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Abstract

Large highresolution displag are widely used in academic and business contExbése kinds

of displays offer great advantages for information visualization and can improve user
performance. However, they are challenging for hue@mputer interaction, as they lead to
more physicalser movements. Therefore flexible input devices and interaction techniques are
needed which allow interaction from any point and distance. This thesis investigates hand
gesture interaction techniqyeshich meet the mobility requiremerbut also provide natural

and expressive way of interaction.

For the two most basic tasks in todayods gr a
identified suitable hand gesture interaction techniques, based on hand gestures used-in human
human communicatiorand previous research. To underline the analogy to-wedd
interaction, we provided additional tactile feedback to the @fagertips for target crossing to
enhance the selection tadkrevious research suggestat different movement directios of

input devices achieved with different physical user movements can influence user
performanceWith our hand gestusgerformed in mieair no external physical support can be
given, to guide user movemerasid compensate for irregularitieBifferent directions for

cursor movements may therefore reveal different user performances.

To assss the performance and acceptance of our proposed hand gesture techniques for pointing
and selecting, and the influence of additional tactile feedback and movementodineeti
conducted a comparative evaluation study based on the ISO99ZAie 20 participants
performed horizontal and vertical edeectional tapping tasks with hand gesture input with

and without tactile feedback in front of the Powerwall of the UnivwemsitKonstanz, a large
high-resolution display (5.20x 2.15 m). To track hand and finger movements and provide tactile
feedback, our participants were equipped with a commercial data glove. For fast and robust
gesture classification we applied an algoritbesed on geometrical gesture models and state
dependent threshold comparison.

In contrast to previous research we cannot confirm a benefit of tactile feedback on user
performance. Furthermore we found a significant differendavour of the horizontal drget
alignment compared to the vertical one in terms of the effective index of performance. The non
tactile version of our hand gesture interaction techniques was very well received by our
participants, and the effective index of performance with a mearb8 bits/s for vertical and 3

bits/s for horizontal target alignment is promising and suggests that our hand gesture interaction
techniques provide an adequate and valuable interaction technique for largesboigition
displays.

To navigatewithin the presented information space on a langgh resolution displayand
explore it, users can physically movd=rom a distant position they can gain overview
information, while moving closer reveals more details. However, physical navigation may not
always besufficient. Some parts of the display may always stay distant to the user, such as the
upper part. ® complement physical navigati@nd compensate for its limitatiorasgditional
interaction techniques are needed for virtual navigation.

Therefore we exended our set of gesmit echni gues to support npa
i zoomi ngap ad thosek tasks aeommonly used for virtual navigation. Based on
interaction with physical objects and hurrfaiman communication, we identified suitable hand
gedure interaction techniques, which fit seamlgas with our existing gesture set.
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ABSTRACT

Limitations of commercially available data glove solutions, such as arising issues of hygienic or
fit, and the observed restriction of user movements, motivated the dag#sWyhitey, a novel

data glovesolution. Whitey combines an optidahcking system with anodified textile glove

and a finger classification algorithm. For the classification of fingeis alyorithm takes
advantage of biomechanical consttaiand heustic knowledge on finger movements. Whitey

can be adapted to different hand sizes, and used almost instantly by different users without the
needfor an individual calibration sessi@iter an initial set up

We conducted informal user studies to get ihfe@dback andirst experience on the usability

of ourextendechand gesture interaction set and Whitey. We found that users could easily learn
and apply our techniques. We could further gain valuable insides for fine tuning Whitey and our
hand gesture teraction technique® improve user interaction

For future work weplan to further extend ourset of hand gesturenteraction techniquet
utilize more of the potential hand gesture interaction holds for htooarputer interactignn
termsof naturahessand expressiveness.

viii



Parts of this thesis were published in:

S. Foehrenbach, W. A. Konig, J. Gerken, and H. ReitéMatural interaction with hand
gesturesand tactile feedback for large, highs displays. InMI THG 0 8 : Wor ksh
Multimodal Inteect i on Through Haptic Feedback, h
International Working Conference on Advanced Visual Interfadey 2008.

S. Foehrenbach, W. A. Konig, J. Gerken, and H. Reitd@iaetile Feedback enhanced Hand
Gesture Interaction at Lagg HighResolution Displays.JVLC Special Issue on
Multimodal Interaction through Haptic Feedback (selected papers from the International
Workshop MIH & ), 3009. (submitted)






Contents

LIST OF ABBREVIATIONS XV
1. INTRODUCTION 1
1.1 MOTIVATION

1.2 OUTLINE

2. LARGE HIGH-RESOLUTION DISPLAYS 3
2.1 FEATURES 3
2.2 APPLICATION AREAS AND BENEFITS FOR THE USER 3
2.3 VISUAL ACUITY AND VISUAL FIELD OF VIEW 4
2.4 PHYSICAL AND VIRTUAL NAVIGATION 7
3. HAND GESTURE INTERACTION 9
3.1 DEFINITION OF HAND GESTURE

3.2 PROSPECTS OF HAND GESTURE INTERACTION

3.3 THE HUMAN HAND 11
3.3.1 HAND MOVEMENTS 12
3.3.2 SENSE OF TOUCH 13
3.4 TRACKING HAND MOVEMENTS 14
3.4.1 COMPUTER-VISION BASED NON-CONTACT TRACKING OF HAND MOVEMENTS 14
3.4.2 GLOVE-BASED TRACKING OF HAND MOVEMENTS 16
3.4.3 CONCLUSION 17
3.5 APPLICATION AREAS FOR HAND GESTURE INTERACTION 18
3.6 DISTANT INTERACTION ON LARGE DISPLAYS 20
4. HAND GESTURE RECOGNITION 28
4.1 STATIC AND DYNAMIC HAND GESTURES 28
4.2 APPLIED APPROACH FOR STATIC HAND GESTURE RECOGNITION 28
4.3 COMPENSATING MISSING VALUES IN INPUT DATA 33

Xi



CONTENTS

55.2 TASKS

5. HAND GESTURES AS A POINTING DEVICE 35
5.1 POINTING A RLM POINTINGO 35
5.2 SELECTING i INCH TO SELECTO 37
5.3 INFLUENCE OF LIMB MOVEMENTS ON USER PERFORMANCE 38
5.3.1 EMPIRICAL EVIDENCE 38
5.3.2 CONCLUSION 39
5.4 TACTILE FEEDBACK 40
5.4.1 TERMINOLOGY 40
5.4.2 TACTILE FEEDBACK FOR POINTING DEVICES 41
5.5 EVALUATION OF HAND GESTURE PERFORMANCE 43
5.5.1 MATERIALS 43

44
5.5.3 HYPOTHESIS 45
5.5.4 EXPERIMENTAL DESIGN 46
5.5.5 PARTICIPANTS 46
5.5.6 PROCEDURE 47
5.5.7 RESULTS 47
5.5.8 DiscussioN AND CONCLUSION 51
5.6 IMPLICATIONS FOR INTERACTION DESIGN 54
6. WHITEY: ANOVEL DATA GLOVE SOLUTION S7
6.1 TRACKING HAND MOVEMENTS 58
6.2 ARRANGEMENT OF MARKERS AND A TARGET 60
6.3 HAND- AND FINGER CLASSIFICATION 62
6.3.1 ALGORITHM 62
6.3.2 SUMMARY AND DISCUSSION 69
6.3.3 INCREASING THE QUALITY AND RELIABILITY OF THE FINGER CLASSIFICATION 70
6.4 ALTERNATIVE DATA GLOVE SOLUTIONS 72
6.5 COMPARISON 74
6.6 SUMMARY OF THE SCOPE OF GENERALITY 75
6.7 CONCLUSION AND OUTLOOK 76

Xil



CONTENTS

7. HAND GESTURES FOR VIRTUAL NAVIGATION 77
7.1 MOVING DISTANT CONTENT CLOSER TO THE USER 77
7.1.1 RELATED WORK 78
7.1.2 DRAGGING AND PANNING i 8AB TO DRAGO 78
7.2 CHANGING THE SCALE OF DISPLAYED INFORMATION 80
7.2.1 GEOMETRIC ZOOM 80
7.2.2 ZOOMING I BSITION TO ZOOMO 83
8. INFORMAL USER STUDY 86
8.1 APPARATUS 86
8.2 PARTICIPANTS AND TASKS 87
8.2.1 POINTING, SELECTING AND DRAGGING 87
8.2.2 ZOOMING AND PANNING 89
8.3 FINDINGS 90
8.3.1 POINTING, SELECTING AND DRAGGING 90
8.3.2 ZOOMING AND PANNING 91
8.3.3 ONWHITEY 92
8.3.4 ENHANCEMENTS FOR OUR HAND GESTURE INTERACTION TECHNIQUES 93
8.4 SUMMARY AND CONCLUSION 94
9. SUMMARY AND OUTLOOK 96
9.1 SUMMARY AND CONCLUSION 96
9.2 OuUTLOOK 98
APPENDIX 99
APPENDIX A 101
APPENDIX B 105
BIBLIOGRAPHY XVII
LIST OF FIGURES XXVII
LIST OF TABLES XXX

Xiii






3dof
6dof

dof, DOF
HCI

LHR
LHRD
UFOV
WIMP

List of Abbreviations

Three degrees ofdedom

Six degrees of freedom
degree of freedom
HumanrComputerlnteraction
Large highresolution

Large highresolution display
Useful field of view

Windows, Icons, Menus, and Pointing

XV






1. Introduction

AAmong di fferent body part s -purpokedantelactiondooli s t
due to its dexterous functionalit)

[Erol et al. 2007]

1.1 Motivation

Parts of this chapter have been published in [Foehrenk&cl. 2008], but have been further
enhanced for the purpose of this thesis.

In application domains where collaboration, presentation or exploration and analysis of large
information spaces are predominant tasks large-tagblution displays are widelysed. These
wall-sized displays offer great opportunities information visualization [Yost et al. 200@nd
improve user orientation and search performargal [et al. 200 but alsolead to more
physical navigation Ball et al. 200}. Physical naviggon describes the use of bodily
movements, e.g. walking, to navigate within the displayed information space. From a distant
position of the display, users can gain overview information while moving closer to the display
reveals more details and user cangindepth knowledge. To not impede useteraction

input devices and interaction techniques are needed which allow flexible interaction from any
point and distance. Hand gesture input as an interaction technique can meet this mobility
requirement.

Mor eover, hands are one of our-wmal dot ok 6 em
physical nordigital) surroundings. Hands are used to manipulate physical objects (e.g. grab
and move items) and to complement spoken language in koumaan communidan (e.g.

At he fthisbh gwa sotherefi)l . ookhe abil ity of the hands
shapes and functions makes them highly valuable to humans. If hands are so valuable for
interacti-wgr wdod hsar ealundi nfgeumareomguternintetactions et
in a more direct manner than they already are?

Instead of using the hand to operate an intermediary input device, hand gestures could be used
by the user to interact. Therelhyymancomputerinteractiondesigneican take agantage of the
capacities of the hand, peequired motor skills and experience of users in manipulating and
navigating wi-w chri Ind 0t hseu rif r harfil ngebsture gisteraction mimics
interaction witht h e -Wi g relasksare familiar with tle manual skills needed accomplish

a task andinstead ofconcentratingon how to operate the input devjd¢bey can focusn the

taskat hand

Furthermore, each different aspect of hand movements, such as the shape of the hand and its
finger, wrist roation or movement speed can be used to convey meaning to the computer.
Therefore hand gestures can easily specify multiple input dimensions, which can be used to
create a terse and powerful interaction.

Hand gesture interaction techniques can meet thelityalgiquirement and provide users with
an input device that not only allows interaction from any point and distance but can also lead to
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a natural and expressive way of interacti®mevious research has proposed hand gesture
interaction techniques forstant poining and clickng [Vogel & Balakrishnan 2005hnd object
manipulationBaudel & & BeaudouinLafon 1993 at large displaydnspired by this workand
building on the insights providedve are going tadesign a set of hand gesture interaction
techhiques that not only provide techniques for distant point and selebtibalso for virtual
navigation techniques such as panning, dragging and zooming to address limitations of physical
navigation.

1.2 Outline

In Chapter 2 we will introduce large highesdution displays. We will describe their features,

the application areas and the benefits for the user. We will introduce physical and vertical
navigation as strategies to compensate for the limits of the human visual system, which may be
exceeded by largaigh-resolution displays, and substantiate the need for a mobile input device.

Chapter 3 deals with foundations and related work on hand gesture interathemlefinition

of hand gestures is followed by an outline of potential and prospects of hane gestaction.
Biomechanical constrains on hand movements, the highly discriminative sense of touch in the
fingertips, and techniques for tracking hand movements are the subsequent topic. Related work
on hand gesture interaction will be then presentetysiog on the use of hand gestures for
distant interaction on large displays.

Chapter 4 opens with a distinctiobhetween dynamic and static hand gestutdélen illustrate
the approach we applied for recognizing static hand geshaiese used for ouhand gesture
interaction techniques described in chapter 5 and 7.

We will present ouhand gesture interaction techniques distant pointing and selecting in
chapter 5 We althoughanalyzefactorswhich might influence the performance of those two
techniques, namely movement direction and additional tactile feedback. A controlled
experiment we conducted to investigate on the usability of our hand gesture interaction
techniques for pointing and selecting, and potential influencing fastatsodescrbed.At the

end of the chaptewe present our conclusions and possible implications for interaction design.

In Chapter 6 we present Whitegya data glovesolution wehave developedbr tracking hand
movements. We wilthen describéts components and thegorithms we applied. Thereatfter,

we will compare Whitey with other commercially availallata glovesolutions. The chapter
concludes with a description of how Whitey can be adapted to settings other than the one we
used it for.

In Chapter 7, we describdurther hand gesture interaction techniqueglening the rangef
gesture techniquege employedo support panning, dragging and zooming tasks too.

Chapter 8 describes an informal user study we conducted to gain initial user feedback and first
experierce on the usability of our extended set of hand gesture interaction techniques and
Whitey. We present our observations, conclusions and derived suggestions-fanitigeour
techniques.

Finally, in Chapter 9, we summaries our main results and give afoolton future work.



2. Large High-Resolution Displays

In this chapter, we will introduce large higbsolution displays. We will describe their features,

the application areas and the benefits for the user. We will then focus on the human visual
system, whse capacities in terms of visual field of view and spatial resolution may be
exceeded by the physical size and resolution of largeregbiution displays. Following this,

we will then introduce physical and vertical navigation as strategies to comgp@arsie limits

of the human visual system and substantiate the need for a mobile input device.

