a mouse-button pss (see section 3.2.4).

3.2.3 Techniques
Hand Cursor

Our rst technique is a multi- nger hand cursor. It is a generalpurpose cursor which
emulates use of a touchscreen. For each nger contact on the tdyad the cursor
displays a corresponding point on the screen. The contact posnfare not used as
absolute positions, but rather as positions relative to the handThe reference frame
of the hand cursor, indicated by an enclosing circle, is contted by the relative

motion of the user's hand on the touchpad.
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Finger position in
hand coordinate frame

Relative
Hand position

Figure 3.6: The hand cursor maps each nger contact on the tobpad (right) to a

point on the screen (left). The position of the ngers is deternmed within a reference
frame set by the position of the hand. Hand position is estimated dee mean nger
position. The motion of the hand controls the relative positin of the cursor on the
screen, the extent and position of which are indicated by an eosing circle.

The hand cursor allows users to control graphical elements dstgh manipulating
rigid real-world objects. For example, gure 3.5 shows a user mioag and rotating
a puzzle piece just as one would maneuver a rigid object lying @ table. Multiple
ngers also allow the user to grasp several objects at once, whishuseful whenever it
is necessary to control multiple parameters concurrently. IF@example, it may be used
to control an array of sliders [27] or for modifying the contrbpoints of a curve (see
gure 3.7). Multi-point input is also useful for performance aimation as discussed
in section 3.1 (see gure 3.7).

While in theory the movement of ve ngers on a surface can desitre up to ten
parameters, in practice a nger's motion is highly correlaté with the motion of the
hand and the other ngers [54,95]. A reasonable way of increagi the bandwidth
of interaction is to use two hands. Two-hand cursors are espedtyalvell suited for
high-degree-of-freedom symmetric bimanual interactions clu as shape deformation
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[63,81]. They can also be useful in asymmetric interaction tasksich as controlling
the orientation of a toolglass ruler [19,53, 70].

Figure 3.7: (Left) Controlling many parameters at once is usel for performance
animation. Here the user animates two swimming sh by using two hahcursors.
(Right) Using several ngers allows users to control objects wit many degrees of
freedom, like the control points of this subdivision curve.

Note that the relative mapping from the touchpad to the cursors not a homog-
raphy. While such a mapping is the most straightforward, it has seral limitations.
For one, touchpads are generally smaller than the display thegontrol, which means
that small errors on the touchpad are magni ed on the display. Tere is also a physi-
cal constraint on the minimum distance between ngers; contagboints can never be
closer than the width of a nger, and this minimum distance may le greatly mag-
ni ed on a display. A one-to-one mapping also presents problenvghen using two
touchpads for two-handed input. Unless the touchpads were seaktimes larger than
the span of each hand, the working space for the ngers of eachrithwould overlap
in a confusing manner that is rarely experienced in the real wd.

We solve these problems by scaling the coordinate frame of thesaor so that the
nger distances are appropriate for the manipulation taski(e., small enough to com-
fortably t on the interface while maintaining a reasonable each). We then translate
this coordinate frame by the motion of the hand. By applying rause acceleration
to this motion, we give the hand access to the entire screen, \himaintaining high
precision at low speeds. This relative mapping also allows usets reposition their
hand on the touchpad without a ecting the cursor. Having nger motion occur at a
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di erent scale than hand motion may seem strange, but we have fod this technique
to be completely transparent. No one who has used our system evemoeented on
it. We believe that this mapping works because it re ects the atural relationship

of the hand to the ngers, where the ngers work in a frame of refrence relative to
the hand. However, there is an important shortcoming to this ntbod that must be

considered: Since relative nger motion occurs at a di erenscale than the global
hand motion, it is di cult to independently control the move ment of each nger.

Moving the hand will move all of the ngers on the cursor, evenfia nger remains

xed on the touchpad. We nd that in practice, the technique works as long as the
ngers operate in concert. For example, moving the control genents of the curve in
gure 3.7 is easy, but placing ngers on the control points is idcult.

Implementation Details Since we apply a gain function to the overall translation
of the hand, but not to the motion of the ngers relative to oneanother, we must
rst separate hand movement from nger movement. By using visiofbased hand
tracking, or touchpads that detect a hover state, it may be podsie to determine the
actual hand motion. The TouchStream, however, only providecontact information.
We approximate the hand motion using the movement of the cerdrd of the contact
points. Since the nger positions are considered relative to ¢hposition of the hand
on the touchpad, but the centroid position relative to the ngers changes whenever
a nger is added or removed, we cannot use the centroid as theigin of the cursor
coordinate frame. Instead, we determine the origin of the csor by the ngers'
initial contact with the touchpad. The coordinate frame is then translated by the
displacement of the centroid of the ngersurrently on the touchpadi.e., any ngers
that are not present in both the current and previous frames ardiscounted from the
centroid calculation).

This method for determining hand position has a few limitatias: The motion of
any nger may displace the screen-space points of other ngers.vén if all ngers
move away from the centroid at the same rate, the detected hamubsition will change
since the ngers are not evenly distributed around the centerAnother issue arises
when users reposition their hand on the touchpad. Since in geaknot all ngers
touch down simultaneously, yet the cursor's coordinate frames idetermined by the
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initial contact, the origin relative to the ngers may not be where it was during the
previous movement. This may be remedied by dropping the rstefw contact frames,
at the cost of a slight delay.

In the real world we commonly use both hands to manipulate a siteyobject.
When two hand cursors come close together, it becomes di culotjudge which nger
(on screen) belongs to which hand. The circle drawn around theger-points of each
hand cursor serves not just to indicate the reference frame ofabahand, but also to
help the user perceive the cursors as two separate hands. Note thiais indicator
only shows grouping. We do not Il in the \body" of the hand. Test users of an
earlier implementation which used a translucent disc to indid¢a the hand attempted
to select objects with the disk rather than the ngers. (This type of selection may
actually be appropriate for some tasks; see Section 3.2.3.)

Finding best-approximation rigid motions Since human nger motion is not
constrained to rigid translations and rotations, we often neetb solve problems of the
form \Given the original nger positions Py; Py;::: and their new positions,So; Sy;:: 1,
which transformation T in some classC of transformations has the property that
T(P;) S for eachi?" where the approximation is in the least-squares sensez.,
we want to minimize P KT(P;) Sik?. For translations, this is easy: we translate
the centroid of the P;s to the centroid of the S;s. For rotations, it is more subtle.
Rekimoto et al. [93] describes using multiple ngers to move objects rigidlyni 2D,
but does not present the implementation. The analogous pradh, in 3D, has been
solved in the vision community [50,106]. We repeat the solutidmere for the reader's
convenience: LettingP denote a matrix whose columns are the°= P, Q, where
Q is the centroid of theP;, and S denote a similar matrix for the centroid-adjusted
Si, we seek a rotationX suchthatXP S. To nd X, we computeH = SPT, and
its singular-value decompositiorH = UDVT. In general, we then getX = UVT,
provided both detU and detV have the same sign, andd has full rank. If the
determinants' signs di er, we negate the last column o¥/ T before computing the
product X = UVT. If the matrix H has rank less than two €.g., if the ngertips all
lie along a line segment both before and after moving), then weust add points that
lie o that segment before the rotation is uniquely determind.
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Figure 3.8: A user simultaneously translates, rotates, and scalesleaf using the
similarity cursor. Parallel control of an object's propertis allows for more uid
interaction, and may decrease task completion time.

Similarity Cursor

Users often control only one object at a time, so it is useful to alysict the parameters
of the hand into a single point cursor. Positioning a single poinbver an object is
easier than placing several points, especially when the objestamall relative to the
width of the ngers. The similarity cursor allows users to focus @ a single target
while simultaneously controlling its position, rotation, andscale (.e., determining
an orientation-preservingsimilarity transformation).

Users control the cursor using two ngers by a simple mapping fromhe hand's
position and orientation, and the span of the ngers (see gure .8). We provide
feedback regarding the cursor state by render the cursor as rotay cross-hairs. These
show the translating and rotating motion of the hand. Note that ve do not resize the
cursor to indicate scaling, since it is undesirable to have a cursihat is too large or
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too small for the task [110]. Instead, we indicate scaling by anating stripes which
slide toward and away from the center at a rate proportional tdhe scale rate.

Rotations, scaling, and translation are very common in illustrtion and 2D anima-
tion software, and in most commercial systems must be performed segtely. This
is usually accomplished either by switching modes, or by using a efent control
widget for each operation. With the similarity cursor all three operations may be
accomplished in a single smooth motion. Research on symmetric bimual interac-
tion suggests that, even discounting mode-switching time, ineased parallel input
correlates with shorter completion times for alignment tasksnvolving positioning,
rotation, and scaling [73]. This is particularly evident at he nal stage of alignment,
where separately adjusting each property may undo the previsuadjustment. We
expect that this will hold for parallel input using one hand.

Relative
Scale

Relative
Position

Relative _—1
Orientation

Figure 3.9: The similarity cursor is controlled using two nges on the touchpad.
Change in the position of their centroid controls the relatie position of the cursor.
Change in the slope of the line they de ne controls the relate orientation of the
cursor. The changing distance between the points adjusts the sinf the object
manipulated by the cursor, and is indicated by animated stripe
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Implementation Details In our implementation, this cursor is controlled by one
or two ngers, but could easily be extended to use the entire handCursor position is
controlled by the relative motion of the centroid of the two ngers. We rst apply the

Windows XP mouse-gain function [86] to this motion to reduce # control footprint

and increase precision.

Rotation  To determine rotation, we look at the angle of the segment coenting the
two touch points. The change in this angle between drag eventsmapped to cursor
rotation. Due to physical limitations of nger and wrist movement, it is di cult to
make large rotations without placing the hand in an awkward psition. We remedy
this situation by taking advantage of the indirection proviced by the cursor, and
applying a speed gain function to cursor rotation.

We use the same gain function for rotation as we do for translatio However, since
the function is de ned in terms of distance, we must rst convertthe rotation angle
to a distance. Given the vectorC from the rst nger to the second, the analogous
vector P for the previous frame, and the rotation matrixR which rotates by the angle
betweenP and C, we calculate the gain distance asd= jjRP  Pjj.

The system rotates objects about the cursor center after it hasekn translated
by the change in position of the ngers' centroid. Because of thj it appears to the
user that the object rotates about the centroid of the ngers. fl the user chooses
to hold one nger xed and rotate the other about it, both rotation and translation
result. Our informal experience shows that users quickly grasgis idea, and can
easily adjust for any unintended translation.

Scaling We set the initial scale factors = 1 whenever an object is selected. If the
current and previous lengths of the segment connecting theuch points arel. and |,
then the new scale factor after each drag event 8= s+ (I, 1p)=dwhered is the
change in length which will increment the scale factor by onéle setd to the height
of the touchpad (11.34cm). An alternate design would multiplythe scale factor by
the ratio of the current and previous segment lengths. While te may be a reasonable
choice for some applications, it leads to exponential growthhich is rarely useful in
drawing applications.
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Since it is common for items in digital illustrations and aninations to have real-
world analogues, it is likely that for many tasks translation ad rotation would be
more common operations than scaling. However, due to physiolcg constraints on
nger motion it is dicult to rotate the ngers while keeping them at a precisely
xed distance. While the similarity cursor makes it easy for the ger to correct scale
errors, for many tasks it may be helpful to avoid them altogethre This may be done
by using a modi er key or gesture €.g., two ngers for rotation/translation, three
ngers for simultaneous scaling.) Alternatively, a gain fundabn can be designed that
attenuates small variations in scale.

Adjustable Area Cursor

Figure 3.10: (Left) The large activation area of the adjustale area cursor reduces
the time and precision needed to acquire isolated targets. (Rig The selection of

xed-radius area cursors is ambiguous in crowded regions. Bambiguity is resolved

with the adjustable area cursor by minimizing the activation aea.

Our third technigue extends the idea of area cursors [67], byl@aving the user to
control the size of the cursor's activation area. As with a realdnd, the size of the
cursor's activation area is proportional to the span of the ngrs on the touchpad.
Users can easily select small isolated objects by simply spreadingith ngers and
roughly moving the cursor to the vicinity of the object (Figure 3.10 (Left)). The
object is selected as long as it lies within the activation ase so precise positioning
is unnecessary. To select a specic object from a crowded area gsering their
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ngers together to minimize the area of the cursor, making it bhave like an ordinary
point cursor (Figure 3.10 (Right)). For very small targets (sub as control-points
in a drawing program) it is plausible that users may benet fromusing a small or
medium activation area even in the presence of clutter. Howayesince the added
cognitive load of selecting an appropriate cursor size may negahe bene ts of a
larger selection area, this is di cult to judge without a formal study.

An important feature of the adjustable area cursor is that it candistinguish the
intentional selection of a single object from the intentionakelection of many. This
means that users can easily grab ad-hoc groups of adjacent atge(Figure 3.11
(Right)). These groups are simply determined by the radius ofhie cursor, so they
may be quickly created or modi ed. To control a group of objes current interfaces
require an initial grouping step. The adjustable area cursor ums the grouping and
selection steps. Of course, for this to work the group must be su ciely separated
from any objects that are not to be selected. However, even if $uistracter” objects
are present the cursor can potentially speed up existing group sefion techniques
(for example, by using a modi er key to add or remove objects tthe selection).

Previous area cursor techniques [52,67] share a problem whigakes them di cult
to integrate into existing interfaces: They make it di cult or impossible to click on
the empty space between selectable objects or interface eletsgFigure 3.11 (Left)).
This is frequently a valid operation. For example, a user mayamt to position a text
cursor in a word processor, or to create a new shape in a drawing gram. The
adjustable area cursor solves this problem by letting the user mimize the activation
area. This does not require a mode switch, or a change in the useronception of
the cursor. It is simply a consequence of the adjustable radius.

Implementation Details The adjustable area cursor is controlled by one or more
ngers. The cursor is moved by the gain-adjusted translation oftte centroid of the
contact points, while the diameter of the cursor is set to a mulgile of the maximum
distance between contact-points. Note that the latter is an absate mapping, which
makes it easy for the user to instantly specify a large or small diagter with the initial
touch of the ngers. (A diameter greater than the height of thescreen or smaller than
one pixel is not very useful, so there is no need for clutching extend the range of
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Figure 3.11: (Left) Traditional area cursors make it impossile to click on empty
space near selectable objects. (Center) The adjustable area smrcan emulate a
point cursor without requiring the user to switch modes. (Right)Since the adjustable
area cursor does not su er from the ambiguity of xed-area curss, it can be used
to control groups of nearby objects.

reachable diameters.) The control/display ratio for the diamater is set so that a fully
extended hand will cover most of the screen. To ensure that a pbicursor can be
achieved it is important to subtract the maximum width of a nger (if the result is
negative, the diameter is simply set to zero).

When all but one nger is lifted o the touchpad our implementation maintains
the last speci ed diameter. An alternative is to minimize the dameter to create a
point cursor, but we believe that for most tasks our choice is pierable. Creating a
point cursor by placing two ngers together is quick, and not mmch more di cult than
lifting a nger, and maintaining the last speci ed diameter has several advantages:
The size of the area cursor is likely to be correlated to the detysbf elements on the
screen. If the user continues to operate in the same region, itliisely that the cursor
size will remain suitable. When the user manipulates a group objects maintaining
a constant size will be useful if the group needs further adjustme

We render the cursor as a translucent gray circle (Figures 3.Hhd 3.11). Short
radial segments extending along the main axes become a cross-halicator when
the radius is zero. This indicator may be enhanced to disamhigte the selection of
partially overlapping targets by modifying its boundary toinclude all selected objects
(as in the Bubble Cursor [52]). A simpler alternative is to highght all selected targets.

Of course, the variations in hand-sizes among users must be taken into account; our cumt
implementation uses the author's hand and nger sizes. Since our informal tests have beewith
people of similar size, this has worked reasonably well.
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Figure 3.12: The motion of the centroid of the ngers on the tochpad controls the
relative position of the adjustable area cursor. The greateststance between contact
points is mapped to the radius of the cursor.

3.2.4 A Relative Multi-point Touchpad

For multi-point input we use a FingerWorks TouchStream touchad [39]. The touch-
pad provides a 16.2cm 11.34cm work surface for each hand. It measures the position,
velocity, and contact area of each nger at about 100 Hz. In itslefault mode, the
touchpad acts as a relative positioning device, and distingshes tracking and dragging
states using multi- nger gestures. This approach con icts withour use of multiple
ngers for cursor control, so we must use an alternate method to sate the states.
Instead, we have the user use a light touch for tracking, and predewn on the touch-
pad to initiate dragging. This technique was described by Bugn et al. [27], and
enhanced by MacKenzie [83], who showed that tactile feedbadklicating a pressure-
triggered state change provides greater throughput and aa@acy than a lift-and-tap
technique or pressing a separate button. MacKenzie also notedathusing touch area
as a proxy for pressure is suboptimal, and that area thresholds stube determined
on a per-user basis. The problem is compounded on a large surfamgchpad, where
a nger's posture relative to the touchpad is more variable, sice changes in posture
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correlate with changes in contact area. Benket al. [17] uses this fact to create a
postural clicking gesture. Unfortunately, this type of gesturdimits nger mobility,
so it is only suitable for tasks where independent nger motiorsinot very important

(e.g., pointing on a large display).

Figure 3.13: Our prototype touchpad uses a tactile switch to lw users to distinguish
tracking from dragging motion.

To overcome these problems, we place a single tactile button leath the touchpad
(Figure 3.13), and support the touchpad with a spring at each coer. The sti ness
of the button and springs must be chosen so that users do not inadtemtly press
the button, and to minimize fatigue during drag operations. Te button provides
a crisp \click", like a mouse button, making the distinction betveen tracking and
dragging clear. Note that this precludes independent drag dts for each nger. But
since nger movements are not completely independent [54] i$ likely that such a
level of control would be di cult for most users. This techniqueappeared to work
fairly well in informal tests|one user did not even notice that he was using a button.
However, some users had trouble nding the right level of pressute keep the button
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pressed while dragging, and consequently pressed harder on thacttpad, increasing
their fatigue. This problem may be addressed either by furtheadjustment of the
button sti ness, or by only using the button's down event to initiate dragging, and
terminating dragging when the hand leaves the touchpad.

For most cursors, using the touchpad as a relative input device sgmple. We just
add the gain-transformed change in hand position to the currécursor position. For
the hand cursor there is an extra complication that is discussed section 3.2.3. Note
that current and previous hand positions must be calculated dpfrom ngers that are
currently on the touchpad Otherwise the estimated position will change dramatically
whenever the user adds or removes a nger from the touchpad.n§e using multiple
ngers decreases the e ective size of the touchpad, adjustinge gain on cursor motion
is essential to minimize clutching [66]. Our cursors use the Wind/is XP gain function
[86] which in practice yielded a Control/Display ratio rangng between 0.8 and 3.6.

3.2.5 Evaluation

We have incorporated two of our cursor techniques into a simplector-based drawing
program in order to evaluate the methods within the context ba real-world appli-
cation. Two important tools in the Adobe lllustrator program are the object control
tool and the control-point manipulation tool. The rst is used to select, move, resize,
and rotate shapes, while the second is used to edit Bezier curves delecting and
moving their control points. We have created two new drawingaols that are mod-
eled after these Adobe lllustrator tools, but replace the standdrsingle-point cursor
with a similarity cursor, and an adjustable area cursor.

Our prototype drawing program is shown in gure 3.14. It provdes tools for curve
drawing and editing and for shape manipulation, which are selted using toolbar
buttons or keyboard shortcuts. Our three-state touchpad is usetb drive both the
cursors for the drawing tools and the system cursor. This illusttas a nice feature of
multi touch cursors: users can control multi-touch cursors witim the drawing area,
but as the cursor exits this area, it seamlessly switches to the systeursor, allowing
users to interact with standard graphical interface elementsuch as buttons, sliders,
or a color-picker. There is no need to explicitly select a mogder to switch input
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Figure 3.14: Our prototype illustration system uses the similafy cursor and the
adjustable area cursor for shape and curve manipulation. Dramwg is provided by
courtesy of one of our artist participants.

device.

The object-control tool acts just like the similarity cursor, & described in sec-
tion 3.2.3. It allows for object selection and for simultaneauitranslation, scaling, and
rotation. Unlike its lllustrator counterpart, it does not all ow for axis-aligned non-
uniform stretching. The tool allows users to constrain motiond exclude rotation, by
holding down the Control modi er key, and to exclude scaling ¥ holding down the
Shift key. The curve-editing tool acts like the adjustable ara cursor. It can select
and move one or more control points that lie within its seleatin radius. Moving
a control point that lies on the curve also moves the correspoimd) tangent control
points on either side. Moving a tangent control point rotateghe point opposite the
corresponding curve control point so as to maintain continwt By holding the Con-
trol key, a user can disable continuity preservation in order t@reate a cusp. Unlike
its lllustrator counterpart, the point-control tool does na allow for points to be added
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or removed from the selection; each click de nes a new set of stéel points.