2.1 Features

Large highresolution displayg= LHRDs) are createdisingvarious hardware configurations,
ranging from combining multiple monitors, to tiled LCD liguid crystal display panels to
back projectiorbased seamless displaysvo common features ahose displaysre increased
physical size and high resolutighli et al. 2006] They make it possiblgo display large
amouns of datg to displaylarge objets, forinstanceconcept sketches of cargith a 1-1 scale
[Buxton et al. 2000hnd further multiple users toziew and interact simultaneoudi@€ao et al.
2008]

2.2 Application areas and benefits for the user

Their features and the corresponding abilit@g1) displaylarge amounts of dat#2) display
large objects in full scale an@) supportmultiple user,makesLHRD suitable for various
domains and task¥hey are widely used for monitoring large amountdathin command and
control center, for exapte in traffic management or utility monitorindgarco] [eyevis 2008]
LHRD are used foscientific visualizationsin particularfor exploration and analysis of large
data setdSpiegel 200G such asgeospatial data setfSips et al. 2006]Companies irthe
automotive industrye.g. General MotorgTechnologyReview 2002]Ford[Dexigner 2007]or
Nissan[Nissan 2007]apply LHRDs in the vehicle design process to create, verify and modify
designmodelsin full 1-1 scale.In applying LHRDs,they are able t@ccelerate the product
design process and increase the design quality, to bring better products to mark&dsistes.
supporting collaborative design processes, LHRDs can alsatiieed as an electronic
whiteboard for brainstorming sessigoraothertask performed in collaborative group work
[Guimbretiere et al. 2001 LHRDs can further be found in public spaces for presentation of
information [Barco 2008][ZKM 2008], or to support TV coverag@Vired 2008]with their
ability to present interactiveisualizations othanging informationWith the current trendo
increasesize and resolution of regular displays, in combination with decreasing prices, large
high-resolution displays may becomaore easilyavailable andve can easily imagine seeing
themmore often in public and also in private spaces in the near futuree[\8ogalakrishnan
2005.

LHRDs provide unique advantages for presentatiotatd but how do users benefit frotheir
increased size and resolutiolh®vas found that whenompared tesmaller displays, large high
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resolution displaysead to less user frustratigBall & North 2009 [Shupp et al. 2006 less
window managemerjBall et al. 200 andimprove user performance gespatialsearch and
navigation taskfBall & North 2003 [Ball et al. 2003.

Figure 1: Large highresolution displaysin use Left: Monitoring information in a control center , taken from [ict].
Right: Explorating and analyzing the scientific visualization of a large gespatial data s¢, taken from [Sips et al. 20086]

However, the increasqghysicalsize and resolutionf LHRD can exceed the capacities of the
human visual system in termsw$ualfield of viewor spatialresolution[Konig et al. 2008]

2.3 Visual acuity and Visual Field of View

Thevisual angleis akey concept to describe and understand the capacities of the human visual
system in terms oVisual field of view and resolutionThe ii [ éVisual angle is the angle
subtended by an object at the eye of an obserf@iare 2004, p40]. Figure 3 illustrates the
visual angle. The visual axis originates from the foaad extends to the point thatbging
looked at directly The fovea is a small area in the center of the resipacialized for fine
pattern discrimination and colperception [Rosenbaum 1991, p. 164]

N
p—

Figure 2: Visual angle of an object (adapted from [Ware2004,p. 40])). The visual axisoriginates from the fovea to the
location which is directly looked at.

Visual angles are defined in dege s , mi nutes and seconds (1A
seconds)The visual angle of an object can be calculditgdsing equation (1)Ware 2004 p.
40].

6 = 2arctan (%) (1)
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As the equation shows, tvesual angle depends on the size of the object (h) and thendist
between the object and the observer, the viewing distan¢leafd)s, the smaller the object and
the larger the viewing distance, the smaller the visual amgkevisual angle is used tosieibe
visual acuity(or more technicallyspatial resolutin) and thevisualfield of view.

Figure 3: The Landolt C

Visual acuity measure®ur ability to resolve spatial patternsomhal visual acuityis defined

asit he ability to resolve a spabtnal mpauternoof
Hermann Snellen, 1862, cited frg/onig 200q4. Normal visual acuitan be illustratedt the

example otthe Landolt Ca symbol shapedsa circle with an openingesembling the letter C
(seeFigured). If the visual angle otso p e ni n g f dhle Visual sysdmmithe bbderver
canna detectthe spatial pattern, formed by the circle and the opening, andttuolt Cseems

to resemble ai®. However, if the visual angle of the opening matches or excedtie spatial

pattern can bdetectedand the observeyerceivesa C.

100

80+

60

40

Percentage of maximum
Blind spot

Fovea

204

emple

10° 0° 10° 30° 50°

w
(=]
w
(=]

K
Nose

Distance from fovea (degree)

Figure 4: Left: Visual field of view of a person gazing straight aheadRight: Distribution of v isual acuity. Both adapted
from [Ware 2004, p5651]

Thevisualfield of view is the number of degrees of visual angle that can be Begme4, left
illustrates thevisualfield of view with combined input of both eyds.this visualfield of view,
visual acuityis distributed in a noniform mannerFor each eyeisual acuity is highest in the
fovea, and drops rapidly with increasing distance from the f¢se@Figure 4, right) [Ware
2004, p50Q].

Only a small part of the visual f&tl of vi ew falls within a fAuse
UFOV is a concept to describe the size of the region where information can be rapidly taken in.
The size of the UFOWaries depending on the information presented and the stk can

range froml° upto 15°[Ware 2004, p. 147wherefiThe central two degrees of visual angle is

the most usefd éd[Ware 2004, p. 364]The UFOV and the accompanied area with sufficient
visual acuity can be experienced whimng a written word within a sentenceéhe daher words

in the sentence located only few centimeters awaynot be readinlessthe eye is moved
towards them
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At the end of the previous section, we argued thatphysical size and resolution IdiRDs
can exceed the human visual system in tesfmspatialresolution orvisual field of view. We
will illustrate this at the example of two LHRDsentioned below

Let us onsider a LHRD build with 24 téid1 7 6 6 manadaiphysical size oapproximately

2.90x0.81 manda resolution 06 DPI(seeFigure5). Shupp et al.J00q usedsuch a LHRD

to evaluate the effect of viewpdasize and curvature of LHRD. The physical siaken upby

one pixel is 0.264mnlJsing equation (1) & i s u a | angle of 16lethavhi ch i
can bedetectedwith normal visual acuity, isubtended by the pixel at a viewing distance of

90.756 cm.This means that a user standing centred in front of the display with a distance of
90.756 cnran sea pixel when looking straight ahead. Howexhe useis not able taletect a

pixel on the right or left side of the displ&rgm hisposition.This particularLHRD canexceed

the human visual system in terms sgfatialresolution if the viewing distance is larger than
90.756cm.

Figure5: LHRD bui |l d wi titbrs, &ith a tesoluterdof96 DR @akemivom [Shupp et al. 2006)

The Powerwall of the University of Konstanz aswall-sized displaywith a resolution of
4640x1920 pixels and a physical dimension5d20x2.15 metersThe upper border of th
display islocated at2.65 m.Due to the vertical extaion of the visual field of view, auser
looking straight ahead with a viewing distarafeBO cmat the height of 1.50 ntannot see the
upper part of the dispy (approximately 20 cm)rhe Powerwall of the University of Konstanz
canthereforeexceed the human visual system in termsisfial field of view when users are
close to the displayNote, here wéhaveconsidered only the totaisual field of view with a
vertical angle of approximately 45° above the visual axis [sgere 4,left on page5). The
useful field of view describing the screen spdoem which we can rapidly take information in
with high visual acuityis muchnarrower Therefore only a small area of thidormation space
presented on thdisplay can be perceivéastantlyat a glance

The areacomprisedwithin the visual field of view and the amount of details which can be
resolveddepeand on the size of the object and the viewing distahcéhe context of LHRDs,
users caradjust those two parameter in (&ither physicaly move (=adjusting the viewing
distance) or (2use dedicated interaction techniques for virtual navigatibite sending at a
static position,such as panning, draggingadjusting the viewing distangepr zooming
(=adjusting the size of objects)
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2.4 Physical and virtual navigation

Physical movement of the user (e.g. walking or turning) changes the viewing distameerbet
the user and objects on the displeyom a distant position users can gan overview of the
displayed information space, while moving closer to the display reweais details and users
can gain irdepth knowledgeThis physical usér snovement iscalled physical navigation.
Note that this ideads toa distinct advantage of LHRB taking into accountthe physical
movement of the usea single visualization caoontainoverview and detail information.

Virtual navigation describes the use of dethdainteraction techniqués.g. panning, dragging
or zooming) to adjust the viewing distance or the size of objects to gain overview or detail
information while the user itself can maintain a static position

Considering the relation between the visugpresentation of data and the capacities of the
human visual system, virtual navigation adjusts the visual representation of data to the
capacities of the human visual system, whereas physical navigation goes the opposite way and
adjusts the capacities thfe human visual system to the visual representation.

While physical navigation may be a necessity for static visualizatbn$iRD, to perceive
different information (overview vs. detail) is not just a necessity but also heldistinct
advantages fothe user. Rsearchers found that when given the chance to choose between
physical and virtual navigatiorfor spatial visualization tasksusers preferred physical
navigation[Ball et al. 2007].FurthermoreBall et al. [2007] report that large displaysdeto

more physical navigation, which correlates with reduced virtual navigation and improved user
performancdor basic search and navigation tagkth spatial visualizatios

The capacities of LHRD considering the amount of information which can ptayksl at a
gl ance are tremendous and -pbgsbdcahangeigatti|
However the possibility of additional control with a manual input devisalesirable as

fiEven though all information could be visualized at angk,users want to
manipulate or annotate data or explore related information (e.g. dedails
demand) directly, i ng¢Kbmgretal 3008gnd ri ght on

To not impede fluid user interaction a suitable input device shbelgforeallow interaction
from any point and distance.

The drawbacks of physical navigation give further rise to the need of such a mobile input
device.Despitethe alvantages of physical over virtual navigation, physical navigation may not
always be sufficienfBall et d. 2007] Some parts of the display may always stay distant to the
user, for example the upper part ofall-sizeddisplay, whichintroducesa limit to the smallest
viewing distance achievable and amount of detail perceivable with physigejation The
largest viewing distance may be limited by wallsfurniture. Another drawback of physical
navigation is that it can cause more fatigue than virtual navigation [Ball et al. 206¥].
increased use of physical user movements, such as walking, for pmgsiggation can cause
higher fatigue than the movements needed for virtual navigation, which can be performed while
the user maintains static position.

Virtual navigation can compensate for the limitations of physical navigdtiprovided by the
userinterface, it can be used instead or additional to physical user movement to adjust the
viewing distance. As the user can maintain a static position while virtually navigating, fatigue
causedby walking can be reducedifferent from physical navigationtechniques for wtual
navigation such as geometric zoominggnalsochang the physical size of objects, which also
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influences the amount of detail perceivable or overview information that can be géneal.
navigation can be used instead of physitavigation, butit can also be used to extetite
amount of detail ooverview informationthat can be gainedeyond what is possible with
physical navigatioronly. As limitations of physical navigation can be tackled by means of
dedicated interactiorechniques devised for virtual navigatighe mobile input device needed
to enhance physicalavigation shoulde able tasupport techniques that can teeedfor virtual
navigation.

Traditional mce and keyboarsl restrict user movements, #sey require astable surface on
which they ca be operatedwWireless mice which can be operated in +aid provide more
mobility [Konig et al. 2008] However they perform much worse compared to traditional mice
[MacKenzie & Jusoh 2001Ko6nig et al.propose laser pointdor interaction at LHRDs. Even

if the performance of their laser pointer point and select interaction falls below the performance
of a stationary mouse (13%), the gain in user flexibility and the intuitiveness of interaction
makes this difference appeaarginal[Konig et al.20074. Therefore the solution proposed by
them is a highly valuable for interaction at LHRD.

Figure 6: Distant pointing and clicking with hand gestures (taken from [Vogel & Balakrishnan 208])

Hand gesturg are another potential input modality. Thdg not only address the mobility
requirement but can also lead to a natueake and powerful interaction (see chapt&y. User

can interact directly with thapdication utilizing preacquired motor skills from reatorld
interaction, without the need of operating an intermediate input device, which has to be
explicitly learned and can limit the input capacities of the human hasypired by the worlof

Vogel & Balakrishnan2005] who proposed the use of hand gestures for distant pointing and
clicking on large higfresolution displaysand thepotential we attribute tohand gest
interaction we are set tanvestigate furtheinto the use of hand gestures as abite input
device for LHRD, which allows interaction from any point and distance.



3. Hand Gesture Interaction

In this chapter we will describe foundations and related work on hand gesture interaction.

3.1 Definition of Hand Gesture

AA gestur e i bodyathancontainsoimormation. Wavieg goodbye

is a gesture. Pressing a key on a keyboard is not a gesture because the motion
of a finger on its way to hitting a key is neither observed nor significant. All
that matters is which key was press@durtenbach & Hulteen 199Q]

According to Kurtenbach & Hulteen, a bodily movent is considered a gesturatitontains
information it is observed and is significant. Consideringthis definition, wedefine hand
gesturesn the context of humanomputer interetion for the purpose of this thesis as follow

A hand gesture is a movement of the hand and fingers, performed by the user with the intention
to interact with the computeddand and finger movements asggnificant anddirectly
monitored instead of monoring the movement ofan intermediaryphysical input device
operatedby the hang such as a mouse or styllsach hand gesture conveys meaning to a
computer We therebydo not limit hand gestures to dynamic hand and finger movements, but
also include shas which can be adopted by the hand and its fingers. A shape is thereby
referred to as a fAhand postureo

3.2 Prospects of Hand Gesture Interaction

Hand gesture input offers distinct advantagdsch favourhand gesture interaction, namely:
naturalness, exprsiseness and mobility

Naturalness

The hand is used every for a variety of tasks, using skills which require little tH&ighhan

1997. For instance, humans can grab a physical object and turn it, with little or no thought on
how to perform the necesganovements or coordinate the limbs involved. The focus is on the
task that is performed rather than on the tool (the hand) that is used to perform it. Humans start
to learn the necessary skills to manipulate their physical surroundings from toa edich

they are born.Besidesthe use of hand movements to manipulate physical surroundings, hand
movements are further usedhumanhuman communication, either to complement speech or
to substitute it in nowverbal communication. Humatomputer interactiogan take advantage

of those preacquired skills and knowledge and apply hand movements in a similar fashion for
interacting with digital objects. Using peequired skills can make tasks easier to learn and
master[Sturman 1992pecause users do not haeecbncentrate on how to operate the input
deviceand carinstead concentrate on accomplishing the task.

Natural interaction igiTypically used to refer to interaction techniques for the computer which
are modded on the ways people interact with physigdb ] ect s i n t h[elarperver y d
et al. 2008. Naturalness of hand gesture input can lead to a natural interaction, if interaction
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techniques mimic the way people interact and communicate in the everyday world. This implies
that not only hand movemenare used for input but also the mapping to the action they invoke
resembles experience from everyday interaction and communication.