To evaluate our system, we asked three art students from the Rhot#and School
of Design, who were experienced users of Adobe lllustrator, toytout our system.
The artists were told that we were developing several novel dtigl illustration tools,
and required their critique and feedback to help us improvenem. Each artist used
the system for a minimum of 30 minutes. This was followed by a 15 mite interview
regarding the touchpad and illustration tools. The overall reponse was very positive,
but the artists did help up identify some important design considrations. Some of
these are particular to illustrators, others are apply more gemally.

The Touchpad  While all of the artists were comfortable using the touchpad whin

a few minutes, the greatest barrier in learning to use it was urdening the skills and
habits of using a traditional touchpad. Initially, all of the artists attempted to use the
touchpad by controlling the cursor with their index nger, and clicking by pressing
down with their thumbs. All required multiple reminders to use wth ngers together.
Another issue identi ed was the sensitivity of the switch. The artsts liked having a
switch integrated into the touchpad, but some found it to be tocsensitive, a state
which resulted in unintended clicks. While one artist did say theahe found the
touchpad less fatiguing to use than a standard laptop touchpaall agreed that they
greatly prefer using a Wacom tablet and stylus for illustrationpurposes, citing the
tablet's superior accuracy, and the feel of control and presion provided by the stylus.
This indicates that it may be desirable to create a device thasupports both stylus
and touch input [123].

The Similarity Cursor The artists all found the similarity cursor easy to learn,
saying that if felt very \natural." However responses were mixedegarding its utility.
One artist said that he preferred the technigque to the Adobe llistrator method,
since it was \more intuitive, and you don't have to switch tools! Another preferred
the lllustrator method, saying that having separate tool make#& \more stable" and
precise. This artist suggested adding a modi er key to constrairranslation during
rotation and scaling.
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The Adjustable Area Cursor The artists found it more di cult to learn to use
the adjustable area cursor than the similarity cursor. The troule appeared to lie in
the absolute mapping between hand span and size. One artist \haatble controlling
size at rst," saying that the it seemed to jump. It may be that a relative mapping
would be easier to learn (as no one had trouble scaling using thengarity cursor).
But due to the limited useful range for the radius the ability b instantly create a
very small or large area should be more useful. All artists were alio use the cursor
e ectively during the session, although not all felt completgl comfortable with it.
All did appreciate the ability to control multiple points simultaneously, and used this
feature when drawing. Although artists frequently used the cwor with a large area,
none noticed it being any easier to select individual points #n with a standard
cursor. One artist preferred the area cursor to the traditionaRdobe Illustrator tool,
saying that it was fun to use, \sort of natural,"” and that the transparency \lets you
see what you are getting at."

3.2.6 Discussion of Multi- nger Cursors

When an artist, in traditional media, selects a pen or a brush indu of nger-painting,
she overcomes the limited resolution and shape of her ngers. kikise, by using an
intermediary cursor instead of direct-touch manipulation, we can provide users thi
increased precision, greater reach, and a more capable grasp.ngsnultiple ngersto
control such cursors allows for increased parallelism, which ynaimplify the phrasing
of interaction tasks [78].

Our initial experiments with multi- nger cursor control hav e produced three graph-
ical interaction techniques that o er several bene ts over taditional cursor tech-
niques. The clear benets include more uid interaction thraugh parallel input,
lightweight grouping, and resolution of outstanding issues wit area cursors. The
techniques are immediately applicable, as they t easily it current GUI frameworks.

Other potential bene ts of these methods require further stug before they can
be ascertained. For example, while it is clear that the area aor would work well for
isolated targets, the additional cognitive load it imposes mageduce its performance
in dense areas. Similarly, it is not clear how quickly this curs® usability for group
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selection deteriorates as the complexity of a group's struatel increases. Studies of
these properties exist in the literature for other techniquesGrossman and Balakr-
ishnan's experiments on the bubble cursor [52] may be used to éehine the area
cursor's sensitivity to \distracter targets,” while the work of Mizobuchi et al. may
be used to determine the e ects of cohesiveness and shape compleon selection
performance.

It is also important to study the e ects of using the same muscle gups to control
a cursor parameters while simultaneously indicating the dragyy state by maintain-
ing pressure on the touchpad. The method may reduce accuracydancrease fatigue.
Clicking and dragging using the three-state touchpad should beompared to alter-
natives such as using a mode-switch controlled by the other hamd a foot-pedal.

There are also some problems with our techniques that remain be solved. Our
implementation of the hand cursor makes it di cult to move ngers independently|
the position of each nger point is so dependent on the positionf ¢the other ngers,
that it may move even if the corresponding physical nger remais stationary on
the touchpad. Additionally, while our techniques make it easyo control parameters
simultaneously, they sometimes make it di cult to control parameters independently
(e.g., rotating without translating or scaling). Techniques for costraining cursor
motion need to be investigated.

These techniques also suggest further study on the limits of multager control.
How many parameters can comfortably be controlled? How do phgsbgical con-
straints limit the types of viable interaction? Some of theseugstions are addressed
in Chapter 4.

We have observed an interesting phenomenon in our informal tesbf the system:
When using multiple ngers to control cursors, certain behavis appear that resemble
gestures. For example, a user will place two ngers together taitn the area cursor
into a point cursor, or lift all but one nger to restrict motion to translation. These
hand gestures are not arbitrarily assigned to these meanings|thgare a consequence
of the properties of the cursors themselves, and can be learnedthe user without
referring to a manual.

The design space for multi- nger cursors is still largely unexpled, and contains
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Figure 3.15: More cursor possibilities: A shaped area cursor for mmgrecise selections
(left) and a parametrized 2D sculpting tool (right).

many enticing possibilities. For example, just as our we can shaper grasp to ac-
commodate the form of a manipulated object [82], we may be &tio adjust the shape
of the area cursor to allow for more precise grouping (see gurel3(left)). Snapping

the cursor's area to select an integer number of targets may imgve performance,
while an area cursor that can rotate and scale its selection mag luseful for drawing
applications. Other types of cursor instruments may also be desigd. For example,
a parametrized cursor whose size, shape, or orientation can bgusted may be used
as a 2D \sculpting" tool to shape drawings much like a sculptor slpes a piece of
clay (gure 3.15(right)).

Multi- nger cursors may also have applications in 3D manipulaon. For example,
positioning and orienting an object in 3D requires control aivice as many parameters
as are needed in 2D. A number of specialized three- and six-dsgof freedom input
devices have been created [2,9, 44,58, 130] to address thbfam, but they do not
perform well in standard 2D interaction tasks. Since the suppartg interface in 3D
software is often 2D (menus, sliders, etc.) users are forced toeafiate between input
devices. Multi-point cursors may allow users to operate tradinal 2D Uls, while
providing the larger number of control parameters necessargrf3D manipulation.
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3.3 Discussion and Lessons Learned

Our experience with the multi-touch techniques described ithis chapter has lead
us to make a number of observations which we believe are impamt to multi-touch
interaction design. First, it appears that multi-touch interaction is very well suited to
object manipulation tasks. By using the analogy of physical mapulation as a model
for mappings from hand measurements to object parameters, oc&@n construct easy-
to-learn techniques that leverage our real-world intera@in experience. Speci cally,
such mappings appear to allow users to coordinate the controf object position,
rotation, and scale using ngers of one hand, while using two hds allows for both
rigid-body control, as well as for stretching and twisting op&tions.

It is important to note that people cannot independently cotrol each of their
ten ngers in continuous, coordinated manipulation; the mabn of the ngers are
highly correlated. However, while the manipulations descréddl above can generally
be performed with just two ngers on each hand, one should not nolude that using
more than two ngers is without utility. More ngers may be used to specify scope (as
with the hand cursor's control of multiple objects) and to incease the user's reach and
range of motion. Di erent nger pairings also have di erent strengths and weaknesses.
For example, pointing and selection taskse(g., using the adjustable area cursor)
appear to be easier to perform with the index and middle ngersyhile rotation and
scaling is best supported by the thumb and an opposing nger (padularly the index
and middle ngers). This is partially due to the greater rangeof motion available
using the thumb and opposing ngers, but other structural and cogjtive factors may
also be at play.

Perhaps one of the greatest advantages of multi-point inputer single-point input,
is that the removal of the single-point constraint on design opes up many possibilities
for novel solutions. However, exploring this new design space mag di cult. The
advantage of a new technique over an old one is not always c¢ledVe do not yet
know under what conditions people can e ectively coordina multiple degrees of
freedom. It is also unknown when such coordination leads to het performance
than serial parameter manipulation, nor how multi-touch ineraction using one hand
compares to similar solutions using two hands. Answers to these quess could
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greatly help designers of future multi-touch interaction. he following chapter makes
a rst attempt at addressing them.



Chapter 4

Principles of Multi-touch
Interaction

4.1 Introduction

The techniques described in Chapter 3 illustrate that in ordefor multi-touch inter-
action to advance beyond simply mimicking physical manipulain, designers must
construct higher level mappings, or \instruments,” that transfom touchpad input
into software parameters. In this chapter we discuss conceptsdadesign guidelines
for ensuring that these mappings are e ective. We present experental results which
validate these guidelines, and provide further insight into usgerception and control
of multi-touch interaction.

As discussed in Chapter 2, researchers have developed many mialtich input
technologies, and a variety of interaction techniques thately on such input. Re-
searchers have also studied the design of two-handed interfacsyvell as multi-touch
gestures, butcontinuous multi-touch interaction is not yet well understood. Designes
of multi-touch interaction techniques currently rely onlyon guesswork and intuition
in their work. Unlike a standard mouse or touchpad, a multi-touls device o ers a
large number of input variables which can be represented inniaus ways. Making
usable mappings between these measurements and software patarmsecan be di -
cult. The design space is large, and inappropriate mappingsrcéead to poor user
performance and confusion.

53



54

A number of biomechanical, neural, and cognitive factors ka bearing on the
e ectiveness of a mapping. For example, physical constraintsrlit the motion of the
joints in the hand and wrist [82], while force-enslaving of nghboring ngers reduce
their ability to move independently [54]. Similarly, the dvergence of the output of
neurons in the primary motor cortex yield coordination paterns in nger motion [95],
which limit the number of e ective degrees of freedom.