For instance, pointing with the hand, as used in humanan communication to indicate a
position, has been reused bgearchers in humatomputer interaction to positicacursor on

the display[Schapira& Sharma2001] [Tse et al. 2007[Vogel & Balakrishnan 2005]In
humancomputer interaction, the user typically faces the displélyeifusermims at positioning

the dispay cursor hence a hand movement used in a similar manner in hbomaan
communication can be used to accomplish a natural interaction. Pointing with the thumb is
typically used in humahuman communication to indicate a position located behind the
speake [Kendon 2004]. Although pointing with the thumb is a natural hand movement for
indicating a location, reusing it in humaomputer interactionto perform the task of
positioning a display cursor would c¢cl &@msh wit
humanrhuman communicatigras the display cursor is located in front and not behind the user.
However, sing pointing with the index finger or the palm however, could lead to a natural
interaction, as those hand movements are used in kbhoraan commuigation to indicate a
position located in front of the speaker [Kendon 2004].

Even if hand gesture interaction is natural it may not necessarily be intuitive. Hand gestures
(hand movements which convey meaning teaomputef are not selrevealing[Baudel &
BeaudouinLafon 1993. Unlike physical input devices whose hardware design gives hints on
how to use therfiNorman 2002] such as for instance buttons are for pressing and séickficr

sliding, users might not intuitively kngwwhich hand movements anenderstood by the
application. Performing hand movements might be easy, but users hgatehtotsaboutwhich

of their preacquired skills they can use for hurramputer interaction.

Expressiveness

AThe position and movements of the hand and fingergge the potentiaior higher power of

expression [Baudel & BeaudouirLafon 1993] In addition todeterminng i hand gest ur
recogni z e turthgraspectbf hand movementsuch as posture, movement speed or

rotation of the hand can be used fopuh A hand gesture can therefore not only specify a
command but also its parametdiBaudel & BeaudouinLafon 1993. A handgrabbing
movement combined with a rotation of the palm
and to specify the angle aftation

Considering the possible expressiveness of hand gesture input, a terse and powerful interaction
can be accomplishd®audel &BeaudouinLafon 1993, which can empower user input.

Mobility
Unlike most other physical input devigdmnds are alwayclose to the us@rposition. Hands

can be used as a mobile input device for hue@nputer interactionJsers can move freely,
while having the input device nearby at any point and position.

However, much depends on the technical solution applieddokihg hand movements. While
hands are always close to the userprder to use hand movements for inthegy have to be
tracked. Given a specific context of use, the technical solution appliedrémking hand
movements should take into account theirddsextend of user mobility andot impose
restrictions on it.
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Conclusion and Discussion

If at least one of the three characteris(icaturalness, expressiveness or mobilisydiesirable
for humancomputer interaction in a specific context of use, hgesturs could be suitable for
input. Mobility, for instance, makes hand gesture inpatoptionfor interaction with LHRD
The mobility of hand gesture input can be usedethancephysical navigationwithout
impedinguserinteraction Naturalness can makiand gesture input an option for interaction, if
the input needed to accomplish a task maps oveb existing manual skills (referring to hand
movements) and experience of uséise naturalness of hand gesture input can hetpdoce
learning time

However,taking advantage of mobility and naturalness can leathtvanted side effect¥he

use ofhand gestures derived from hand movements used for hnaman communication and
constantly monitoring the hand cgive rise tothe issuef how todistingush hand movements
performed to convey meaning to the compudtem hand movements performed to convey
meaning to other people in humaaman communicationn such cases falsely identified hand
gestures might be an unwanted side effébarade is a system whichhand gestures are used
to control a presentatiorHiand gestures are only identified if the hand points near the
presentation screerhand movements performed when the hand pdmtsther areas are
ignored [Baudel & BeaudouinLafon 1993. Another approach to address the issue of false
positives isto consider which hand movements are likely to be perforcasdally by the user

in the interaction scenariolhe likelihood of false positives (referring to hand gestures
identified based on hand movents performed without the intiion to interact with the
computer) can reduced if those hand movements are not used for hand gesturEoinput.
instance, hand movements derived from hwimaman interaction may nbe suited to serve as
hand gesture inpdbr applications supporting collaborative group work, where people typically
communicate with each other during group work.

3.3 The Human Hand

AW th approxi mately 30 dedicated muscl e
number of kinematic degrees of freedom, the hmardtake on all variety of

shapes and functions, serving as a hammer one moment and a powerful vice or

a delicate pair of tweezers the nejElanagan & Johansson 2002]

The broad variety of shapes and functions the hand can take on and perform makesl the

highly valuable tool for us to interact with our physical surroundings and to communicate with
other people. We can use the hand as a powerful tool to move heavy objects or crash nutshells,
to perform complex high precision tasks such as tyinghaelaces or shuffling cards, as well

as soft and delicate tasks such as stroking a cat. For all those tasks hands are not only used to
act but also to perceiv&he highy discriminative sense of touch in thiagers[Kandelet al.

2000, p. 341345] makesit possible for example to perceiveinformation on details othe

surface of objecta/hich can therbe useal to adjust hand movements

In some carge.g. a Peugeot 307 remote control for thep3 playewadiois located behind
the steering wheeButtons placd on the remote control can be operated with the fingérde

the handstill holds on to the steering wheélo locatethe buttonsthefinger tips andhe sense
of touchis usedo identify the gaps betwedhe buttonsEyes are not needddr operating the
remote device and interaatith the mp3 player/radipand thereforgéhe visual channetan be
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usedfor other tasks, such as monitoring the road ah&aeé. hand perceives and acts for
operating the remote control.

HumanComputerlnteraction anuse the hand for input but also for outgdibvements of the
hand and its finger for inpdtom the human to theomputer(=hand gesturenput), where

Al é] the hand, wecoosideredasma complexnnput dewide with more than
20 DOF, can become an easy to use high DOF control dévjeeol et al. 2007fnd the sense

of touch as a feedback chanfreim the computer to the human

3.3.1 Hand Movements

Limbs are in general moved with a coordinated activation of many muscles acting on skeletal
joints [Kandel et al. 2000, p. 68®3]. Most of the muscles for hand movements are in the
forearm [Jones &edermar2006, p. 16]. Power from the muscles in the forearm is transmitted
into the handy means ofong tendons. Therefore most of the muscle nugssl for hand and
finger movements lies outside of the hafdhis arrangemenallows the hand to be light and
flexible without sacrificing strength[Sturman 1992]Furthermore, some muscles, known as
intrinsic hand muscles, are located inside of the hartte intrinsic hand muscles are
responsible fominimal yet preciséinger movements [Tortora &errickson2006, p. 444]

We candistinguish hand movements in (fialm movements which are performed mainly in
moving the palm (which also moves the fingeasid (2)finger movements which can be
performed by the fingerd he following movement&escribed irfISO 92419 2000])result in
moving the palmwherethe first four listedesult from movementst thewrist, and he last two
ones(supination, pronativ) resultfrom a movement of the forearm:

1 Flexion: bending the hand at the wrisbward the inside of the haifligure7a).

1 Extension: bendingthe handat the wristaway from the inside of the haKiigure7b).

1 Ulnar Deviation: bending the hand at the wrist in the plane of the palm, away from the
axis of the forearm, towards the direction of the little findgégure7c).

1 Radial Deviation: bending the hand at the wrist in tHamee of the palm, away from the
axis of the forearm, towards the direction of the thiigure7d).

1 Supination: lateralrotation of the handesulting from a rotation of the foreafFigure
7e).

1 Pronation: medialrotation of thehand resulting from a rotation of the foreafFigure
7f).

Figure 7: Palm movements arrows indicate movement direction (a): Flexion, (b): Extension, €): Ulnar Deviation, (d):
Radial Deviation, (e): Supination, (f): Pronation Adapted from [ISO 92419 2000]
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The fingers can perform the following moveme(teken from [Tortora &Derrickson2006]
[T6zeren 2000})

1 Flexion: moving the fingertip towards the inside of the halfidi(re8a).

1 Extension: moving the fingertipmway from the inside of the hanéigure8a).

1 Abduction: moving the finger away from an imaginary line drawn through the axis of
the middle fingerFigure8b).

1 Adduction: moving the fingetowardsanimaginary line drawn througthe axis of the
middle finger(Figure8c).

1 Opposition: the opposition is a unique movement of the thumb, where the thumb is
moved abovéhe inside of the palm with the possibility to touch the tips of the
remaining fingersKigure8d).

1 Circumduction: a circular movement of a distal limb, such as the fingers, is referred to
as circumduction. However, it is not aigue movement but a sequence of flexion,
abdiction, adduction and extension.

Extension
/ i
\ -~

b) c) d)

Flexion
a)

Figure 8: Finger movements arrows indicate movement direction a): Flexion and Extensionp): Abduction, c):
Adduction, d): Opposition

Thosehandmovementsare the biomechanicabnditionsgiven to performhand gesturesand
also describeonstraintavhich movements are possible and whichrarte

3.3.2 Sense of Touch

With the sense of touch, sensations directly applied to the skin can be perceived. Four
sensations are associated with the human sense of touch: pressure, stretching, touch and
vibrations. A mechanical force pressing statically against the skin creates a sensation of
pressure, extending the skin is perceived as stretching, a light and shadt eath the skin

leads to the sensation of touch, mechanical vibrations of more than 10 Hz applied to the skin
lead to a sensation of vibratifiutschler et al. 2007, p. 698]

Fingers reveal a highly discriminative sense of touch. Although high ifintpers, the spatial
resolution (called tactile acuity) is distributed in a non uniform manner in the human skin and is
much lower in other parts. Tactile acuity is the ability to distinguish two simultaneously applied
tactile stimuli, for instance wherrgssing the tips of two pencils against the skin. With the high
tactile acuity at our finger tips we can identify two stimuli if the two contact locations have a
distance of approximately 2 mm (or largei} the inside of the hand we need a distance of
approximately 12 mm (or larger) to identify two stimulGoldstein 2002, p. 54641]
[Mutschler et al. 2007, p. 698]
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Figure 9: Left: A Braille display connected to a laptopRight: Pin arrays (adapted from [BrailleNet 1998])

The high tactile acuity of our fingertips allows us to perceive detail information on the surface

of objects. Brailledisplays(seeFigure9) are devices, whichise the high spatial resolution of

the fingertips, to allow visually imfr@d persons to interact with the computer. A Braille
displaycan be connected to the computer, and can be used both as an output and input device.
One of its main functions is the translation of written text into physical Braille characters. Each
characteis presented to the user with array of pins. This pin array can resemble each Braille
character in dynamically adjusting the height of each single papending on the Braille
displaythe pin arrays are arranged in one or multiple lines. Visuallyaireg users caread

text in movingtheir fingertips along the lines of parrays

Besides the use of the sense of touch as a feedback channel to supporcdmmater
interaction of visually impaired users, other areas of hdoaamputer interactioalsomake use
of tactile feedback. For example providingadditional feedbackor text entry tasks performed
on mobile device§Brewster et al2007]or to signal contact of the hand with @ntual object
in virtual [Scheibe et ak007]or augmented reajifBuchmann et al. 2004]

3.4 Tracking Hand Movements

Different approaches have been introduced for tracking hand movements to provideepoand
for humancomputer interaction. Those approaches can be distinguished, accordingtbher
objects are attachdd the useds hand or not, into (1) computeision-based non-contact and
(2) glovebased approaches.

For computewisionbasednonc ont act approaches, movements o0
captured with one or multiple video cameras. The images dhefuanalyzed and processed to

detect the hand. No physical objects are attached to the hand to support the adjacent processing
steps. With glovébased approaches, the user either wears a dedatatidlovewith build-in

sensors or other physical objegse t attached to the userds hani
minimized glove, to ease the detection of hand movements by tracking systems located distant
from the hand.

3.4.1 Computer-Vision Based Non-Contact Tracking of Hand Movements

Computesvision-bas@ noncontact approaches capture hand movements with one or multiple
video cameras neglecting the need to attach p
can immediately start to interact. Those approaches have the potential to provide an
unencumberednteraction [Erol et al. 2007] and users cannot get disturbed by potentially
intrusive hardware placed at their hand.
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Capturing hand motion in real time with compwteion-based nornrcontact approaches is an
active area of researckee [Erol et al. 200 for a comprehensive review on existing solutions).
Applying computewision, non-contact approaches to capture the real 3D motion of the hand
and recover the full degree of freedowioffj hand motion from images, is a challenging
problem in the contextfdHCI, andfii] é keveral challenges including accuracy, processing
Sspeed, and generality have to be oVJEofteta me f
2007].

The design of computesision, non-contact solutions encounters several difficultigse hand

is a flexible object which can take on a variety of shapes. This capacity of the hand gives rise to
two difficulties. The first is selbcclusion, which describes the fact thia¢ projection of the

hand onto ma image plan can contain many setfdusions,where parts of the hand overlap
other parts of the hand. The second one is the difficulty that a large number of parameters have
to be estimated from the derived projections, such as position and orientation of the hand itself,
location of the filgertips, bending of fingersetc. Technical difficulties ar&) uncontrolled
environmentswhich have to be taken into account when locating the hand in the imag&)and
processing speed, as a huge amount of data hagptodessed [Erol et al. 2007].

To alleviatesome of the difficulties, restrictions on the user or the environment can be applied
by ensuring, for instanc#at the palm is parallel to the image plawkich avoids overlapping

of fingers, orby controlling the background in order to make system fast and robySegen

& Kumar 1998][Segen & Kumar 2000¢r using only a distinct aspect of hand movements for
input (e.g. 2D position of the fingertip). However, those restrictions may not necessarily be of
high inconvenience for the user. Riostanceif the hand is typically parallel to the image plane

in a given context of use, ackgroundconditions can be easily controlled, or the derived
aspects of hand movements are sufficient for the interaction they are useédllfiwing this,

we will describe two sample solutions which do not track full 3D hand motion but still provide
a highly usable basis for hand gesture interaction.

[Hardenberg & Bérard 2001] describe a system which applies compsitan to facilitate non
contacthandgester i nt eraction. They detect the 2D p¢
and associate them with the corresponding finger. They use this information along with the
number of outstretched fingers as variables for defining hand gestures. Those hames gest

then used to interact with three sample applications projected onto a wall, to control a
presentation, move virtual items on the wall during a brainstorm session and virtually paint on
the wall. In each sample scenario, users stand in front efdhend interact with the projected
application. Adaptive background models are used to ease the detection of fingertips in the
images even with changing backgrounds originating from changes in the appearance of the
graphical user interface and lightnilegnditions. They report a total latency of their finger
finding algorithm of 26 34 ms (not including time needed for image acquisition).

Segen & Kumaf1998, 2000] describe a system designed to support tasks like 3D navigation,
object manipulation andisualization. Their system detects the 3D position of the index finger
and thumb tip, and the azimuth “®asdd oethisvat i
information they defined three hand gestures, a fourth gesture is included to serve ai a defau
gesture for all other identified hand postures. The system is used in a desktop environment with
two video cameras placed above a table. In order to make the system fast and robust, a high
contrast stationary background and a stable ambient illuminatieguired. A limitation of the

!AThe azi muhle -dihglf ¢ maasuged im & horizontal plane and the elevation angleis -Aown angl e fi
measured i n dSegee& Kumar2000 pl ane o
2See [IBM 1998] for videos of the system
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system, which is mentioned by them, is the limited range of hand rotation due to the use of two
cameras and their placement. However this can be compensated in adding video cameras for
image capturing. Their system recogps the gestures and tracks the hand at a rate of 60 Hz
(imposed by the video cameras used).

Those two sample systems provide valuable and excellent solutions for the setting they are
aimed for. However, generalizing those approaches to other setting®emdificult, as a
controlled background cannot always be guaranteed, holding the palm parallel to the image
plane might not always be desired, or additional features of hand movements should be utilized
for hand gesture interaction, e.g. using the rotatf the palm combined with a certain hand
shape as an input parameter.

3.4.2 Glove-Based Tracking of Hand Movements

Besides computerision basednoncontact approaches, themee glovebased approachdsr
tracking hand movements.

Commonly used for tracken finger movements are commercially availaldata glove
solutions, which build sensors into gloves to measure the bending of foagetsingflexion,
extension, adduction and abductimmvementd5DT 2007 [Immersion 2008 (seeFigure 10,

left & middle). Data glove with buildin sensors reliably deliver data @fl possiblefinger
movements and have the advantdgat the quality of the data cannot be influenced by
occlusion of fingers, ochanging backgrounds. However, thewgle of data glovesolutions
typically come in only onsize[5DT 2007][Immersion 2008]XIST 2006] and a good fit for
each hand size cannot be guarant@ellad fit is not only able to disturb the user but can also
influence the accuracy of the measuredadif the build in sensors do not reflect the actual
finger movements.

Data glove solutions typically provide high sampling rates, for instance 90 Hz for the
CyberGlové& Il or 75 Hz for the 5DTData Glovel4 Ultra.

In order to track movement of the palimnemercialdata glovesolutions can be combined with

a tracking solution capable of detecting the orientation of an object. TheddHtaeglove
solutions can be combined wiéim optical (e.glART d] [Vicon 2009) or electromagneti¢e.g.
[Polhemus 2008 tracking system. An optical tracking system uses multiple cameras to detect
objects and calculates their position and orientation in reference to a predefined coordinate
system. Such an object (typically consisting of a fixed arrangement of markers) has to
attached to the glove to monitor movements of the palm (e.g. at the back of the glove). Due to
the use of cameras the reliability of the data on the movement of the palm is sensitive to
occlusion If the tracked object is occluded by other objects ftheview of the cameras
cannot be detected. The userb6s mobility range
cameras used and their-sgt An electromagnetic tracking system detects a sensor which also
has to be placed on the glove to monmeovements of the palm. The tracking system can
provide information on the orientation amasition of the sensor. Due to the fact that no
cameras are used for tracking, occlusion of the sensor is not an issue. Electromagnetic systems
can limit the range ofthe mobility range of the user in order to provide accurate tracking (a
diameter of 2 meters in the case of the Polhemus system). The sampling rate depends on the
tracking system used, for instance 50 Hz for the Polhemus system, 60 Hz foptited

tracking system developed by A.R.[RRT b] and 120Hz for the Vicon tracking system [Vicon
2009].
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Independent from the chosen combination data gloveor tracking finger movements and an
additional tracking solution for tracking palm movements, wearingpwegcan encumber user
interaction and give rise to hygierpcoblemsif the same glove is worn over a longer period of
time or by different users.

Figure 10: Left: the CyberGlove® Il (taken from [Immersion 2008]). Middle: the 5DT Data Glove 14 Ultra (taken from
[5DT 2007). Right: The data gloveof the A.R.T. finger tracking solution. Taken from [ART a]

A further glovebased solution has been developed by the company AIRRIT a] [ART

2005] It combines a minimizedata glove(seeFigure 10, right) with their optical tracking
system. Thalata gloveconsists of a thimble set that can be attached similar to foxgloves onto
the fingertips. The thimble set, available to either cover three or five fingestipsnnected to

a target (an object consisting of a fixed arrangement of markers for which the tracking system
can detect the position and orientation)isitarget is placed at the back of the hand. Markers,
actively sending out infrared rays, are plaocedhe tip of the thimbles and trthe target. The

optical cameras detect those rays and calculate the position of the thimbles (the position of the
fingertips) and the position and orientation of the target (the position and orientation of the back
of the hand). Therefore finger and palm movements can be tracked. From the tracked data the
angles between the joints of the fingers and the orientation of the finger tips is derived. Fingers
are identified via synchronized modulated flashes which synchrdmézenarkers of thelata
glovewith the optical tracking system.

Due to the minimizediata glovewhich minimizes contact of the glove with the hand, hygienic
problemsarising for the previously describeldta glovesolutions can be reduced. The design

of the thimble sets, which are available in three different sizes, allows accustomidgtahe
gloveto a wide range of hand sizes. The markers on the fingertips are therefore always close to
the fingertip whose position they measure.

However, due to the usef @an optical tracking system occluded finger markers or target
markers can impede tracking of hand movements which is not possible if the markers are not in
the field of view of at least the number of cameras required for tracking.

The sampling rate for éhinformation on palm movements (derived from the target) is 60 Hz.
The sampling rate for the information on finger movements (derived from the thimbles)
depends on the version (three vs. five thimbles) used: Sampling rate = 60 Hz / Number of
thimbles. Weare not aware that there currently is any other comparable system available.

3.4.3 Conclusion

Computervision basednoncontact solutions provide the opportunity of an unencumbered
interaction However they are facing several difficulties when designing teghas aimed to
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reveal the real 3D motion of the human haBtbve-based solutions provide high dimensional
input with high sampling rates but trade it against intrusiveness.

Some researchers investigatingand gesture interaction techniques facilitate eloased
solutions instead of puely computervision-basednon-contact tracking of hand movements, to
explore advanced hand gesture interaction techniques be@drest computevision-based
noncontact tracking of hand movements becomes widely availiblet al. 2008][Vogel &
Balakrishnan 2004] [Vogel & Balakrishnan 2005]. We adapt their idea and usebglsed
solutions for tracking hand movements in this thesis, in order to ease the utilization of 3D
motion of hand movements to design our handugeshteraction techniques.

Out of the commerciaflata glovesolution available, we consider the A.R.T. finger tracking
solution to provide a good compromise between purely compigien-basednoncontact and
data glovesolutions.The least intrusive dta glovereduceshygienerelated problems and those
connected withbad fit present in the othedata glovesolutions, while providing high
dimensionabutputat a highsampling rateAs a drawback,ite A.R.T. finger tracking solution
is sensitiveto marke's which are occludefilom the cameras point of viewhich reminds us of
the selfocclusionproblem purely computerision-based,non-contact approaches are facing
However,the A.R.T. finger tracking solutiois insensitive against changing backgrounds.

3.5 Application areas for Hand Gesture Interaction

Hand gesture interaction can be found in vari@pplication aregssuch asontrolling home

appliance,interactng in virtual and augmented realitynteracting with applications in a
traditional desktop envonment, interacting directlyon interactive surfacesnd interacting

from a distance with large displaysa this chapter we wilpresent related workhe intension

of applying hand gesturdsr a specific contexandtheimpact onuserinteraction

Controlling home appliance

Applying hand gestusefor controlling home appliance is used to substitiaie a physical
remote devicg¢Freeman & Weissman 19p%r to simplify the operation of multiple devices
avoidng the need of multiple physical devicdésr remote control[Lenman et al. 2002
[Tsukada & Yasumura 2002]

Tsukada & Yasumurdg2002] describe how different home appliance devices can be operated
from a distance with hand gestur@se movement of the finger is tracked by a mobile device
they ca | i U b iUBersrcan @aind at the device they want to operate with the index finger.
Once a device is selectédcan be controlled from a distance usimgnd gesturethat mimic

hand movements used for operating the deditly (seeFigurell).
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- (1) Selecting by pointing - (2) Operating the device

Video Recorder

Component Stereo
- > Lurn” right a Lurn® right
e volume knob a wrist

Figure 11: Interaction with the UbiFinger: Left: Selection of a device by poining. Right: Operating a selected device
with hand gestures mimicking the corresponding realvorld hand movements for directly operating the device(adapted
from [ Tsukada & Yasumura 2002)

They report that sers found interaction techniques for device selection and operation easy, or
even very easy to understand (except one user who found the techniques for operating the
devicesdifficult to understand). The advantage ot thU b i F iimedaee i®that users only

have to learn one way how to operate a device and can uskntvidedgefor directly or
remotely controlling it.

Interacting in Virtual and Augmented Reality

Hand gesires are attractive for the use in virtual and augmented reality as they provide the
opportunity to reuse everyddandmovementgBuchmann et al. 2004Scheibe et al. 2007]
Therefore not only thappearancef a virtual objectmimics realworld physica objecs, but

also techniqus for object manipulationcan bederived frommanipulation oftheir physical
counterpartsThereforeusers can take advantagepoéacquired skills and knowledgehich
canreduce learning timand lets them concentrate on thek and not the input device

Buchmannet al. [20@] describe an urban planning scenario, where usarkl interact with
virtual objects in augmented realityy using the corresponding reabrld hand movements.

For example usersould replace buildigs by grabbing them with the tips of their thumb and
index finges andmove them to another locatioBasing oninformal user studieghe authors
report thatiMany users were fascinated that they could manipulate virtual objects in the same
way as real op e c [Buielimann et al. 20044dnd thatmost users found interaction easy and
intuitive.

Interacting in desktop environments

In traditional desktop environments hand gestures have been prpopaedither the aim to
perform point and click tasks and uiee hand to replace theouseas an input device
[Kjeldsen & Kender 1996]Wilson 2006] or with the aimto go beyondpoint and click
interaction and make use of additional input dimensions that can be specified with hand gesture
input for more expressivaser input[Dhawale et al. 2006[Segen & Kumar 2000]Wilson

2006]

Wilson [2006] describes the TAFFI (Thumb and FBreger Interface) prototypéor hand
gesture interaction in a desktop environm@®FFI uses a camenaounted on the displayp

track ugrs hand movements abotree keyboard.Wilson argues thabThe space above the
keyboard is a natural site for gesture input, as it enables nearly effortless switching between
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keying and gesture interactipand allows for precise sensing of one or bothdsarfWilson
2006].Besides introducing hand gestueehniquedor cursor control and for emulating mouse

clicks, Wilson alsoproposs hand gesture techniqudsr navigation of aerial and satellite

imagery.y Ther ef ore a Apincho hamnigdconbimeslFor et aedi hbiand
posture, users have to bring the tips of their thumb and index finger tod#tiikr maintaining

the pinch posturesers carfl) pan the view in moving the hand across the keybd@jdptate

the view by rotating the hand the plane of the keyboard a(8) zoom by moving the hand up

and down above the keyboaRIimultaneously panning, rotah and zoomingf the view gives

the interaction a fluid, direct manipulation feel, Wilson states.

While the techniques for navigatieempower user input, dan be questioned @mulatingthe
mouse in a desktop settingparticularbeneficial for the useAcquiring a mouse in a desktop
setting might roughly take the same amount of temsdifting the hand to move above the
keyboard However, to operate the mouse tieer can rest his forearm on the table surface
which could cause $8 fatigue than the corresponding hand gesture techpey@iemed above
the keyboard

Interacting on Interactive surfaces

Hand and finger gestures aredety used for touch input on interactive surfag&shough not
enumerating all dimensions of hand movements, but only the contact of hand and fingers with a
surface they provide a very appealing way of interaction.

Direct touch input with hand and fingefor interacting with interactive surfacesespecially
attractive for mobile devices, public places or collaborative settings, as it frees the user from
having to carry a dedicated input device, for instance a sfyhesability of usersto easily use
and combine multiple fingers for input (compared to use multiple mice or stylus
simultaneously has further been used toempower user input and create tense interaction
techniqueslt is worth mentioning some, such perforning a free rotation of an obge by
specifying the center of rotation witthe finger andhe rotation angle witimovement of a
second fingefWu & Balakrishnan 2003Jor scaing objectsby specifying the scale factor with
the distance between two fingexrs suggested in [Wu & Balakhnsan 2003]or combinng the

two techniques to freely rotate and scale objects with movements of two fidgaighly
successful commercial product applying multi finger direct touch ifgruinteraction with a
mobile devicei s Ap p | e[agple 2009h Further example forthe commercial use of
single and multi finger touch interaction can be found on the Perceptive[Pexekptive Pixel
2008]or Microsoft surfacgMicrosoft 2008]website.

Of particular relevance for our work is the use of handugestfor distant interaction with large
displays. Therefore we will describe related wiéndm that application arem more detail in
the following section.

3.6 Distant Interaction on Large Displays

The ability to use hand gneksestthemnet enlyattsactiee fomo b i | e
direct touchinput on interactive surfaces, but also fotenaction from a distance with large
displays. Taking advantagef this mobility, Vogel & Balakrishnan [2005] designed hand

gesture interaction techniques fortdig pointing anctlicking on very large highresolution
displays.Baudel & BeaudouinLafon [1993] designedhand gesture interaction techniques for
controling a presentatioprojected onto a wallwhere the expressiveness of hand gesture input
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has been xlto createa terse and powerful interactioBimilar to the combined use of hand
movements and spoken utterance evident in hemuaman communicatiofKendon 2004)
researchers also combined hand gestures with spoken commoanusiltimodal inputfor
distant interactionwith an application displayed on a large wiblt 198([Lucente et al.
1998 .We will describe those systems in detail in the following sections.

Vogel & Balakrishnané distant pointing and clicking techniques

Vogel & Balakrishnan [208] proposed to use hand gestuf@sdistant pointing andlicking on
large highresolution displaysThey designed and evaluatitdee combinations of poing and
clicking handgestureanteraction techniqueséeFigurel?2).

To trackhand movementgassive reflective markers have been attached to the firdgex,
ring finger, thumb and the back of the usehand The position of those markers has been
trackedby the optical tracking system VicdWicon 2009 b] which streamad the tracked data
to other applicationtor furtherusage

Ray casting Relative Re.l?rto Relative
IR QAN

Thumb Trigger AirTap

Figure 12 Three combination of point and select gestures. The top column shows the applied pointing gesture and the
mapping of hand to cursor movement, thédottom column shows the gesture coupled with the above pointing technique.
Adapted from [Vogel & Balakrishnan 2005]

For pointing, theydesigned three techniques, where they varied the hand postures used and the
mapping from hand movement to cursor moveine

The A Rag@ tecsique cogbinesnaextended indexhand postureand an absolute
mapping of hand movement to cursor positiseeFigure 12, left). To position the cursor,ma
imaginary ray emerging from th@tof the index fingeiis intercept with the displayand the
cursoris placedat thepoint ofinterception Theuse of an extended index gesture for poiniing
motivated by Kendon [2004], who identified pointing with the extended index fiagdreing
one of seven distinct pointing gestures used in humanan communicatiorAccording to
Vogel & Balakrishnan [208], using theextended index finger hand postwéh an absolute
mapping to cursor position based an imaginary ray emanating from the tip tbe index
finger, resultsfi[ é Jin a pointing technique that it is arguably natural and conceptually
s i mp\Vogeb& Balakrishnan 2005].