We focus our study on two factors which we believe are criticé the interaction
design process, but which have not yet been studied in the conteaf multi-touch
interaction. The rst is the relationship between the structure of the degrees of
freedom of the hands and ngers to the control structure of theask. We show how
designers can ensure a match between the two structures, and th@abviding such a
match yields better performance than an unmatched mappinglhe second factor is
the e ect of perceptual-motor compatibility on task perfornance. We uncover what
visual mappings are compatible with multi-touch interactiom using one and two hands,
and show that compatible mappings lead to better performancand less confusion
than incompatible mappings.

4.2 Motivation

Most existing multi-touch interaction techniques use the inteaction surface as a
touchscreen. The display and motor spaces are aligned, and ugatsract with inter-
face components by touching their image with their ngers [4,63,69,85,93,118,122].
This leaves the choice of mapping between ngers and paramet up to the user.
Users are well prepared to make this choice since the interactioss based on the
analogy of touching and manipulating physical objects.

The advantage of these touchscreen techniques is that they agasy to learn and
understand. The interface designer can meet the user's expdaas by maintaining
an analogy to the physical world. However, this analogy imposegyid constraints
and limitations on possible interactions, which re ect the phgical constraints of the
hand [6]. Fingers are wider than many Ul widgets common todaynaking precise
selection dicult. The hands and ngers often obscure the veryobject the user
is manipulating. On large displays many objects are simply oubf reach. These
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limitations can be overcome by creating more complex, indict mappings between
the control and display space [129]. These indirect mappingseaanalogous to our use
of instruments [16]. Such indirection has been used to enhareinting precision on
single-point touch-screens [6], and to increase the user's feamn a large display [43,
84]. Benkoet al. [17] enhance pointing precision on a multi-touch display by usy a
second nger to dynamically adjust the control-display ratio,or to scale portions of
the screen. The problem of increasing range and precision is agtdressed by the
multi-touch cursor techniques discussed in chapter 3. The handrsor applies cursor
acceleration to the coordinate frame of the user's ngers, wlei the similarity cursor
increases the range and precision of rotation control by apphg a gain function to
hand rotation.

These indirect methods represent powerful tools for high-dexg-of-freedom con-
trol, but selecting a mapping between the user's ngers and pameters of the software
is now up to the interface designer rather than the user. An apppoiate choice is
not always obvious, since there is no clear physical analogy. dfvif a clear mapping
exists, its e ectiveness is dicult to predict, as it is governad by a large number
of physiological and cognitive factors. Some of these factorave been explored in
the area of bimanual interaction. For example, several resefiers have noted that
in two-handed manipulation using two cursors, users become digtted when the
right-hand cursor crosses to the left of the left-hand cursor [574]. Balakrishnan and
Hinckley have shown that transformation of the hands' relativerbmes of reference
can reduce performance. It has also been demonstrated that l@nual coupling is
a ected by visuomotor scale transformations [113].

On what basis, then, can a designer choose an e ective mapping? \&leggest
that appropriate mappings can be selected by examining two s of relationships
between the degrees-of-freedom of the hands and the contrakk. The rst rela-
tionship is the degree to which the user's physical actions arersiar to the visual
feedback provided by the systemeg(.g., are they in the same direction?). The second
relationship is the match between thestructure of the degrees of freedom of the con-
trol and the perceptual structure of the task €.g., does a pair of parameters vary
together or independently?). These two relationships are disssed in detail in section
4.3 where we explain why ensuring a compatible perceptual mapg, and matching
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control structure are good guidelines for multi-touch intesction design. However,
these guidelines cannot be applied without an understanding the perception and
structure of multi-touch interaction. In section 4.4 we desche an experimental anal-
ysis of these aspects of parameter mapping, and demonstrate hdvede principles
can be applied to the design of an interaction task.

4.3 Parameter Mapping in Multi- nger and Bi-

manual Interaction

The degrees-of-freedom provided by a multi-touch digitizérave properties and struc-
ture imposed by the form of the touchpad, and by the nature of hman hands and
cognition. These properties and their relation to the propeies of software parame-
ters determine the quality of a mapping between points on thsuch-surface and the
software.

The most obvious properties are the physical ones. Points reped by the touch-
pad are two dimensional, where the range of the X dimension isited by the width
of the surface, and the range of the Y dimension is limited by theeight. The e ective
resolution along each dimension is constrained by the resolvipgwer of the digitizer,
and by the limits of human precision. The points form one or twgroups determined
by the hand of their corresponding ngers. The three dominant @ameters of each
hand (its X and Y position and its orientation) establish a refeence frame for the
points in its group. Since these parameters a ect the positionf entire groups of
points, it is useful to separate the degrees of freedom into hapdrameters and nger
parameters withing the hand's reference frame. The hand pten is limited by the
width and height of the touch-surface, while its orientationis constrained by physical
limits on wrist rotation and arm movement [80]. Similarly, the position of the nger
points is constrained by limits on each nger's extension, addttion, and abduction.
In contrast to these xed limits and structure, the range and resloition of software
parameters are bounded only by the amount of machine memorylated to them,
and they may be organized in a variety of ways. In practice thedunds and structure
of these parameters are speci c to the task in which they are inled.
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Another important attribute of control dimensions is the degee to which groups of
dimensions have anntegral structure or a separablestructure. Integrality of dimen-
sions refers to the degree to which these dimensions vary togathor are perceived
to form a uni ed whole. Measures along integral dimensions for a Euclidean metric
space, while distances in separable spaces are measured by thehd#an distance.
The importance of matching the input control structure of a sysm to the structure
of the task was rst put forward by Jacob et al. [65] with regard to Garner's theory
of the perceptual structure of visual information [46]. Expements by Garner and
others show that distances in perceptual spaces between obgpbssessing multiple
attributes can follow either a Euclidean or a Manhattan metic depending on the
type of attribute varied. For example, the X and Y dimensions ban object's position
have an integral structure, while its color and shape are sep#&ia. Jacobet al. put
forward the hypothesis that user performance can be enhancey &llowing users to
control separable dimensions with an input device that contis the dimensions sep-
arably (i.e., without changing other parameters) and to control integral dnensions
with a device that can control them integrally (.e., makes it easy to move along
several dimensions). An experiment by Jacobt al. using integral and separable
matching tasks controlled by integral and separable input déses appears to support
his hypothesis.

Later work by Wang et al. [111] points out that the visual pathways responsible
for object perception are separate from those guiding actiorBince the way people
perceive an object may be unrelated to how they act when grasgi or manipulating
it, perceptual integrality does not necessarily play a role ifiorming the structure of
a manipulation task. The authors put forth the hypothesis thathuman ability to
control properties of an object separately or concurrently &bends on the existence
of independent visuomotor channels. For example, one hand tafs position and
another controls orientation. They show, experimentally, tat human transportation
and orientation behavior exhibits a parallel structure for part of the duration of object
transport. That is, transportation occurs separately from oriatation for part of the
time, and concurrently for part of the time. However, the onsebf orientation varied
with the target distance, implying that the two processes are nandependent. In
the language of Jacolet al., the task would be characterized as both integral and



58

separable. A perceptual structure cannot be both simultaneoyslhence the authors
conclude that the structure of a manipulation task is a consequee of the human
visuomotor control structure rather than of the perceptual stucture of the task.

In this dissertation we will use the termintegral control structure to refer to
methods of input that make it di cult for the user to move along a single dimension
without a ecting another. For example the X and Y dimensions ba nger's position
have an integral structure. We will use the ternseparable control structurdo indicate
methods of input that allow the user to keep one parameter xedvhile varying
another. For example, the extension of a nger can be kept féyr constant during
hand motion, since it is controlled by a separate muscle groupné possibly by an
independent visuomotor channel.

A third important relationship between control parameters ad software parame-
ters is the degree to which the user's physical actions are siarito the visual feedback
provided by the system. Stimulus-response compatibilityis a well-studied princi-
ple [40] which states that matching properties of a control t@roperties of a visual
stimulus leads to superior performance over a mismatched couoitr In an experiment
matching the direction of motion of a joystick-control to thedirection of cursor motion
in the visual eld a compatible mapping yielded signi cantly slorter movement and
reaction times, as well as a signi cant decrease in errors [120§sues with stimulus-
response compatibility are familiar in the eld of human-compter interaction. For
example, when the left-hand cursor in a bimanual control task aves to the right
of the right-hand cursor, users have trouble identifying whit cursor is controlled by
which hand.

4.3.1 Multi-touch Interaction Using One and Two Hands

In the following investigation we limit our focus to interacion using two ngers on
a touchpad. We believe that two point interaction makes a gab\base-case" for the
more general problem of multi-touch input. Furthermore, sine using one nger on
each hand is essentially two-handed interaction, this choicelates multi-touch inter-
action to bimanual interaction, which has been extensively stlied (see section 2.2.3).
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The literature on the subject contains many examples of usefuhteraction tech-

niques that outperform their one-handed counterparts. Thesmclude two-handed
menu systems [18], illustration techniques [70, 74] methods 2D and 3D manipula-

tion [73,125], and more. Since all of these techniques simpbke the motion of two

points as input, it is reasonable to ask if these points could justs easily come from
two ngers on the same hand instead of two di erent hands. Using oplone hand

for input has several advantages. It leaves the user's other ldhfree to control other

aspects of the software (such as selecting modes or executingbikeyd shortcuts)

or to interact with other people or the environment. A single land also requires a
smaller workspace, and may provide for better integration ofgzameters.

There is another reason to focus on two- nger interaction: lis likely that the
major degrees of freedom of the hand can be represented by otilg thumb and
nger. A study by Santello et al. [94] reveals that more than 80% of the variance in
static hand postures can be accounted for by only two principleomponents. Both
components describe the opening and closing of the grasp via iex of the nger
joints and rotation of the thumb. The motion of ngers is linked both mechanically
and neurologically [54,95], yielding highly correlated nvements. Thus we expect that
use of more than two ngers on the same hand would yield only min@advantages
(especially when constrained to the surface of a touchpad). Ehdoes not preclude
the use of more than two ngers, it simply means that groups of ngrs should be
considered together. For example, ngers forming part of a gsp act as a single
highly coordinated group referred to as a \virtual nger." In many common grips the
thumb acts as one virtual nger, while the rest of the ngers atas another [82].