Il n t he ofeéhridueat ifs&a f e h g nsdddfor pomtdseeFigurel?2, in the top

column ofthe Relative technique)This hand posturés derivedfrom the thought of holding and
usingan invisible mouseThe fisafe hand postureis combined with a relative mappimg hand
movementin a vertical planeto cursor pogion. Clutching (= disengaging the display cursor

from hand movemento reposition the handcan be performedan forming a fist with the
pointinghandOnce t he fAsafe handthecpranscanie rmovadsagaia.d opt «
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T he ToRRaeyl a tchnigeeocombiees théd R e | @techmigeewith the absolutgiRay

Casting technique Abs ol ut e fARay Ca s tdonmapid coarse rgrairb mointings e d t ¢
During ARayCastingo t he,ptaced atthe interceptiasfedhe fag c ed wi
emanang from the index fingewith the displayT h e fi Roadchaifjue s eised for direct
cursor control , si nmtethaiqueTthoe tfhRea ypQuarsetliyn gfoR etleacthil
substitutesfor clutching with the fist to reposition the hand and sirtarieously movehe
cursornearthedesired target

For clicking, theycombinediRayCastingwi t h a At handgestuteFortghgee rfiot h u mb
trigger o the t huwdsmaovédtawards armu awayftoin theysidé af thedhand

The other poiting techniqueg i Rel at i ve o, ARay T Towetlhatdn efoAi rart
handgesture where the index fingbas to bemoved down and ypmitating the movement

conducted when clicking a left mouse butténi f f er ent t dhet Mda hiuAibr ttram:
provides implicit kinesthetic feedbaclks the thumb can toudhe side of the handand an

absolute down positioBoth hand gestureme accompanied gcoustic and visual feedbattk

indicate when the hand posture is entered and exited, respectivatit & aetectedAlthough

the fAthumb tri gger pwhiphrnmightisupmod usenowhide pdrfermingkhe ¢ k

hand gesture,aglyuser tests revealed that the At humb
tiring. We suspect that the reason thereforghibehigher tension andnfamiliarity with the

At humb t r i.dJgeesquie oftere mdveltheeindex finger up and down, for example

when typing on a keyboard or grasping physical objdwgjevermoving the thumb to touch

the inside of the hand isypically not performed very oftenBoth higher tension and
unfamiliarityo f t he @At humb tmightdegtherrgasoh faritheé negative tatiyg e

the users when compared to fiaér tap hand gesture.

To compare the three point & clicking hand sgee interaction techniqued/ogel &
Balakrishnan conducted a formal evaluation study.participants have been recruitéo
perform simple point and selecting task olam@e highresolution displaywhile standing at a
stationary position four metersvay of the displayThey applied a repeated measures within
participant factorial design, with the independent variables technique (Relative, RayToRelative,
and RayCasting), distance between targets (4020mm, 2680mm, 1340mm) and target width
(144mm, 48mm, @mm). Vogel & Balakrishnaranalyzed error rate, task completion time and
recalibration frequency.

Results showed th@iRayCasting combined withthe fithumb trigged was fastethan the other
techniquesvhen selecting large targets when clutching woulthave beemequired However

it also revealedigh error ratesespecially for small targets (width = 16 mrthe other two

pointing & clicking interactiontechniques shwed no significant differencesonsidering

selection timeor error rate However, timeneeded for clutching introduced an overheaalklich
caused the MARayCasti ngo Sulgectibeeasefobsaoes oftheor | ar
usersplacesiiRayCasting lastwith only 1vote compared to 5 foiiRayToRelativé and 6 for
thefRelatived technique.

From the results reported by Vogel & Balakrishnan, it is evident beairtain issuesf the
absolutefiRayCasting techniquearethe low accuracy for small targets and the lowest ease of

use scoreThe low ease of use score may reflect the higdwsion in the hand evident for the
extended index hand posture, and its inaccuracy, when compared to the other pointing
techniques.The issue of high tension could be addressed in using a different hand posture,
which requires less tensiobespite thisd awback of the ARayCastingo
cursor mappindnasput it prior to the other techniques, whduatching actions would have be
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necessary to overcomiarge distancesConsideringlarge highresolution displays, where
targets can be posstned anywhere and overcoming large distances with the cursor is highly
likely, a technique which does not introduce an overheadlting from clutching actions
would be desirable® decrease movement time

Baudel & Beaudouin-Lafon& Charade System

A sysem aimed to explicitly support presentation scenarios with hand gesture input is
A Char ade 0byBadelkc&BeandownrLafon [1993. A wired data glove worn by the
user is used to track hantbvements

Graphic layout

Projection of
user’s hand

Computer-aided
presentation &

Dataglove

I
I
I
|
|
I
' Hand gesture input
y

Active zone

(Computer screen)

Gilove control -\

Audience

\

-/

Figure 13: Schematicsetup of the fiCharaded System(taken from [Baudel & Beaudouin-Lafon 1993).

The area where the contents of the presentation are displayed liedasethe active zone (see
Figure13). If the pointing direction of the hand imtepts the active zone a cursor is displayed
following the movement of the hand. Hand gestures can be used to control the presentation,
when the hand points towards the active area. Hand movements performed while the hand does
not point towards the activarea are ignored. This allows unconstrained gesticulation of the
speaker when the hand is directed away from the presentation screen.

Baudel & BeaudouiiLafon defined 16 different hand gestures, which the user can perform to
control the presentation. Ead¢tand gesture starts with a hand posture defined by the wrist
orientation and finger bending, followed by a dynamic phase where the hand is moved, and
end when the active area is exited or a predefined hand posture, again defined by the wrist
orientationand finger bending, is adopted (dégure 14 on page24 for the complete set of

hand gestures and the action they invoke).

23



HAND GESTURE INTERAC TION

R T R B R R 5 e e
- - I 1 1|
L1} 3 — Il!l ) _--- — llll | :l r — EI ? =|
NextpageX2  PreviuspageX2 ~ Poppage PopZpages =
K 1 KK .
[ 131 ] - IIII .-llll — IIII !III - ‘.“!“!“!!l - IIII = g ---u. )
‘NextpageX3 ~ PreviouspageX3 ~ Markpage  Hiltearea...
Lo S | S ] | e = — |
Nextchapter  ©  Previouschapler  Strstopautoplay  Gohome
S| | — | i | R R O T R l
1 i '
Figure 14: Set of HandGestures and theirmappng t o acti ons in the ACharaded system

BeaudouinLafon 1993].

The authors suggest to use an appropriate mapping of hand gestures to actions they invoke, for
example moving upwards for i ssuing saeciathddmove u
with the task. For tasks without any naturally associated hand movements, for instance
fichanging fonts or fisave, they suggest to use speech to complement hand gesture interaction.

Compared to the previously descrimuint & clicking hand gestre interactiortechniquesthe
hand gesture sets dmowardtrary mapginG bhandraodeenéntoatp p | y
the action they invoke. Although the hand movement used for the dynamic phasmef
gesture mimic the action they invoke (for exatgpmoving up to go to the top page), the hand
postures associated for the beginning and end of a gesture sathararbitrary considering

the mapping to the invoked actiddifferent to this, Vogel & Balakrishnan derived their hand
gesturegexceptte At humb tri gger 0 afromh hanchnovemdnisvglénd f or ¢
in humanhuman communication or operagia mouse They used the hand movements for
similar taskshence applied a similar mappiagtothe action the hand movement invokes.

using pointing with the index finger as a hand gesture for a pointing tdsWever,Baudel &
BeaudouinLafon do not report that users were in any way impeded by the more arbitrary
mappingof hand postures to actiosit quickly learned the gestures afalind the interface

ease to useBaudel & Beaudoukiafon took advantage of the different shapes the hand can
take on and movements which can be performed. They combined wrist orientation and finger
bending, to defind6 gestue commandsnaking use othe had asa powerful input devicéor

the Charade scenario.

Bolt& APut-That-Thereo Interface

The -ThRtTher e 0 ,idestribedrf [Batd980] combinesspoken commands with
handpointing gesturesor distant interaction with a large displdysers carcreate moveand
manipulatedifferent shaped objects.g. circles, squares, triangles or squares large display
while seatedt adistantpositionin front of the displayseeFigurel5).

Similar to humarhuman communication, users ctalk and simultaneously point towards a
location. Users can use spoken commands only or optionally combine it with hand pointing
gestures. The information where users are pointing to is then combined with the spoken

24



HAND GESTURE INTERAC TION

commandsFor instanceto move a blue triangleserscan simplysayi Put t he bl ue t
the right of .Whaneconbinimgepeecks with handegesture pointirsgrscan

say Put t hiasteadd meereo@i nt at the bl uaeandpantatahegl!l e
targeted | ocat i ohe ledatiodsevhich arg beimg poirited kvigle saying

At hat o adefidethd spatial pagameters fdret command.

To track the orientation of the palm or fing@< | t used a RGPXMSO@&emoteal | e
Object Position Attitude Measurement Systeifferefore users have been equipped with a
small magnetic sens@a cube with 0.75 inches on edgehich was connected @transmitter

cubevia a small cord. This sensor coditit instancebe wist-mounted or worn aafinger ring

The ROPAMS could determine thtaree dimensionadrientation of the sensor in space and its
distance to the transmittdnformation which could then be used determine théocation on

the displaythe usepointsat. As ma | |  wcarsot an thé displagrovides visual feedback

on the exackcation which is beingerived from the pointing gesture

Figure 15: A user seated in front of a large display, while moving objectecated on a mapof the Caribbeancombining
hand pointing gestures and speech input Taken from [Bolt 1980].

Users could also change the properties of existing objects, such as tireocole sizeAgain,

hand ponting can be used to specify tihacation of thetarget object whereasall other
information is given by means ofspeech Objects can be of three different siZesmall,
medium or large. When no size is determined upon creating an object the default size is
medium. The size of an object could be changed witth e ¢ o mma n d wiilena k e
simultaneouslyp oi nt i ng towar ds t hMakinges abjece snallerlcguses t )
the object to become one size smaller as its current size.

Di f f erChartr atdéhe point & clicking techniques proposed bggel & Balakrishnan,
Bolt uses hand gestures only to specify spagbialameters The action which should be

performed (e.g. Acreateo) and additional p a
with speech inputTherefore the hand gesture sehsist ofonly one pointing gesture anger
input is empowered by the use of spoken commarid®ThatTh er e O il lustr

opportunityto combinehand gestures with speech input to utilize a natural way of interaction.
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Lucente et al.& Visualization Space

Whereas Bolf1980] uses hand gesturesly for spatial referencenal manipulates properties of

objecs with sppkencommands, Lucentet al.[1998F extend the capabilities of hand gesture

input in theirfVisualization SpaagesystemSi mi | ar hato fikPert e d, speech
with hand gesture input for distant interaction with a large display. Users can specify locations
with pointing gestures to compl em@tperfanpoken o
object manipulation tasks.

Inthe AVisuali zation Spaceodo system, hand gestu
dimensional location on the display, but also to specify further parameters, such as the size of
objects or the angle of rotatioRor instance, the useanselect an olgct by pointing at it and

say fSelect thato and change iits size in fu
accompanied by a two handed gesture, where the hands are helmhdphag distance between
themspecifesthe desiredize Further examplessrae ¢ o mman d ei tl i lkiek 6 Rtoh iag 0
the rotation is defined by a movement of both hands and finished with a command such as
ALeave it Iike thiso.

Lucente et al. call thesystemiil é p devi cel ess descendant of th
[Lucenteet al. 1998] Unlike PutThatThere, where users have to wear a sensor in order to
determine the location which is being pointedlatcente et al. track usémovements with

video cameras and do rattach a physical device to the user.

Both systems mak use of every dayiand movementsand their combination with spoken
utterance for instance pointing gestures to specify a location or holding two hands apart to
specify the size of an obje¢ti T h e fthisbhh ¢gWHiles Bolt takes only advantage of
naural pointing gestures, Lucente et al. extend the use of hand gestures to specify further
parameters. Considering the example of changing the size of objest®utThatThere
interfaceprovides three discrete values (small, medium, and lavgagh limits the options
available to the user for interactioDefining the size of an object with a movement of two
hands, as inhte @A Vi s ual i makdsa cominudup rarge af valuesailable for the

user Depending on the task either one of the twdaomst for input might be more suitable. If

the exact size of an object is not important, spoken discrete commands are fast and easy
However if the exact size should be defined, hand gesture input can complement spoken
commands and fine tunia this exampd, the size of an object.

AVi sual i zamnhido B o Sthast cheedilustrate that hand gestures can be a valuable
enhancemerfor speech inputBy taking advantage of what both input modalities are best at
natural and intuitive way of interagh can be realized.

Conclusion

The presented related work txand gesturenteractiontechniques fodistant interaction at
large displayshas shown that hand gestures are applied in very different ways, ranging from
using them to indicate a two dimensa& location, up to defining a large set of gestural
commands to perform different tasks.

However, despite this different usages, related vpodvesthat hand gesturmteraction does
not only meet the mobility requiremefMtogel & Balakrishnan 2005hut canalso offer a very
natural [Bolt 198([Lucente et al. 1998 and expressive way of interactigBaudel &

2See [IBM 1998] for videos of the system

26



HAND GESTURE INTERAC TION

BeaudouinLafon 1993. Also differently, researchers have taken advantage of the prospects of
hand gesture input, namely naturalness, expressivangssobility.
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4. Hand Gesture Recognition

This chapter describes the recognition of static hand gestirése beginning alistinction

between static and dynanandgestres will be drawnNext we will describe our approach

for static gesture recognitiomo compensate for missing input data from the accompanied hand
tracking approachafigest ure memory optiono is ddescribe
gesture recognitioapproach

4.1 Static and Dynamic Hand Gestures

Hand gesturesanconsist ofhand posires antbr hand movements.

Hand posturesare defined by static finger postur@s,which only the position of the finger

and the joint anglebetween finger boneare relevant, but not the location of the hand or
movement ofthe palmand fingers over tim. Examples fohand gestures falling into this
category are forming a fist or stretch out the index finger, while the others are curled to perform
a pointing gesture.

Hand movementsare defined by movement sequences of fingers or hawetse variations
over time are a characteristic feature. Exampleslargaving one handnd 2)clapping two.

A hand gesture can be defined by a hand poshyea dedicated hand movementt by a
combination of hand posturasdhand movementdor example if hand movemés have to be
performed, while the hand maintains a specific hand posture.

For the purpose of this thesis, hand gestures which are defined by hand postures are called
static hand gesturesand hand gestures which contain hand movements are dsiteanic
hand gestures

4.2 Applied Approach for Static Hand Gesture Recognition

For our hand gesture interaction techniques we need to be able to recognize static hand gestures
(e.g.thefipi ncho and fAextended sbh deXand 7@28.sThair e, S
recognition of dynamic hand gestures is not necessarpuoproposedgesture interaction

techniques. Thereforge did not implement eecognition approacfor dynamic had gestures

However, ifthe recognition of dynamic hand gestusé®uld be an upcoming requirement for

future extensions of our set of hand gesture interadechniques using Hidden Markov

Models might be a suitable approach, as they are widely usexdde| timevarying signals and

recognize observed sequences [Wilson 2@)@] in[Nickel & Stiefelhager?003] [Starner et

al. 1998][Wilson & Bobid 2000] [Zobl et al. 2003]

To recognize static hand gestures we identify characteiestiares for each @nof our gestures
independent from the format in which tracking solutions report on hand movements (e.qg.
contact between the tip of the index finger and thunvide thenmap those features onto
geometrical metricbased on the input data delivered by theliag tracking solutione.g.
angular data on bending of the fingers or 3dof data on the position of fingeldgs)ifying
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features independently from the tracking solution deliveralbws to use the same
(semantically)description of gestures for €#fent tracking solutions and to describe those
features to users without having to explain technical de&fiésthendefinethreshdds for the
geometrical metricasedto determire whether a gesture is performed or riair ddining those
thresholds wenspectand analge samples of the gesture under scrutie then recognize
each gesture in applying ailgorithm, basedn state dependentcomparison ofthresholds
(described below).

We modeland recognizeach gesture explicitly, similar to the approdescribed in [Dhawale

et al. 2006] Dhawale et al. track bare hands with a single camera located above the hand and
use hand gesture input for interaction with applications in a desktop settingréldugize
several gesturesuch as a horizontal flip, \ertical flip ora fist (seeFigure 16). The fist, for
instance is distinguishddom a flat hand in comparing the narrowest part at top of a hand with
the widest part of the hand. A large distance between the two indicatesharfth as the
narrowest part origins from a fingertijghereasa small distance indicaea fist.

".
..... > L

Figure 16: Sample hand gestures recognized in Dhawala et al. [2006]. Left: horizontal flip. Middle: vertical flip. Right:
fist. Taken from [Dhawala et al. 20086].

A drawback ofour approach omodelingand recognizingeach gesture explicitly is that new
gestures cannot automatically added to the sstatic handyestures which can be recognized.
Using an approach which combinelustering with a classification algorithm would provide
an approach where new gestures can be added automatically. The clustering atgarithibe
applied toautomatically identif the characteristic features of each gesture and distinggish
the getures from each other, whereas the classification algorgbuid be usedo classify
hand movementdased onlabeled samples of the gestures (e.g. provided by the clustering
algorithm)

Due to the small number (2) of static hand gestures needed to impleue hand gesture
interaction techniques, we considered dnawbackof not being able to automatically add new
static hand gesturescceptableHowever, if for future work it is expectetiat the number of
static hand gesturasggnificantly ncreaseanautomaticallyapproach might be better suited

An advantage of our algorithm for gesture recognition is that we can easily incorporate state
dependent thresholds for gesture recognition, resulting in different recognition behaviour
depending on th fact f users are exiting or entering a static hand gesiithis. allows us to
compensate for unwanted gesture recognition due to natural hand tremor or tracking
inaccuracies.

The idea of theppliedapproachn this workfor the recognition oktatichandgestrescan be
broken down ito five steps:

1. Identification of the characteristic featuresaaftatic hand gesture

2. Mapping of tlosefeatures to a numericaletricand a corresponding threshold
3. Identification of the most characteristic metric

4. Determining theecognition thresholds
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5. Determiningafi f o lup-roevc o g rihresholafatibe most characteristimetric

The methodology and rationales applied in the gesture recognition process will be described
and illustrated at t he mdyestorgseeBiguei8a)y).he nAnextend

Identification of the Characteristic Features

For t he e xstaticrhahe gesturehediredexdinger is outstretched and the middle,
ring and index finger are in a relaxednb@osition.Hence an outstretched index finger and a
bent middle finger can be defined as characteristic features.

Mapping of Features to Numerical Metrics

The characteristic features of the static hand gestures have to be described in a makebat
it possible to derive thefmom the available input data for the gesture recognition.

Data glovesolutions commonly usedor tracking finger movementstypically deliver angular

information on the bending of fingers (e.g. CyberGlov® dr 3 dimensionainformation on

the position of the fingertigituatedi n a | oc al Afhand coordinate s
tracking solution). Associated with those measured values is information on the teatsiat,

the finger of its origin.

For the following exmnations, weproceedwith the assumptiothat gesture recognition is

combined witha data glovesolution delivering 3 dimensional position data of the fingertips,
which are | ocated in a Al oc al Fignral7.&e bauvandi nat e
those kinds of input data, to provide a clear example for the rationales applied.

Our method, howeveris not restricted to those kis@df input data, butan be appliedor any
kind of input datareflectingmovement and posin of fingerswith numerical measuresnd
providing an associatiowith the origin of the datéhe finger where the data originates fjom

8§

Figure 17: Coordinate systemof the 3d fingertip positions, used to illustratecthe gesure recognition process

Mapping of the Features to a Numerical Metric and a Corresponding Threshold

An outstretched index finger can beappedonto the numericametricidi st ance of t he
finger fromthe xz-p| ane o6 and aecagrtionthesh@dArbent nmdglle finger can

be mappednto the numericametricidi st ance between the index e
correspondingecognitionthreshold $eeFigurel18(a)).
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Identification of the most Characteristic Metric

To identify the most characteristic metric the changes in values fehtsemmetrics derived

from a movement of the hand from a relaxed hand posture to the static hand gesture, have to be
analysed. The metric whose corresponding valeesal the largest variance is then considered

the most characteristaneg as its values are most affected when the static hand gesture is taken
on. If the variance is similar for all metrics, the metric can be defined based on analysing
semantically thetatic hand gesture dmingthe metricwhich most likely describst he user s
intendwhen performing the gestur€or instance, in our example the metric onto which the
outstretched index finges mapped can beonsidered athe most characteristic onas the user

aims at extending his index finger and not at bending his middle finger.

p <
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Figure 18: (a): The extended index gesture and itsharacteristic metrics. (b): Thresholds and schematic values of the
characteristic metrics smulating a user continuously entering and exiting the gesture (c) outcome of the gesture
recognition process

Determining the Recognition Thresholds

A recognitionthreshold isa numerical value, which divides the range of values along the
correspondingmetiic into two distinct rangesl) a range of values, which can be observed
when thestatic hand gestuies mai nt ai ned, cal |l ed 2jahrangeidfr an g ¢
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values which can be observed whengtaic hand gesturie not maintained, calledéh Ar an g e
of i nv al(3eeFiguwed8 (h) enspage3l). To recognizea static hand gesturthe values
of all its associatethetrics have to fall within the Arange of

The recognition thresholdsare defined based onsample data derived from a user that
continuously changes from a relaxed hand posture to the insgtatedhand gestuye.g. the

iext endegestureim @ xample.The sample data are thereby geted by the
tracking solution which should be combined with the gesture recognitidrigure 18 (b) on

page3lthevalues of themetrics o f t he # egestussaredskhodvn, okercae white a
user perf or med f gasturesHighxvalies wrebdthmetncsdirdicaie that
during those fr amegesturavdsenaimiagmedt ended i ndexo

The recognitionthresholds should behosenso that within this training data eadnxtended

i n d gestdrs, but none of the other hand posturese classifiedin order toachievethis, the
weakestgesturehas to be identified as thgesturewith the smallest maximum values for the
characteristianetrics (n our examplefi e x t e n dcegdsturieno.dws xn Figure 18 (b) on
page3l).

Therecognitionthreshold for the most characteristietric should bedefinedin a waythat the
weakestgesturejust gets classified, #h an added tolerance range to compensate for hand
tremor and tracking inaccuracyherefore theecognitionthreshold for the most characteristic
metrici s t he hi ghest vgestuweplus fa tolerantehrangeheweeagiitiors t 0
thresholds fothe othemetrics should be positioned farer away from thghest value of the
weakesgesturegalso includinghe sameolerance rangeps a result, theecognitionthreshold

for the most characteristimetric is the mostrestrictiveone and should behe last ongo be
crossed when thstatic hand gesturie entered, respectively the first otiebecrossed, when

the static hand gesturis exited again(the choserrecognitiont hr eshol ds f or t he
i n d gestdreand the outcome of thgesturerecognition processareillustrated inFigure 18

(b) + (c)on page3l).

That therecognitionthreshold for the most characteristietric is the first threshold that is
being crossed wimeexiting the gestureis a necessityor the mechanism applietb avoid

unwanted recognition of the gestushile the static hand gesturis exited. The mechanism
applied to avoid such false positives is based amfao tup-roevc o g nthreshold ara
described in the following section.

Determining a fiFollow-up-Re ¢ 0 g n i fThresold for the most Characteristic
Metric

If a static hand gesturis exited slight fluctuations of the valudsr the characteristimetrics
around therecognition threshold due to hand tremor or tracking inaccuragiesan cause
unwantedgesturerecognition(as it is the first threshold crossed and the values of the other
metrics are still withinthér ange of v Aslthe dserinéehds ® sxi dhe static hand
gesture, sch a false positive should be avoided becaudeds not matckheu s eintention

Note that we define the threshold for the most characteristic metric to be the first on to be
crossed on purpose. In doing so, we achieve a deterministic behaviourwehichn use to
avoid false positives due shight fluctuations in the tracked values

onc
onc

To avoid such false positiveadditionalto the recognitiorthreshold & f o luproevc o g ni t
threshold has to be definddr the most characteristienetric This fi fllaw-upr ecogni t
thresholdis determined in adding a tolerance range to the value oétognitionthreshold of
the most characteristimetric The same tolerance rangs the one usedhen defining the
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recognitionthresholdcan be usedas the sameationak applies(= to compensate hand tremor
and tracking inaccuracies)

Thisii f o luproevc o g rthreshiold mas to berossed when atatic hand gesturs exited
before thesame gesturecan getrecognizedagain. Note that thei f o luproevc ogni t i o
threshold does not enlarge the fArange of val

The result of these twihreshold for the most characteristioetricis that astatic hand gesture
has to be left explicitly andand tremor or tracking inagracy do notriggerunwantedgesture
recognitionwhile agestures exited.As a necessity, it has to be ensured that from the number
of recognition thresholds for astatic hand gesturehe recognition threshold of the most
characteristianetric is crosed first when theestureis exited.Otherwise slight fluctuations
around otherecognitionthresholdscould trigger false positivesas thosdluctuationsare not
compensated by a corresponding o Fup-roevc o g rihreshbld n 0

The choserii f o lupreawgni t hoes hol d f or tgdsterashllestratee md e d
Figurel8 (b) on page31.

The described approaamablesa fast recognitionof static hand gesturess only a fied

number of values for predefinedetrics (t wo i n t he <cas @estardhavehe i
to be calculated and compared to predefimedognition thresholdsand af f o lup-o w

r e c o g rihreshbla n 0

4.3 Compensating Missing Values in Input Data

This approachto recognize static hand gestu be used with input data originating from
different solutions used for tracking hand movements. Solutions which rely on optical sensing
techniques are sensitive against occlusion of markers or fingers whiatesztdhin missing
values Those missing values can impede the recognition of gestures, which might then impede
user interactionf no compensation is provided by the system

For the purpose of this thesis, wsedinput data delivered byhe A.R.T. finge tracking
solutionandWhitey, anoveldata glovesolutionwhich we will describén chapter6.

Both glove-based handnovementrackingsolutionsuse optical cameras to detect the position
of the fingertips i identifying maikers attached ta glove If thosemarkers are not visible for
the camergso information on their position can be deliver&d. compensate missing values
for finger positions in the input dataje introduceda gesture memory optiowhich can be
activatedfor gesture recognition

Gesture Memory Option

If data offingers needed for theecognitionof a static handyesture are missing, the memory
option checks if this specific gesture has bemsognizedn the last frame where data for the
finger waspreset. If so, it is assumed thatthoughthe finger is currently not traceabkhe
gesture is still maintaineahd hence thgesture getsecognizedagain.

This is similar toan idea proposed hyetessier & Bérard [2004]They describe a system where
apurely computesvision-based, glovdree approach igppliedto track hands in front of a large
surface.If a finger is no longer detectable, they consider a cettaie window beforethe
finger gets reported as having disappealiethe finger becomes vigie again during the time
windowthe tracked position is further used and no disappear event is generated.
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Different to Letessie & Bérard [2004], which use a fixed sized window, for the gesture
memoryoptionthe user can specify how long a gesture carebsedwhile missing values for
the fingerare presenin the input datalf the gesture has been reused for the specified
maximum duration, the gesture will no longerrbeognizeduntil the fingers are visible again.
To minimize the disturbance of thear in such cases, tiief o tup-roevc o g nhreshold n o
(see chapte4.?2) can be deactivated. Thivay the usedoes not have to explicitly exiting the
gesturetocross h e N-dipolelcowni t i o nsture baa beaecagnizedagain gban
insteadmaintain the gesturhile optimizing the visibility of the markensntil the gesture gets
recognizedagain

The gesture memoryption is of particular importance fanteraction techniquesvhere
maintaininga static handyesture is mapped to a continuous actkor instancevhenmapping
thefipinch gesturéto a dragging actigrasdescribed irchapter7.1.2 If the gestureecognition
fails while the user is stillmaintaining the statittland gesturethe dragging task would be
interrupedby the systenandt he user sdé attention would be
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5. Hand Gestures as a Pointing Device

Physical navigation at LHRDsubstantiateshe need for an input deg which allows
interaction from any point and distance to enhance physical navigation and not impede a fluid
humancomputer interaction. Hand gestures as an input device can fulfill this mobility
requiremen{see chapte2.4).

With hand gesttes as an input devicaimed to supporhumancomputer interaction on
LHRDs in general and not targeted at specific application, the questianises, which
interaction tasks should be supported. Casiez et al. [2008] stafe Fhati rat ai targgt is a
fundamentaland frequent task in graphical user interfaces (GUIsgd. Accot & Zhai
considerthat pointing, which theylescribe agi[ € moving a cursor into a graphical object
with an input devi ci¢ é phndndobambiksiha mpost aimivéraalt t o n
interaction paradigm across diAccetr&Zkai [20p2p | i c a
Those two statements indicate that pointing and selecting (if we consak@ngla button as a
selection)are common basidcasks in manyf todays graphical user interfaceEherefore we
designednteraction techniques for those tlWasic and commonly fouridteraction tasks

In the following chapter we willdescribe our techniquefor pointing and selecting
Furthermorewe will discussaspects which could influence the performance of hand gesture
interaction namely the influence of limb segments and additional tactile feedBatirmal
evaluation study,imed at accessing thesability of our techniqueandthe influence of tactile
feedback and movement directidresulting in differences imovement ofimb segmentswill

be describedThe outcomeof this studywill be presenteddiscussed and recommendations for
future workwill be proposed.