This high correlation in nger movements highlights the di erent control struc-
tures of one and two-handed input. We would expect that the mimn of ngers
on separate hands may be more easily decoupled than of ngers thie same hand.
Moreover, it may be easier to coordinate the motion of the ngs of one hand than
of two. We hypothesize that user perception of touchpad inteciion using one nger
on each hand is compatible with control of two positions, and peeption of interac-
tion using the index nger and thumb of one hand is compatible h controlling a
position, an orientation, and a scale or distance related to thepan of their hand.
The di ering control structures a ect how well users can coorthate or separate the
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control of di erent parameters. The way each of these degreetfoeedom is perceived
determines the compatibility between users' motor actions a@hthe visual feedback
they receive.

4.3.2 Measuring Coordination

An important aspect of high-degree-of-freedom control is thaser's ability to ma-
nipulate multiple parameters in parallel. Coordinated cotmol, is essential for certain
applications (e.g., performance animation) while in others a high degree of pdra
lelism speeds up performance. In order to compare the e ect of @ent mappings
on coordination ability we require a metric for measuring pallelism. One of the
simplest issimultaneity, which is de ned as the percent of time that the user simulta-
neously adjusts all parameters under consideration. This measthas been commonly
used due to its simplicity [24,73,78]. However, this measure doeot account for the
magnitude of the adjustment of each parameter, or for whethehe adjustment is
relevant to the task. For parallelism to be bene cial, paramedrs must be adjusted in
a coordinated fashion.

What does it mean for a user to coordinate the control of severghrameters?
Zhai and Milgram [129] propose e ciency as a measure for coordition. E ciency
relates the actual distanced users traverse through parameter space to the length
s of the shortest path. Just as walking diagonally across a squaremMa takes fewer
steps than walking along its border, a user who is able to coondite the control
of the required parameters will traverse a shorter path in paraeter space. This
measure assumes that any extra work users perform is due to imgetfcoordination.
To measure this extra work, Zhai and Milgram de ne theine ciency metric as a
percent of the minimum necessary work:d( s)=s. This de nes perfect coordination
as zero ine ciency, while less coordinated action has a greatine ciency. Note that
unlessd is linearly dependent ons, this measure is scale-dependent and can only be
used for comparisons on tasks of the same scale.

The ine ciency metric is well suited for tasks where users aim taccomplish a
xed goal, or to reach a static target. However, it does not appl to pursuit tasks,
where users track a moving target, or path-following tasks suchs segmenting an
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image. Balakrishnan and Hinckley de ne a measure of coordinatearallelism for
bimanual pursuit tasks [12]. The measure can be applied to any ipaf parameters,
or to two logical groups of parameters (such as hand position].he metric measures
how much two hands or ngers work together to simultaneously drice tracking error.
Given a point p traveling through p°on the way to goal pointg, the fractional error
reduction for that point is g= k(p® p)"(g p)k=kg pk clamped between 0 and
1. The instantaneous parallelism for two points is then mintg; ¢p)=max (¢p; ¢t) if
both fractional reductions are positive, and 0 otherwise. Tkimetric yields a mean
parallelism of O when each nger's error is reduced sequentigland a mean value of
1 when the fractional errors of both ngers are simultaneouslyeduced by the same
amount.

4.4 Perception and Control of Multi-touch Input

Using One and Two Hands

The following investigation aims at improving the understanthg of continuous high
degree-of-freedom input using multi-point touchpads. We hygihesize that the struc-
ture of the degrees of freedom of the hands and ngers, and theelationship to the

visual nature of the task, strongly in uence the e ectiveness o& mapping between
hand measurements and software parameters. We show that this etas visible both

in overall user performance, and in the user's ability to coondate the control of these
parameters.

We describe two experiments on user perception and control ofuti-touch in-
teraction using one and two hands. The rst experiment addresse®Ww to maintain
perceptual-motor compatibility in multi-touch interacti on. The second measures sep-
arable and parallel control of degrees of freedom in the hamdnd ngers. Results
indicate that user perception of a bimanual interaction taskd compatible with the
control of two points, but can be incompatible with the contrd of orientation and
scale. An analogous unimanual task is compatible with the comk of a position,
orientation, and hand-span. Furthermore, we nd a slight advatage in using two
hands for separate control of two positions, while one and twahded control exhibit
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the same degree of parallelism in an object manipulation task. &\show how these
results can be applied to the design of multi-touch interactio

4.4.1 Experiment One

match-segment

control-segment

Figure 4.1: Visual display and mappings for the tracking task. Ussrwere asked
to track a moving segment using two ngers on one and two hands. Feach hand
condition, the segment was manipulated using both an alignedsplay (left) and a
rotated display (right).

The goal of this experiment is to establish mappings that ensusompatibility be-
tween the user's nger movements and the visual feedback presesh by the system.
In particular we examine mappings for an object transportatin and orientation task.
We use a two-point object manipulation technigue known as twbanded \stretchies"
that has appeared frequently in the literature [33,70,730b]. A one-handed equiva-
lent has also been described [89,93]. The technique allows arusesimultaneously
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translate, rotate, and scale an object. In the case of two ngersn a touchpad, each
of the user's ngers controls the position of a point on the obj. The transformation

of the line segment connecting the user's ngers is applied thé manipulated object.
Change in its length scales the object, change in its angle abés the object, and
change in its position moves the object.

We present participants with a segment tracking task similar to e previously
used to study bimanual parallelism [12] (see Figure 4.1). Paripants are asked
to pursue a short line segment as it randomly moves and rotates dme screen by
controlling a \match-segment"” so that its position and orientdion match the target-
segment as closely as possible. This continuous pursuit task farqearticipants to
coordinate their control of parameters as much as possibleJaling us to measure
their coordination ability.

Participants manipulate the control-segment (using the two anded stretchies
technique) as though it were a stripe drawn on a transparent shieef rubber. They
can manipulate this sheet using either one nger on each handitnanual condition),
or the thumb and index nger of their right hand (unimanual condition). As discussed
above, the movements of the ngers on one hand are highly cetated. Therefore we
hypothesize the following:

H1 The unimanual manipulation condition will exhibit greater parallelism than the
bimanual condition.

The manipulation is performed under two visual conditionsaligned and rotated.
In the aligned condition, the control-segment is drawn so thats endpoints are aligned
with the points controlled by the user's ngers (Figure 4.1 |&). For the rotated con-
dition the segment is drawn rotated 90 about the center of the aligned segment
(Figure 4.1 right). In both visual conditions the motor control task is identical. Any
nger motion would result in the same visual transformation undeboth conditions.
However, we predict that alignment or lack of alignment with he user's ngers will
have dierent e ects in the one and two-handed conditions. Ifusers perceive the
task as control of position, orientation, and scale, then the @nment of the segment
should have no e ect on performance. We predict that this is th case in unimanual
multi-touch interaction: Motor rotation is compatible wit h visual rotation, and motor
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extension of the ngers is compatible visual expansion. Howevef users perceive the
task as control of two points, then only the aligned condition W maintain percep-
tuomotor compatibility. In the rotated case, moving the left nger up will result in
the leftmost endpoint moving to the right. Attempting to control points instead of
orientation and scale makes the task more di cult. In light of this analysis, we make
the following hypothesis:

H2 Presenting a rotated display of the match-segment will have noext under the
unimanual condition, but will signi cantly reduce performance in the bimanual
condition (i.e., increase tracking error).

Apparatus and Task Design

Participants interacted with the system using a FingerWorks i@sture Pad [39]. The
touchpad measures 15 115 cm, and tracks nger contacts at approximately 100
Hz. The system made an absolute mapping between points on the tbpad and a
1024 746 pixel region on the screen at a control/display ratio of 035 The display
was placed approximately 45 cm from the subject. For the uninmaial condition the
touchpad was placed in front of or in front and slightly to the rght of the subject's
right shoulder, while in the bimanual condition it was placedirectly in front of the
subject and screen. The display was updated at over 100 frames pecond.

The match-segment was maintained at a length of 3 cm in touchdaspace. The
center of the segment was constrained to a@B 126 cm region of the touchpad,
the angle of the aligned segment was constrained to lie betwe@rand 86 from the
horizontal. This range is accessible within the joint limits bboth the bimanual and
unimanual condition, and ensures that the left and right endpints never cross. The
path of the center of the segment was interpolated using a culitterpolant through
random points in the constrained region of the touchpad at a ta of 5 seconds per
point. The angle was interpolated through random angles inhe constrained range
at a rate of 6.25 seconds per angle.

The match-segment was drawn with a gray seven pixel wide stroketlw14 pixel
long tick marks at its endpoints. The control-segment was drawwith a two pixel
wide black stroke. If more or less than two ngers were detecteoh the touchpad,
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tracking temporarily stopped, and the control-segment turneé red to alert the sub-
ject. In the aligned condition, the control segment was drawso that its endpoints
corresponded to the mapped positions of the contact points omé touchpad. In
the rotated condition, both segments were drawn rotated 9@bout the center of the
corresponding aligned segment.

Participants

Twelve right handed university students (6 women, 6 men) partipated in Experiment
One. All were regular computer users, but had no previous expeinice using a multi-
point touchpad. They spent approximately 25 minutes perforing the task and lling
out a short questionnaire. Participants were paid $5.

Design and Measures

A within-subject full factorial design was used. The independ variables were the
hand condition (unimanual and bimanual), and the visual presgation (aligned and
rotated). Participants completed four 30 second tracking tals under each of the
four condition for a total 8 minutes of tracking. The rst trial in each condition
was for practice. For the later three data-collection triad participants were asked to
track the match-segment as closely as possible. The order of preaagon of the four
conditions was balanced according to a Latin square. The sexief transformations
used to generate the animation path for the match-segment wageintical under all
conditions.

Dependent variables were mean error and mean parallelism iich 30 second trial.
Mean error was calculated as the mean sum of the distances betwehe endpoints of
the control-segment and the endpoints of the match-segment. dothat this error is
preserved under rotation, so we can use the segment endpointshie totated condition
as well. Parallelism was calculated as a ratio of error-redimn as described above.
As the touchpad sampling rate is somewhat variable, the data wassampled at 50
Hz. Segments where the user had too few or too many ngers in cant with the
touchpad for more than 0.5 seconds were removed from the arg$y while shorter
segments were linearly interpolated.
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Figure 4.2: Results for Experiment One. Note that rotating thevisual stimulus
resulted in a large increase in error in the bimanual conditignbut only a minor
increase in the unimanual condition.