5.1 Pointing fPalm Pointingo

Parts of this chager havebeen publisheih [Foehrenbach et al. 2008put have been further
enhancedor this thesis

Kendon[2004] describes a variety of every day gestures which are used in combination with
speech. These kinds of gestures are interesting for hoomapuer interaction, as they are
already known by the potential users and could therefore lead to a decreased é&fortiagd

a better recall when used for interactibmthe context ohumanrcomputer interactiopointing

is used to specify a locatiamm a display with the user facing; ihence gestures which are used

in this manner should be used

Kendon[2004] identifies sevenpointing gesturegalso referred to as deictic gestureshich
are used in combination with speech in hurshnaman communicationThose gesturesan be
classified into three categories: pointing with the extended index finger, pointing withehe
handand pointing with the thumfseeFigure 19, on page36). All categories Bare the same
semantic meaning, where

i Binting gestures are regarded as indicating an object, a location, or a
direction, which is discovered by projecting a straight line from the furthest
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point of the body part that has been extended outward, intsphee that
extends beyo[Kehdoh20@4 speaker o

Figure 19: Pointing a) with the extended index finger, b) with the open hand and c) the thumb. Taken from [Kendon
2004]

Whereas pointing with the thubms not used for objects, locations or directions in front of the
speakerthe remaining two categories are used in this mami®rever, @en if both gesture
categorieshare the same semantic theme the usage is slightly different. An extended index
finger is used when one specific object or location is referred to, whereas pointing with the
open hand indicates that the object is related to the topic but is not explicitly mentioned.

The exact location of a specific object is what users aipwfloen podioning the cursor over a

target, which describes the usage of the extended index in poiftueq. if the semantic
meaning would be identigathe extended indegesture bears some drawbacks when used for
humancomputerinteraction. Vogel& Balakrishnan[2005] evaluated three combinations of

point and click hand gestures and found that pointing with the extendedfindexshowed

the highest error rate and the lowest ease of use score (1 out of 12). Another drawback is that
pointing with the extended ied fingerrequires higher tension than pointing with the open
hand These drawbacks discourage the usage of the extended index gesture for pointing.
Pointing with the open hand requires less tension, which makes the open hand gesture a better
candidate cosidering biomechanical load in this comparisbhe usage wouldlsoresemble

every day gesticulation, not as much as the extended, ibhdesonsidering the discussed issues

of both gestures, the open hand seems to be the best choice for being ussdtagyaypsture.

\

—
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-

Figure200 The fipal m pointi ngninggesture used for p

We therefore use he open hand pointing gestureith an absolute mapping focursor
positioning A straight line, defined by therientation of the palns projected and intercepted
with the displayThedisplaycursoris placed at th@oint ofinterception(seeFigure20). This is
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in line with Kendoné regardon pointing gestures described abolWeactical experience with

the intoduced hand gesture pointing technique has revealed that using the position above the
joint connecting the index finger with the palm as a starting point for the projected straight line
leads to a cursor positiavhich is intuitively expected by the user

The display cursor is always in line with the pointing hand, and loosing track of the, @asrsor
reported of being a usability problem with mouse (using a relative mappifay cursor
positioning at large displays by Robertson et al. [20@&h be preented.

We call the combination of pointing with an open hand andafasolute mapping of the
orientation and position of the harab described abovié,p al m poi nti ngo.

5.2 Selecting fPinch to Selecto

Parts of this chapterhave been publisheid [Foehrenbach eal. 2008], buthave been further
enhancedor the purpose of this thesis.

Additional to pointing, we also want to support selecting with hand gestdessly, such a
selectiongesture should fit well when used in combination with the pointing gestdrereould
furthermore be already well known from every day gesticulation or sinelary day
Asel ectiond actions.

Besides pointing gestureikendon[2004] also describes a so callé®-Familyo of fiprecision

gripd gestures that are used when the speakamtsvto be very exact and precise about
something and therefore special attention is needed. Selecting in the contextnark
computerinteraction shares this meaning, as the user wants to exactly select one specific object

of the application.
1(@

-

Figure 21: Precision grip gesture. Taken from [Kendon 2004]

When performing a gesture of tii&-Familyo the tips of the index finger and the thumb are
brought together to form a shape that resembles a circle or gseegigure 21), a finger
movement that can be used in combination whinselected pointing gesture quite well. Yet
another advantage is that the movement of the gesture mimics the action of doing a left mouse
click with every computer user beingnfiliar with. It also providesnplicit touchfeedback due

to the fingertip contact sighag that the gesture has been performetich leads to little
ambiguity from the users point of vielWilson 2006]of whetherthe gesture is performed or

not Becawe of the similar meaning, the additional relation to simple mouse click actions and
the implicit feedbackwe pickedthis gesturdo be usedor performing a selectio(Figure 22

on page38). If usedto invoke a selection action with hand gesture input, we refer ttainig
gesturemas fApinch gestureo.
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Figure22The fipi nch geselecioneo used for

A selection, which is magalonto a single left mouse clicks triggeredwvhen thepinchgesture
isrecognizedA si ngl e fAcl i ck dcacosstcafeedback ®theiser.d t o gi ve

For gesturerecognitionthe approach describad chapterd is applied As characteristic feature

of the pinch gestue we identifiedthe contact between the tip of the thumb and index finger.
Referring to the coordinate system illustratedrigure 17 on page30, we mappedhis feature
onto two metrics(1) the disance along the-axisand (2) the Euclidian distance of the x and y
valuesbetween thetip of the thumb and index fingerWhile the first metric captures the
movement of thenost activandexfinger, the second metrics is used to ensure that the fingers
are actually brought together to form a rikgpr the two metricsve further definedecognition
thresholds T h e Adumrlielcoong ni t i g which shbuld gpsevent lurvanted gesture
recogniton while the gesture is exiteds therebydefined in respedb the first metric, as those
values are stronger affected by the movement performed when entering respectively exiting the
pinchgesture

5.3 Influence of Limb Movements on User Performance

Empirical evidence suggests that user performamacies, dependingrothe limbssegments
incorporated in the user movemembsoperate an input devid®alakrishnan & MacKenzie
1997] Performance further varies with differences in movements of the same limb segments
resulting from different directions the input device isvad[Balakrishnan & MacKenzie 1997]
[Dennerlein et al. 2000]While some physical input devices can compensate for those
differencegqe.g. with force feedback to guide user movemditighnerlein et al. 2000kuch a
physical compensation by means of ithygut devicels not possible whepointingis performed

with the handreely movingin mid-air. Therefore, dferent movement patterns of the arm and
hand, differing in the limb segments and their coordination, may influence the pointing
performance of usswith our proposed hand gestuntéeractiontechnique.

In the following section evaluatison the effect of limb segments on user performance will be
presented and discussed.

5.3.1 Empirical Evidence

With the aim to reveal the effective Index of Performafarethe finger, wrist and forearm,
Balakrishnan &acKenzie[1997] conducteda formal evaluation studfeaturinga serial one
directionaltappingtask They evaluated hr ee Al i mb 0 canditionsFoweachoies t y | u s ¢
of the threelimb conditions a deicated custom build input devideas been usedwvhich

allowed movement of the inspected limb but immobilized the other lifrdogiets forthe limb

conditions have been aligned horizontalar the stylusconditions participantsiseda stylus

held betweenthe thumb and index fingeto perform the taskl n t he Al eft/ rigl
condition, the targets were aligned horizontalshereasi n t he Af or war d/ back
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condition the targets were aligned verticaflf0 participants took part in the evalieatandin

total 45,000 trials have been conducted. Reseaitsaledthat participants performed worse in
the finger condition (3.15 bits/s), followed by the wrist (4.08 bits/s), forearm (4.14 bits/s), stylus
Al ef t(4.20ibits/b)tard the styldsf aarrvd / b a sdorim@lrest with 4.47 bits/s.

The outcome of this study confirms that user pointing performance varies, depending on the
limb segments opelag the pointing device. Furthermore, the resulfsthe two stylus
conditions suggest thatiserspointing performancealso depends on the type of movement
which should be performed with tip@inting device(in this case horizontal vs. vertical device
movemen), and the differences iphysical limbmovements required tocontrol the different
device movenents.

Also not primary investigating on the issue of the influeatéifferent limb movementson

user performangeDennerlein et al[2000] reported on an experiment where they ascribed
observeddifferences inuserperformance to differences in joint kimatics, in particular the
multi-joint coordination.For a tunnel steering task, conducted via a stationary mouse and a
regular display, they observed that the 10 participants were able to guide the mouse cursor more
quickly through horizontal tunnels cowrmed to vertical tunnels. They argue that horizontal
mouse movement can be achieved primary in moving the wrist, whereas for vertical movement
the arm has to be moved away from the body, which furthermore includes the elbow and
shoulder jointrequiringa if é ] mo v egreatar inertia &nd mukljoint coordinationi a

hi gher | ev ¢Dennerléin etlal. PODGRApplyihgtforcé feedback to the mouse, which
repelsb ot h cur s or landdronpthertinnecboumdames tbveards thereasftthe
tunnel,could reduce the observed difference in performahhe additional guidance supports
joint coordination in compensating sSupportegul a
the conclusion that multi joint coordinatiotean bethe source othe differences in movement

time.

Similartothet wo A st yl| us [Balakrishmahi&tMaaKenzgie 199l he t wo At ur
conditionsin [Dennerlein et al. 200dkad to two different movement directions of the cursor
respectively the input devic8oth studies used the same input device for the two movement
directions and results of both studies showed that different user performance could be observed
for the twoinput devicemovement directionifferent directions of input device movement
require diferent physical user movementshich suggests that differences in limb movement,
either in the limbs performing the movement or the differences in joint coordination highly
influences user performance.

5.3.2 Conclusion

It is evident from related worthat theincorporation of different limbs for operating an input
device influences the user performance achieved with the d@atakrishnan & MacKenzie
[1997] showed that isolated limb movemeant different limbs results indifferent user
performancen a onedirectional serial tapping task

However, @erating input devices mostly involvast onlymovement ofan isolated limkbut a
coordinated movement of differetimbs. For a stylus and a stationary nsey which are
operated withsuch coordinated limb moventenit has been showthat different directions of
input device movement lead to different user performance [Balakrishnan & MacKenzie 1997]
[Dennerlein et al. 2000]This empirical evidence suggests that differemb movements

SBal akrishnan et al. call vertically aligned targets fAhori

39



HAND GESTURES AS AP OINTING DEVICE

differing in thelimbs inwlved andhe coordination ojoints, area highly influencing factor for
user performance.

While Dennerlein et al. [2000] could compensate differences in limb movements with force
feedback which guided user movements, for the proposed hand gesture grainselect
interaction techniqug@erformed in miekir, no external physical support can be provided to
compensate for irregularities in uselovements.

Considering the proven influence differences inlimb movement on user performance, in
particular br different input device movement directions, a similar influence can be expected
for the proposed hand gesture interaction technigqWés. will evaluate he influence of
differences in limb movements on user pointing performance with the proposed hamd ges
pointing techniquén the formal evaluation study described in chaptér

5.4 Tactile Feedback

Parts of this chapterhavebeen publisheth [Foehrenbach et al. 2008put have been further
enhanced for thighesis

When interacting withrealworld physical surroundingshumans rely on many sensesith
sight hearingandtouchcomplemenng, substituting or confirmingach otherThe absence of
visual ortactile perceptionmakes the manipulation gghysicalobjects much more difficult.
When grasping objects for example, usevisual andactilefeedback to judgerhetherwe can
now lift and hold the desired objedthe extenton which humans rely on those senses can be
experience with trying tbold up aglassof water blindy or with anumbhand.

With grasping as anetaphorfor selectingdigital objects inhumancomputer interactianthe
guestion riseswhethertactile feedback can also improve selection tasks or if visual feedback
aloneis sufficient. There ae many applications and studies stating that tactile feedback indeed
can improve the performance of users in human computer interaction.

Before reviewing and discussing previous wank chapter5.4.2 the terminology will be
clarified and defined

5.4.1 Terminology

When reviewing related work on tactile and forced feedback enhancddceteseveral terms

are used interchangealflyorlines & Balakrishnan 2008This diversity in terminology raises
the need for a clear definitiaf the two feedback modalities and distinction between tifream.

the purpose of thishesis tactile feedback is defined and distinguished frimmce feedback
based on the 1ISO 924, the human somatosensoric system and following the distinction found
in [Forlines & Balakrishnan 2008]

In [ISO 92419 200(Q tactile feedback is described asfhe ndi cati on of the r e
action transmitted .tWerebnelpgsdefinititorto atss@ntasperatethe t ou c h
gualities of the sense of touychccording to the foundations in the human somatosensoric
system, and exteerd the definitionto also take into account the impact on user movement.
Therebywe classifytactile feedbackand distinguish it from force feedback as following

i Tactile feedbadk indicates results o user actionTactile feedback is transmittdxy
the human sense of toughich can perceiveibration, pressure, stretching and touch

40



HAND GESTURES AS A POINTING DEVICE

[Mutschler et al. 200,7p. 698. Tactile feedback, unlike force feedback cannot restrict
user moements.

1 Force feedbackindicates results of a user actionappling forcewith various strentp
to the userlt canactively restrict users in their movemeritghe applied force is large
enough The feedback is sensed through the sense of touch @mrtbpeption

Using thesedefinitions we can identify different termsusedto describe tactile and forced
feedbackin related work which highlighs the necessity to pay attention to the way terms are
used and what qualities of the feedback are reféorad literature For example,n [Leunget

al. 2007] and [Buchmann et al. 2004] the temaptic feedback is used to describe tactile
feedback, wheream [Akamatsu & MacKenzie 1996JHoggan et al. 2008]Poupyrev et al.
2002]and [Poupyrev & Maruyama 20Dthe term tactile feedbacdk usedBesides the usage of
haptic feedback to describe tactile feedback, it can also be foundldde tactile and force
feedbacke.g. in [Burdea 2000]Hinckley 2003][Scheibe et al. 2007]

Applying the above introducedefinition of tactile feedback and its distinction against force
feedback, related work on the use of tactile feedback for pointing devices and the observations
on the impact of it will be described thefollowing chapter

5.4.2 Tactile Feedback for Pointing Devices

Scheibe et al[2007] observed that enhancing hand gesture interaction with tactile feedback
seems to increase the reliability of interaction tasks. In a pilot study eight participants were
asked to perform common interactions in a virtual car pibaksing the corresponding real

world hand movement&hile wearing a tactilelata glovesolution Tactile feedback, sensed as

an ongoing vibration on the fingertips, was given when contact of a virtual object with a finger
occurred. Tasks were performediwand without the additional feedback. Results showed that
participants clearly preferred the tactile system and it was observed that particular small, almost
by the real hand occluded objects were operated with greater reliability when tactile feedback
was given. Hence tactile feedback seems to improve hand gesture interaction, however the
outcome of the study neither gives evidence of the detailed impact on performance nor on error
rate nor on movement time.

Other areas in the field of Hum&omputer hteraction already make use of tactile feedback.
Braille displays allow visually impaired users to explore the internet, mobile phones vibrate
when a text message is received, and input devices give tactile clues like the discrimination
between keys on képards.

By comparing the results of a typing task performed by typists and casual users using a
conventional and a piezoelectric keyboard Baré&tKrueger [1994] found out that the
performance of both user groups was significantly higher with the coomahkeyboard. Here,

lack of the familiar haptic feedback (kinesthetic feedback through key travel and tactile through
key discrimination) directly decreases the performance.