Results and Analyses for Experiment One

Results for parallelism can be seen in Figure 4.2 (right). An anais of variance
revealed a signi cant main e ect for hand condition (R.1; = 34:16; p < 0:05) but no
e ect for, or interaction with, visual presentation. The unimanual condition showed
signi cantly more parallelism in both the aligned condition ¢;; = 3:69;p < 0:0125)
and the rotated condition (t;; = 4:72,p < 0:0125). This supports hypothesisH1,
that one hand exhibits more parallel control than two. Howewg the di erence is
small, and the overall parallelism observed is low. The low pdlalism value may
indicate that an equal-rate reduction in percent error is nba strategy employed by
our motor control system. We will explore this issue further in Egeriment Two.
Results for tracking error are shown in Figure 4.2 (left). An arlgsis of variance
revealed a signi cant main e ect for hand condition (F.;; = 21:13 p < 0:05 ) and
for visual presentation (F.;; = 49:10,p < 0:05), as well as an interaction between
the two factors (F1.1; = 40:96,p < 0:05). Rotating the visual presentation of the
segment resulted in a signi cant di erence in error in both the Imanual condition

Bonferonni correction for four comparisons at = :05.
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(t11 =7:78 p < 0:0125) and the unimanual condition (t;; = 3:66;p < 0:025). While
this does not meet ouH2 prediction that rotating the visual presentation will have no
e ect on the unimanual condition, the relative magnitudes 6the changes in error do
provide support for our hypothesis. In the unimanual conditionrotating the segment
increased error by 28%, while in the bimanual condition it ineased error by 75%.
Thus, it is reasonable to surmise that, to a rst approximation, catrol of a position,
orientation, and span is perceptually compatible with unimaual manipulation, but
is not compatible with bimanual manipulation in the absence foa clear nger-to-
point correspondence. When such a correspondence exists, binenmanipulation is
compatible with the control of two positions.

Participant feedback appears to corroborate this view. Pécipants were asked if
they found any aspect of the task particularly di cult. Commenting on the rotated
bimanual condition one participant said that \it was as if the controls were reversed
when rotating.” Another said that this condition was the most dicult, and that she
\found it hard for the two sides of my body to work together,” ard di cult to \ x
my sight on the two invisible spots on the screen where my ngers ene'." No such
comments were made about the unimanual rotated condition.

We hypothesize that the small increase in error in the unimanualondition may
be due to the fact that changing the span of the hand is anriented expansion,
rather than a uniform one. The interaction between hand spanna orientation is
important in grasping behavior. This relation to grasping wawisible in one variation
of our pilot study. When the system ignored the inter- nger distace and kept the
segment length constant, we observed that participants brougltheir ngers much
closer together in the rotated condition than in the aligned @ndition, as if they were
attempting to hold the segment between their ngers.

A signi cant di erence in error between one and two hands was se in both the
aligned condition (t;; = 2:45 p < 0:09), and rotated condition (t;; = 5:58p <
0:0167). In the aligned conditions this represented a 25% increase @iror. This
appears to suggest that unimanual manipulation may be better gad for manipula-
tion tasks that requires a high degree of coordination than tsianual manipulation.
However, the tness of one or two handed multi-touch techniguefor a given task

YThis test used Holm's sequential Bonferonni procedure [60] for four comparisons at = :05.
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may have more to do with the structure and nature of the manipuaition task and
the particular degrees of freedom that require coordinatio Our next experiment
explores this issue further.

4.4.2 Experiment Two

The goal of this experiment is to assess the structure of one andawanded multi-
touch interaction. In particular, we propose that in an objet manipulation task, two

hands are better able to isolate the control of two individuapoints than one hand.
Furthermore, in the light of Experiment One, we expect that ae hand would be
better able to coordinate control of an object's position, aentation, and size.

control-shape

target-shape

Figure 4.3: Visual display and mappings for the alignment task. Ubjects were asked
to align a control-shape to a congruent target-shape using twagers on one and two
hands. For each hand condition users manipulated both a rounégatureless shape
(left) and a thin, pointed shape who's key features were aliga with the subject's
ngers (right).
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Participants are presented with an object alignment task. Usinghe same two-
point \stretchies" technique used in Experiment One, particignts used two ngers
on one or two hands to move, orient, and scale a control-shape $att it is aligned
with a target-shape (see Figure 4.3). The experiment uses twoplgs of shapes. The
rst is a thin, pointed shape with two prominent, sharp \features" at opposite ends
(Figure 4.3 right). We believe that a clear alignment strateg for this shape is to
align each prominent feature on the control-shape with the c@sponding feature on
the target-shape. We align the mapped position of the user's mgs on the touchpad
so that they lie directly on the two feature points. This ensureshat moving a single
nger will only move its corresponding point, while leaving he opposite feature point
xed. Since we expect that separate control of two points is sgr with two hands
than one, we predict the following:

H3 Bimanual alignment of the pointed shape will be quicker than nimanual align-
ment.

H4 Bimanual alignment of the pointed shape will be more e cient han unimanual
alignment (as measured by Zhai and Milgram's ine ciency metc).

The second shape is a smooth, round shape with no obvious featufegure 4.3
left). Lacking such features a reasonable alignment strategy to attempt to align the
entire boundary of the shape. We expect that this strategy wodlbene t from a high
degree of coordination between the adjusted dimensions, sinceaately adjusting
the scale, position, or orientation, would throw-o previousadjustments. Thus, we
make the following hypotheses:

H5 Unimanual alignment of the round shape will be quicker than bi@nual align-
ment.

H6 Unimanual alignment of the round shape will be more e cient than bimanual
alignment.

Apparatus and Task Design

The hardware and display setup were identical to those in Expenent One.
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The control-shape was drawn in a translucent violet, keepinghé target-shape
(gray) always visible. If more or fewer than two ngers were ircontact with the
touchpad, tracking was temporarily stopped, and a red bordexas drawn about the
control-shape to alert the subject. If every point on the bounary of the control-
shape was within 1 mm (in touchpad coordination) of a point ontte boundary of
the target-shape, the control shape was considered aligned awds drawn in green.
Maintaining alignment for 0.5 seconds ended the trial.

The center of the line segment connecting the target positionsf the subject's
ngers was randomly placed within a 3 2:5 cm rectangle in the center of the touchpad.
The segment was oriented at a random angle between 0 and f80m the horizontal,
and was assigned a random length between 2.5 and 4 cm. The end fmsiof each
trial constituted the start position for the next trial.

Participants

Twelve right handed university students (5 women, 7 men) partipated in Experiment
Two. All were regular computer users, but had no previous experce using a multi-
point touchpad. They spent approximately 30 minutes perforing the task and Iling
out a short questionnaire. Participants were paid $5.

Design and Measures

A within-subject full factorial design was used. The independ variables were the
hand condition (unimanual and bimanual), and the shape (poted and round). Par-
ticipants completed three sets of 20 alignment trials undeiaeh of the four conditions.
The rst set of trials in each condition was considered practiceas was the initial trial
in each set. In the later two data collection trials participats were asked to work
as fast as possible. The order of presentation of the four conditis was balanced
according to a Latin square. The ordered series of transformatis used to generate
the target shapes was identical under all conditions.

Dependent variables were trial completion time and ine ci@cy (see section on
coordination). Ine ciency was measured with respect to the pth traveled by the two
control points. Trials were discounted from the analysis if mer or fewer than two
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ngers were in contact with the touchpad for more than one secal, or for a distance
of more than 1 cm. Trials longer than 10 seconds were also remibveDiscounted
trials constituted 5% of the data.)

Mean Completion Time Mean Inefficiency
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Figure 4.4: Results for Experiment Two. Subjects aligned theointed shape slightly
faster using two hands than one. This result is explained by thaeater e ciency of
bimanual control of two separate points than unimanual contil.

Results and Analyses of Experiment Two

Completion times for Experiment Two are shown in Figure 4.4. Amnalysis of vari-
ance revealed a signi cant main e ect for shape (Fi; = 5:44;p < 0:05) as well as a
signi cant interaction between hands and shape (F1; = 8:84;p < 0:05). In the bi-
manual condition users aligned the pointed shape signi cantlfaster than the round
shape (k; = 3:63,p < 0:0125). No such di erence was found in the unimanual con-
dition. Furthermore, users aligned the pointed shape signi aaly faster using two
hands than using one ({; = 2:86,p < 0:0167). This con rms hypothesis H3. We
interpret this to mean that users are better able to separate #control of two points
when using ngers on opposing hands than when using ngers of tlsame hand.
Notably, no signi cant di erence between hand conditions wa$ound for the round
shape. This contradicts hypothesi$i5 that one hand would perform faster for this
shape. This could be interpreted in two ways. First, it is possibléhat the strategy
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participants used for aligning the round shape did not entaillte high degree of co-
ordination we expected. Alternatively, it is possible that twohands can coordinate
the necessary degrees of freedom just as well as one. We look at ¢ltiency data
to help resolve this issue.

Ine ciency for experiment two is shown in Figure 4.4. A signi cant main e ect was
found for hands (R.11 = 11:24; p < 0:05). When manipulating the pointed shape, two
hands were signi cantly more e cient than one (t;; = 4:87,p < 0:0125). Two hands
were also more e cient when manipulating the pointed shape thwhen manipulating
the round shape (i; = 3:02 p < 0:0125). No di erence was found between one and
two hands on the round shape. This con rmdH4, but contradicts H6. That is, two
hands were more e cient than one for the task requiring separain, but one hand
was not more e cient for the task requiring coordination. Dueto the signi cant
positive correlation between ine ciency and completion tines ¢ = 0:598 p < 0:05)
we conclude that shorter completions times are due to greaterciency.

While it is not surprising that two hands show a greater amount ofoordination for
the separable task, the results for the integral task appear to otvadict Experiment
One. Inthe rst experiment, one hand displayed slightly more pallelism than two for
a task that required a high degree of coordination. In the secdrexperiment, no such
di erence was found. This may be attributed to several di ereces between the two
experiments. First, Experiment One involved moving the centeof the control-shape
greater distances than in Experiment Two. This would result irgreater parallelism
for ngers with a close mechanical link. Furthermore, whilen the rst experiment,
both ngers had to reduce absolute error at an approximatelyaual rate, the setup of
the second experiment yielded a di erent start-to-goal distare for each nger. This
may favor greater parallelism in a separable control structure

It should also be noted that while both parallelism and e ciencyare intended as
measures of coordination, they do not measure precisely the sathang. However,
analysis of the parallelism in Experiment Two revealed no dieence in parallelism
for the round shape, and more parallelism in the bimanual corttbn for the pointed
shape (t; = 3:63;p < 0:.0125).
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4.4.3 Discussion and Future Work

Our experiments yielded two clear conclusions. First, unimamal multi-touch ma-
nipulation is compatible with a visual rotation task, even wha lacking clear point
correspondences. This implies that users perceive the unimahdask as control of
a position, rotation, and a (possibly oriented) scale. Two handemulti-touch ma-
nipulation is only compatible with an object manipulation task when there is a clear
correspondence between the ngers and the manipulated coolrpoints. This has a
number of design implications. Unimanual orientation controls more robust to visual
transformations than bimanual control. Thus, interfaces thainvolve rotation (e.g.,
a dial) may be performed with one hand with less reliance on visufeedback. It
also suggests that applying a gain function to object rotation8P] could be bene cial
for a one-handed interaction technique, but, since it hindsra clear nger-to-point
correspondence, it may result in confusion and reduced perfance if a two-handed
mapping is used.

The second clear result is that two hands perform better than @nat tasks that
require separate control of two points. Examples of these incde window manipula-
tion, marquee selection, image cropping, or control of sep&eaobjects. It is also the
case that these task are perceptually compatible with bimanualontrol.

A number of open questions still remain. The cause of the small nease in
error in the rotated unimanual condition is not yet clear. Wthle we hypothesize
that it is caused by an interaction between the orientation ad span components of
the manipulation, our experiment did not separate these two coponents. Further
investigation of this issue may provide designers with a betterodel of user perception
of one-handed multi-touch interaction. It is also not yet clar under what conditions
one hand can coordinate the degrees-of-freedom of a manipethobject better than
two. Our experiments indicate that this may be the case underectain conditions,
and hint that the answer may have something to do with the scale aymmetry of
the action. From the perspective of an interface designer, hewer, the question may
not be of much practical value. If a task requiring a high degesof coordination is
compatible with both one and two handed manipulation, but ha no clear separation
of control points, our results indicate that performance di eences between one and
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two-handed multi-touch techniques are likely to be small. Uret these conditions, a
designer may safely interchange the two methods as best suits tiask.



Chapter 5
Future Research Directions

Multi-touch interaction is still in the early stages of develpment. In this work we
have shown a number of methods for using multi-touch input to iprove the user
experience. We have discussed the implications of these techudg, and how they
may be extended. We have also began to explore the human fastarvolved in multi-
touch interaction. Many more applications may bene t from nulti-touch interaction,
and questions remain about multi-touch interaction design. Mis chapter outlines
future research directions along both of these paths.

5.1 Principles

5.1.1 Human Manipulation Abilities

The experiments described in chapter 4 address parameter mappfor two ngers on
one hand, or one nger on each of two hands, but we have yet to gaalize our ndings
to multiple ngers on a single hand, and to bimanual interactbon using more than two
ngers. Di erent pairs of ngers have di ering degrees of independence, which makes
them more or less suitable for various tasks. The role each ngetags may also
depend on the type of manipulation being performed. While mal specialization
is well explained by Guiard's kinematic chain model [53], its not yet clear how
the model can be extended to account for ngers, and whether su@an extension
would have any useful implications. The model asserts that anynk higher up in

75
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the chain (and particularly the base link) acts as a referenckame for the lower

links. However, the hands and ngers are not connected sequeally in a single

chain, but form a branching network of kinematic chains. Do tbse structures share
a single root, or does the base of the chain change to accommadtte task? The
answers to these questions may have important design implicat® They may help

designers understand role assignment for di erent ngers, and te&rmine how users
respond to transformation in kinesthetic reference frames [[L1For example, when
using the thumb and index nger, is the frame of reference fordih digits always

set by the hand, or can one nger act relative to the position oftte other? These
factors determine whether asymmetric bimanual interactioriechnique have usable
unimanual analogues.

This work has focused on unimanual interaction using only twongers, as they
represent the major degrees-of-freedom of the hand. Work by riallo et al. has
shown that about 80% of the variance in static hand postures is plained by only
two principle components (both relating to opening and closg the grasp) [94], but
the other 20% is not just noise. Another four or ve components dtiprovide useful,
albeit subtle, information. Do these results transfer to nger notion along a surface?
If so, is the information useful for interaction tasks? These adiinal dimensions
appear to relate to shaping the grasp to conform to the shape ofdgharget object. As
such, they may be useful controlling the shape of regions-of-émest. Fluid control of
non-trivial regions-of-interest has applications to maniplation of dense or continuous
data, such as images, curves, and surfaces, and to selection androbof multiple
objects.

Another way of providing more control for the user is through mior-learning. This
work has focused mainly on closed-loop interactions that arixlited by the user's at-
tention and working memory. However, people are capable o&hlaing, through prac-
tice, intricate motor-control patterns such as handwriting typing, and the playing of
musical instruments. This ability may prove useful for multi-taich interaction tech-
niques designed with expert users in mind. For example, mulibuch ngerspelling
can provide implement-free text input that is potentially faster than single-point
stroked alphabets. The greater number of motions possible withuitiple ngers
eliminates the need for complex strokes, or for multi-stroke anacters.
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5.1.2 Importance of Haptic Feedback in Multi-touch Inter-
action

Fitzmaurice, Ishii, and Buxton [41] have demonstrated that tagible interfaces, such
as their Bricks system, have many advantages over traditional interfaces thare
mediated through a generic input device such as a mouse. Amongs$ie advantages
are the encouragement of two-handed interaction, allowaador parallel input and
spatially multiplexed input (rather than sequential and temporally multiplexed in-
put), making use of our well developed manipulation skills, takg advantage of our
spatial reasoning abilities, and support for multi-user collalration. A great part of
these advantages appears to be a consequence of allowing useisteract with the
system using multiple ngers on both hands. If this is the case, timea multi-touch
interfaces that digitally simulate tangible Uls may allow foruser performance that
is on par with their tangible analogues. This is especially thease for the prevailing
table-top style of interaction, where physical widgets are t&n restricted to sliding on
a surface. A large number of such simulations could be run on a dmgnulti-touch
system without the need to acquire and store a large number of sjEepurpous input
devices. Tangible Ul devices may be costly, and may clutter thesar's workspace, so
it is important to asses the value of their palpability.

Our ngers are not simply manipulators, they are also used to sensegperties of
the grasped object. Our sense of touch plays a crucial role in oorehensile behav-
ior [82], and without it we become more reliant on our visual peeption. Designing
experiments to test our ability to compensate for the absence tdctile feedback is
fairly straightforward. For example, comparisons could be nige of real and simulated
tangible interface techniques that are commonly usec (., sliding physical objects
on a table). Since physical objects may interact with each o#én, a physical simula-
tion may be needed to accurately emulate the behavior of the sgm. Performance
indicators, such as timing and error, can than be measured for gae sub-tasks such
as target acquisition and path-tracking. Attention should ato be paid to the e ects
of inter-object contact. For example, aligning two objectdo each other, or sliding
an object into a slot or socket could potentially be easier giveappropriate haptic
feedback.
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5.2 Applications

5.2.1 3D Manipulation

A large part of computer interaction development has focuseoh interaction which
takes place on our two dimensional screens. But the world is noat, and to properly
represent it requires interaction in three dimensions. 3D intaction is crucial for ani-
mation, computer-aided design, and scienti ¢ visualizationplications. Moving from
two to three dimensions does not add only a single parameter. rexample, position-
ing and orienting an object in 3D requires the control of twie as many parameters
as are needed in 2D. As a consequence of this, software for 3D malapon is often
brimming with numerous control widgets and manipulation mdes. To address this
problem several specialized three- and six-degree of freedonpuit devices have been
created [2,9,44,58,130]. While these may work well for 3D mpualation, they do not
perform as well in standard 2D interaction tasks that have beedesigned with a 2D
device in mind. A multi-point touchpad, however, is as at aghe screen, and can eas-
ily be used for 2D interaction, yet the large number of degrees-freedom it provides
makes it a good candidate to control the many parameters of 3&€nvironments.

The problem is nding an appropriate mapping. The structure 63D manipulation
is very dierent from the control structure provided by multi-point touchpads. A
number of systems have explored mappings from 2D points on theresn to 3D
manipulation [49, 124], and while their usability has not bee formally tested, they
show that this may be a promising direction. As the benet of intgrated 2D and 3D
input is great, further exploration of multi-touch 3D control may be very fruitful.

Ideally, a 3D manipulation technique would allow a user to sinitaneously control
the six degrees-of-freedom of rigid-body motion (object pomith and orientation).
Theoretically, three input points should be su cient for this task. For example,
such control could be achieved using a similar approach to Gleer and Witkin's
through-the-lens camera control [49]. A user would touch thecreen (or use a hand
cursor) so that her ngers touch the screen-image of the object mterest. Constraint
optimization could then be used to solve for a rigid transforma&bn that maintains
the projected nger positions over the same spots on the manipted object. Such a
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mapping, however, may require frequent clutching for roté&n, as the user may only
manipulate points on the front-facing surface of the objectHowever, as discussed in
chapters 3 and 4, the motions of the ngers are highly correled, so simultaneous
independent control of three ngers on one hand may be not bedsible. If one-
handed control is desired, it may be practical to separate the amipulation into
control of position and of orientation. The work of Wanget al. suggests that there
exist separate motor control pathways for object transportatin and orientation, so
they may be executed either simultaneously or sequentially.

Experiments comparing a three DOF input device to a standard ouse have shown
that users perform a 3D docking task 30% to 40% faster when givemmsiltaneous
control over all three spatial dimensions (even given a loweesolution and lack of
S-R compatibility in the additional dimension) [9]. It is reassonable to expect similar
improvements using a multi-touch technique if an appropria mapping is found. As
user feedback regarding the mapping of the similarity cursor lfepter 3) was very
positive, we suggest using a similar mapping for 3D positioning. Mon of two
ngers on a touchpad controls relative position along the Implane, while the the
change in distance between the ngers controls relative posit along the look vector.
Bringing the ngers together pushes the object away, while pling them apart draws
the object closer. While using hand-span may not be strictly peeptually compatible
with distance along the look vector, it is at least mnemonicall compatible, since
increasing the hand-span increases the size of the object's gaijon on the screen.

Two ngers can also be used for object rotation. Standard singlgoint rota-
tion techniques such as the Arcball and Virtual Sphere have a nuer of limita-
tions [30,97]. For example, the available axes of rotationegend on where in the
interaction area the user rst clicks to start the rotation. Thus, a user cannot al-
ways achieve the desired rotation without repeated clutchgn A simple multi-touch
mapping could greatly reduce the need for clutching. For eraple, using two ngers
on a touchpad, motion along X and Y could control rotation abot the X and Y
axes, while twisting the ngers about their centroid would cotrol rotation about Z.
Trackball-style techniques require the user to position the e¢gor outside the trackball
to control rotation about Z, thereby eliminating rotations about the other axis. Using
the above multi-touch mapping all degrees-of-freedom areahable at any time.
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We have implemented a prototype of the above multi-touch imrface, and collected
some preliminary user feedback. Our prototype used the numbeir agers in contact
with the touchpad as a mode switch: two ngers controlled traslation, while three
controlled rotation. In informal trials, users found the positon control technique easy
to learn, and were able to move an object in three dimensions sittaneously. The
rotation technique took a bit longer to learn, and had a numbreof design issues.
For example, it can be dicult to rotate an object about Z with out a ecting the
other dimensions, which users found very confusing. AttenuatinX and Y rotations
when large rotations were made about Z alleviated this pro&m. Preliminary testing
suggests that users experienced with 3D software performed sorhatvfaster using
the multi-touch interface than using an Arcball technique. Howver, novice users
performed slightly better with the Arcball. While these initial results are promising,
there is still much room for improving the design, and for studyig its bene ts and
shortcomings.

Multi-touch 3D interaction has uses beyond simply positioningbjects. The abil-
ity to select and manipulate objects or control-widgets in thee dimensions has appli-
cations for surface editing, sculpting, and character posingA similar interface may
also be used for camera control. By following the principles @uiard's kinematic
chain model, a multi-touch Ul which assigns camera control to th non-dominant
hand and object manipulation to the dominant hand could havedarge performance
gains over a one-handed or modal interface [13,59].

5.2.2 Multi-touch Instruments

The Instrumental interaction model extends the principles of direct manipulation. It
is a powerful means for assessing and designing interaction teidues. Beaudouin-
Lafon de nes aninteraction instrument as \a mediator or two-way transducer be-
tween the user and domain objects.” For example, a scrollbar tnaforms mouse
motion into scrolling commands. Instruments can be described terms of their de-

gree of indirection €.g., spatial or temporal o set), degree of integration between
the control parameters, and degree of compatibility betweethe actions of the user
and the system's reaction.
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In chapter 3 we discuss a speci ¢ type of interaction instrumentthe cursor. A
cursor transforms raw measurements of the physical world into $efre parameters.
However, most instruments do not mediate directly between theser and the object of
interest; they mediate between thecursor and the object. Thus, multi-touch cursors
make possible new types of interaction instruments. The simildyi cursor allows for
interaction widgets that can be twisted or squeezed. Designeran use such widgets to
create instruments with a greater degrees of integration olompatibility than their
single-point analogs. Multi-touch instruments also allow for igater parallelism in
input, which can be helpful in di cult high-DOF control tasks. For example, tone
mapping an image, or manipulating its hue, saturation, and hghtness, requires a
great deal of trial-and-error, since adjusting one parameter ects how the others are
perceived. A multi-touch photo-enhancement tool would abw for rapid exploration
of the image space.

High-DOF control also makes physically inspired instruments merfeasible. Im-
buing graphical objects with simple physical properties, suchsacollision response,
can create a rich-set of new a ordances for manipulating therf8]. For example, a
simulated straightedge in a drawing or presentation program oabe used for aligning
objects, or for sweeping them aside [92]. Similar tools could besigned for cutting,
grouping, or constraining the motion of objects.

5.2.3 Other Applications and Interaction Techniques

Multi-point touchpads are extremely versatile general-pyrous input devices. Not
only do they allow for coordinated high-DOF input, they can &0 seamlessly integrate
with standard single-point input techniques. However, if we arto replace the mouse
with a multi-point touchpad, it is important to study touchpad use for standard
pointing. It has been shown that when multiple ngers work in oncert to control a
physical implement (such as a stylus or mouse) they provide greatthroughput than
the use of a single nger. Can multiple ngers on a touchpad combl a single point
more e ectively than one? Is it possible to design a virtual styls”?

While multi-point touchpads are far from ubiquitous, many ofthe techniques de-
scribed in this dissertation rely only on the position, orientabn, and span of the
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hand. As such, they may be usable with devices other than multigint digitizers.
For example, standard capacitive touchpads can detect a bading-box of the con-
tact region, which may be used to calculate these properties. Midtouch input could
also be produced by juxtaposing two single-point touchpads irakious con gurations.
One con guration that may be especially well suited for hand-éld devices is to place
a touchpad on the back of the device and a touch-screen on therit [96,116]. Our
techniques also create space for new hardware designs, such ag thiat sense orien-
tation and nger extension.

There are many more applications that may benets from cooidated high-
degree-of-freedom control. For example, curve editing orcamputer is still a di cult
task that could be simpli ed through parallel input [74]. Multi-touch interaction could
also benet 2D and 3D navigation. For example, simultaneous atrol of zooming
and panning could improve navigation of maps, documents, andher 2D data pre-
sentations [7,62]. Multi-touch interaction may also be usefubr specifying spatial
and temporal relationships of multiple agents. Example appmations include stage
and Im direction, dance choreography, sports coaching, anall manner of logistics.



Chapter 6

Conclusions

6.1 Summary of Contributions

This dissertation has presented two types of contributions. Fst, we showed that
multi-touch interaction is useful for a variety of interaction tasks. Novel techniques,
such as those presented here, allow people to easily accomplissksathat were for-
merly di cult or even impossible. For example, the multi-touch deformation interface
lets novice users create expressive animations. Other techregyu such as the multi-
touch cursors, make interaction tasks simpler and more uid by @ucing the need for
many interaction modes or widgets. Second, this dissertatiorak increased our un-
derstanding of the human factors involved in multi-touch ineraction. This knowledge
will help interface designers better understand what tasks amaiitable for multi- nger
interaction, and how to best assign parameter control to the deges of freedom of
the user's hands.

6.1.1 Human Abilities in Multi-touch Interaction

Our experimental results establish multi-touch interaction a a viable means of coor-
dinated multi-parameter input. They show that user performage using multi-touch
methods is on a par with symmetric bimanual interaction techiques. These two-
handed techniques have been shown to be superior to their orembded counterparts,
as they increase parallelism, reduce mode-switching time [78hd help users reason
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about a task [58,78]. Unimanual multi-touch techniques sharéése advantages, while
leaving the other hand free to control other parameters, or exute other tasks €.g.,
apply keyboard modi ers).

We have made new discoveries regarding the control structurasd perceptual
compatibility of both bimanual interaction and unimanual nmulti-touch interaction.
Speci cally, we have found that user action in a bimanual inteaction task is per-
ceptually compatible with the control of two points, while ananalogous unimanual
task is compatible with control of a position, orientation, aa hand-span. We have
also discovered that users are slightly better at separating th@wtrol of two positions
when using two hands than when using two ngers on one. Howeverhan the motion
of the two hands or ngers must be highly coordinated, this adantage disappears.

This knowledge is useful for future multi-touch interactiondesign. Since the rela-
tionship of human cognitive processes with the physiology of thems and hands is
complex, it may lead to behavior that contradicts our intuitve understanding of how
our minds and bodies function. Because of this, user interfacefien fail to exhibit
the bene ts their designers expected. A better understandingf human abilities can
help eliminate poor design choices. For example, a designer nagate a method
for two-handed object rotation that fails to provide a clearpoint correspondence be-
tween the ngers and the object. We now know that such a mappinghay lead to
user confusion and poor performance, since bimanual interamtiis only compatible
with object rotation when a such a correspondence exits.

6.1.2 Multi-touch Interaction Techniques

We have presented a variety of novel interaction techniquesrf graphical manipu-
lation. While each technique is useful in itself, together the serve to outline the
types of tasks and techniques that are well suited to multi-toch interaction. Similar
methods may be useful in other applications as well.

We have introduced the concept of a multi-touch cursor as an sirument for
enhancing our natural abilities. We provided three examplesf how such cursors can
be designed and used, and discussed further directions for cursesign. The cursor
techniques we described allow for parallel input rather thagserial (e.g., simultaneous
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translation and rotation) and reduce the need for separate iataction modes €.g., by
integrating object grouping and manipulation into a single sp). These and similar
techniques have immediate use in illustration and presentatiosoftware.

Our multi-touch deformation technique illustrates how inceasing the number of
input points yields not just a quantitative change, but a quaitative improvement
in the expressiveness of the interaction. It not only saves expenimators time in
creating key-frames, but allows both expert and novice to pfarm real-time animation
for communicating temporal concepts. It shows that multi-toeh interaction is useful
not just for human-computer communication, but for human-hman communication
as well.

6.2 Limitations and Open Issues

Several questions regarding our techniques, and multi-touahteraction in general, re-
main unanswered. While it is clear the cursor techniques redeiinterface complexity
and increase uency, it is not manifest that these e ects lead tbetter performance or
user satisfaction. The literature on bimanual interaction sugests that increased par-
allelism and \chunking" may lead to these e ects under the righconditions, but the

utility of our techniques begs for empirical veri cation. In particular, the adjustable

area cursor may lead to increased cognitive overhead in clutel areas, which may
lead to poor performance. Another outstanding issue is the usalbyl of the three-

state touchpad for precise manipulation tasks. The touchpad swit is activated by
the same muscle groups that control the cursor. The added tensiom the ngers

may reduce precision, or lead to other types of interference.

6.3 Closing Remarks

Many linguists believe that language evolved from manual geses [31]. Yet despite
our aptitude in using spoken language, we still use our hands tormmunicate. The
role of the computer has shifted from number-crunching maghe to communication
device, but the part played by hand movements in communicatg information to

a computer and in computer-mediated communication, has Igely been limited to
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that of a single pointing nger. This dissertation has establishe the thesis that
multi-touch interaction allows users to communicate inforration to a computer faster
and more uently than single-point interaction techniques. V¢ have described a
number of novel multi-touch interaction techniques, and praded guidelines for future
development. As computing devices permeate an ever-growipgrtion of our lives,
new interaction methodologies must rise to meet challengesathlie beyond the realm
of today's mouse-and-keyboard paradigm. We believe that theersatility of multi-
touch interaction will make it an integral part of future interfaces.
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