Effects of enhancing keyboard interaction with a stylus on a PDA with taegldback were
evaluated by Brewster et dl2007]. Participants performed a text entry task once in a
laboratory and oncénside an underground train. A vibrotactile actuator at the back of the
device was used to generate two different stimuli which weezl ue either indicate a
successful button press or signal an error. Results showed that tactile feedback improved the
number of corrected errors significantly in both settings, reduced the error rate in the laboratory
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setting and lead to a lower overall tklmad of the participants who preferred the tactile system
over the nortactile system.

Another evaluation considering péased input was conducted by ForlireBalakrishnan
[2008]. Here, tactile feedback was added directly to the stylus. In a sael¢asik they did not

only study the effect of different feedback conditions (tactile plus visual vs. visual only) but
also direct vs. indirect input and selecting using pointing vs. crossing. Tactile feedback was
given to confirm a successful selection. Thehors discovered that although tactile feedback

didndot show significant benefici al ef fects
indirect pointing and direct crossing selection tasks. This outcome suggests that tactile
feedback, whiledvi ng the potenti al, doesndt per se

that the accompanied interaction technique also influences the benefits of tactile feedback.

Akamatsu & MacKenzig1996] found that the performance of a modified mouse could be
improved through additional tactile feedback. In the tactile feedback condition a solenoid
driven pin stimulated the tip of the index finger once the cursor overlapped the target area. The
feedback was turned off when the target was selected, or the wasanoved outside of the
target area. Note that this differsimahe feedback in [Forlines & Balakrishnan 2008 it is

given before the user performs a selection task. Compared to the other feedback conditions,
results showed that tactile feedback leathe highest index of performance with 6.4 bits/s.

Based on these mixed results it seems to be critical to distinguish between different forms of
tactile feedback when discussing its usefulness. We identified two different approaches on how
to provide actile feedback.

1. Proactive feedback:The feedback is given prior to a certain interaction and indicates a
call for action by the user. This means that as soon as a tactile feedback is sensed, the
user has to perform a (predefined) action (e.g. click oabgect). It might be that the
tactile feedback is given until the action is performed. The cited studies by Akamatus &
MacKenzie[1996], Scheibe et a[2007], and Barret & Krueg€il994] can be classified
in this category.

2. Retroactive feedback:In this @se, tactile feedback is given after an interaction has
been performed by the user. Here we have to distinguish between two different kinds of
feedback. Positive feedback means that tactile feedback is given to indicate that an
interaction or task was perimed correctly. Negative feedback means that tactile
feedback is given to indicate an error or mistake, requiring the user to repeat or correct
the action. The cited study by Forlin&sBalakrishnan [2008pelongs to the positive
retroactive feedback cagery while the study of Brewster et §007] provides both,
positive and negative feedback.

Summarizing the results of the different studies, the proactive feedback seems to increase
performance or at least user satisfaction while the results for thaactte feedback are more
mixed. The study by Brewster et 2007] might suggest that negative retroactive feedback has

a higher influence on user performance. However more research in this area is needed to clarify
this issue.

However, in case of comfing tactile feedback with hand gesture interaction for WIMP or

similar interfaces, the proactive feedback approach seems to be more promising. In such a case,

the user needs help in pointing to and selection of an object. Since the computer does not know
which object the user is interested in, giving retroactive feedback is not pogsiteding
proactive feedback is further in line with the analagyealworld interaction, where tactile
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feedback is given to indicate that an object can be liftedamtite feedback is present as long
as the object is movetHence, the hand gesture interaction, describdtarchapterss.1 and
5.2 is combinedwith proactive tactile feedback in a similar wayfAlsamatus & MacKenzie
[1996].

5.5 Evaluation of Hand Gesture Performance

Large parts of ths chapterhave been published [Foehrenbach et al. 2008]Jout have been
further enhancedn the previous sections.

We conducted a controllegixperiment toassessand @mparethe usabilityof the presented
pointing and selectingand gesture(see chapteb.1 and chapteb.2) with and without tactile
feedback as an input devifer large highresolution displays. Therefore tlegperiment took
place in front of the Powerwall of the University of Konstamzarge higkresolution display.
In the following chaptersthe experimental settingand the hypothesis will be describétle
will report the results inhapter5.5.7, followed by a discussion and oconclusiors in chapter
5.5.8 Eventuallywe will proposepossibleémplications for interaction design chapte 5.6.

5.5.1 Materials

The Powerwall of the University of Konstanz is a wsa#ed display with a resolution of
4640x1920 pixels and a physical dimension of 5.20x2.15 meters. It uses a multi projector
system with sofedge blendingnd is equipped witln optical tracking system developed by
A.R.T. This tracking system uses six infrared cameras to cover the area in front of the display.
The cameras are able itentify the position and movement of markers that can be placed on
persoms, e.g. to assess their current location and use this as an input variable. In combination
with the A.R.T. finger tracking solutigrthis system was used for finger tracking. Taa

glove associated witlthe finger tracking solutiononsists okeveral markers orthe back of the

hand as well as on three fingérthe latter were attached similar to foxglovesdFigure23on
page44). This construction enables the tracking of theceka posi ti on of oned
single fingers. If every marker is visible for the cameras, this system reaches an accuracy of
<1mm.We usedhiis commerciatlata glove asit can be accustomed tmost of thehand and

finger sizesand should thereforbe adjustable to fitnost participans. Furthermore hygienic
issues, arising frorthe useby manydifferentusers areminimized, as only a small area of the
hand and finger is in contact with tkata glovesolution (for details on the usedata glove
sdution and comparison to other solutions sd®apter3.4.2 and 6.5. We modified the
attachment of the marker on the back of the hand to improve the visibility ofatier for the
cameras and therefore increase the tracking quéatitprder to provide tactile feedback, we
used an extension of this system described in [Scheibe et al. 2007]. Around the inside of the
three fingertips covered by the markers;catled fiape memory alloy wires are attached. A
wireless connection provides the possibility to attach a low voltage which is perceived by the
user as a continuous vibration.

The tasks (seehapters.5.2 were presentednd nteraction was recorded via IEval, a software
tool that can be used for pointing device experimpgiisig et al. 20013].

To accommodate for the natural hand tremor we integrated apaessdfilter that provides
dynamic smoothing of the interactianthout restricting fast movements.

We designed ashortptestquesti onnaire to assess the part
some demographic data (see Appendix A). For subjective assessment of the different
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experimental conditions we used theegtionnaire provided by the ISO 92@1which asks
participants to rate one device and then rate the second device in comparison to the first device.
Users rated the netactile as the first device (absolute measurement) and the tactile feedback as
the seond device (relative to the naactile variant). The questionnaire consists of items like
overall satisfaction as well as accuracy and fatigue of fingers/wrist/arm, etc. In total it
comprises 12 items that have to be rated ompaifft-scale (see Apperndih).

Figure 23: Experimental setup (top), modified data glove(bottom)

55.2 Tasks

We based our experiment on Fittsod TapPo ng Tas
assess the performance of pointing devices. These testsidely used and accepted (see
[Soukoreff & MacKenzie 2004for a review).We used the ondirectional tapping task which

consists of two rectangular targets that are furthermore varied in terms of their width (W) and

the amplitude (A) between therartigpants were asked to click on each of these targets in an
alternating manner as fast and precise as poc
selectiongesturallustrated in chapte®.2

In the tactile ondition, tactile feedback was provided while the cursor overlapped the target
area. The tactile feedback to the user's tips of the active fingers (index and thumb) was turned
off only after selecting the target or after the cursor was moved outside tafgleé area. This
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integration of the tactile feedback is based on the work by Akamatsu & MacKH#&a2®& who
provided tactile feedback in a similar wayilgltesting an enhanced mouse.

We furthermore varied the target alignment, using horizontal asawefértical aligned targets
(seeFigure24).

- W

F=4

Figure 24: Horizontal (left) and vertical (right) alignment of tapping targets

To cover a wide set of difficulties that can be encounterednwinteracting in front of the
Powerwall,we initially used 3 (W) x 3 (A) combinations for horizontal tasks and 2 (W) x 2 (A)
combinations for vertical task¥he latter was due to the limited vertical size of the Powerwall
(2.15m compared to the 5.20m Iorizontal) and the necessity that participants may also
Aovershooto a target. Larger amplitudes or
resulted inparticipants performing a selection gesture outside of the display. The exaet pixel
valuescan be seen iRigure 25 as well as the resulting indexes of difficultyowever during

the experiment we observed that participants moved themselves to a larger extent in front of the
display than expected, triggeg the tracking cameras ineffective for the outer parts of the
display. Therefore we had to exclude this amplitude for further analysis, resulting in a 3 (W) x 2
(A) combination for horizontal tasks and the corresponding reduction in terms of the fndex o
difficulty from 5.6 bits maximum to 4.6 bits maximuiseeFigure25 (b)).

6 — 6 - 6
Vertical - Horizontal Horizontal
5 51 %87 5
48
i 1 48 ~ 46
—_ 4 AN w ¢ 42 5
2 = 38 £ 38
a 3 38 3. . 3
= = 32 = v 32
o 30 o 30 o 30
2 23 2 23 T, A (px) 2 23 T,
N A (px) 18 L aa00 18 A(px)
-a—1500 14 1800 1 1800
0 550 0 =550 0 =550
—_— —_—
80 140 80 140 220 80 140 220
W (px) W (px) W (px)
(a) (b)

Figure 25: (a) Initial design of W x A combinations and resulting index of difficulties (differentcolors: amplitudes, x-
axis: target sizes, left: horizontal, right: vertical) (b): Resulting W x A combinations for horizontal alignment after
exclusion of one amplitude condition (3800px)

5.5.3 Hypothesis

This section describesur experimental hypothesis as well as thfemndation in the current
literature.
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H1: Tactile vs. Non-Tactile

We assumed that tactile feedback would result in a significant performance improvement,
expressed by the effective indexp#rformance (IPe) measuremerihis hypothesis is in line

with theliterature review presented ahapters.4.2that strongly suggests that tactile feedback

is able to improve user performance in many ways, ranging from lower error rates to lower
movement times. The effectivedex of performancéncludes both, movement time and error
rates (segSoukoreff & MacKenzie 2004for details) and therefore provides an appropriate
measurement for this hypothesis.

H2: Horizontal vs. Vertical Target Alignment

We assumed that the indek merformance for horizontahrgets(seeFigure 24, left on page

45) would be significantly higher compared to the vertical target alignseesEigure24, right

on page45). This hypothesis is in line with findings by Dennerlein et [2D00]. In an
experiment featuring a tunnel steering task, conducted via a stationary mouse and a regular
display, they observethat users were able to guide the mouse cursor more quickly through
horizontal areas of the task compared to the vertical areas. They ascribed this effect to
differences in the joint kinematics, in particular to the mjoltit coordination(see btapter

5.3.0. In a similar way, horizontal and vertical hand movement also relies on different muscles
and joints, therefore similar resultere expected

5.5.4 Experimental Design

We used a 2x2 within subjects design wigedback (tactile, netactile) and target alignment
(horizontal, vertical) being the independent variables. A latin square design was used for
counterbalancing in order to address possible effects of sequence, learning or fatigue. Our
participants were ralomly assigned to one of the resulting four experimental groups. As
dependent variable we used the measurements provided by IS, 92&hely movement time

(MT, in milliseconds), error rate (ERR in %), and the effective index of performance (IPe in
bits/s). The latter combines the movement time and error rate in one single measurement. Since
participants were asked to perform a task as fast and precise as possible it should be considered
as the most important measuremenhe measures were calculated gsitne following
formulas:

Index ofdifficulty : ID = log, (A/W + 1)
Effectivewidth : W, = SD@E®) x 4,133
Effective index of difficulty ID. = log, (A / W, + 1)

Effective index of performancéP, = ID./ MT

5.5.5 Participants

We selected 20 participants take part in our experimenDf those, 15 were male and five
female. The average age was 30.8 years with a standard deviation of 9.9 years. All of them
were regular computer users, while 13 already had some experience with large displays
(standard projectoor Powerwall). None of the participants had prior experience widhta
gloveor something similar.
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5.5.6 Procedure

Each session started with the fpest questionnaire. Users were then equipped witrdéte
glovefollowed by a short functionality test oféhactile feedback. In the next step, participants
were asked to step in the cenitn front of the Powerwall, three meters away from the display.
They were instructed about the interaction, the gestures they should use to interact, and to be as
fast and pecise as possible.

A training session was started then, consisting of a full block of vertical and horizontal tasks as
well as nortactile and tactile feedback, whereas the sequence was based on the participants
assigned test conditio@uring training weused 2 (W) x 2 (A) combinations and ten trials for

each combination, resulting in 160 trials. The selection of the reduced WxA combinations was
done based on the goal to keep the training rather short and at the same time to reach similar
difficulty levels as in the following real tasks. During these each participant completed two
blocks of the assigned condition, and now 16 trials for each WxA combination, resulting in 832
trials. All participants together completed ,680 trials of which 2,800 trials wee used for
analysis, due to the tracking problementioned irchapter5.5.2

Trials
Per
Participant Total

Training 2 (W) x 2 (A) x 10 Trialsx 2 feedback type x 2 target alignme 160 3200
Test Horizontal:  3(W) x 3(A) x 16 Trials x 2 feedback type x 2 Blocks 576 | 11,520
Vertical: 2 (W) x 2(A) x 16 Trials x 2 feedback type x 2 Blocks 256 5,120
832| 16,640
Analysis Excluded: 3(W) x 1(A) x 16 Trials x 2 feedback type x 2 Blocks 192 3,840
12,800

Table 1: Trials Counts

After completion of the tapping test, participants were asked to fill in the 1ISO-®241
guestionnaire. The experiment lasted in total about one hour per session and participants were
given 5 EUR as copensation.

55.7 Results

This section describes the analysis and resulsuokxperiment.First the identification and
treatment of outliers will be described, followed by the model fit and the results.

Treatment of Outlier

Before calculating the dependentriahles outlier resulting from accidental double clicks and
other anomalies have been identified and removed from the #iatgst, wrong side outlier
[MacKenzie & Oniszczak 1998yvhich resultfrom accidental clicksimmediatelyfollowing a
successfuselection have been removedhosetrials have been identifiedy comparing the
position of the trial with theente of the two targets. Trials being closer the previous target
than to the target which had to be selectedespect to the axis opproach,are considered
wrong sideoutlier and have been removed from the tri@g trials, 0.5 %) Furthermore
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following a recommendation in [Soukoreff & MacKenzie 208#tistical measures were used
to identify outliers Therefore for eachfeedback ype, target alignmentnd amplitude
combination the mean movement tintiee mean distancéom the target cergralong the axis

of approachand thecorrespondingstandard deviatimhave been calculatedirials were
removed if tleir movement time wasrd t thiwthe range ot 3 standard deviatiorsround the
movement time meafl88 trials, 1.5 %)or if thar distance from the cempof the targetva s n 6 t
within the range ot 3 standard deviations around the mean center dis{d8éetrials, 1.1%)

Model Fit

At the beginning of the analysise calculatedhe model fit averaged across all participants,

f or Fi tTheseéultslslaowd a very high model fit for each of the factor combinations,
with r2 constantly above .99 hereforewe can assuméhatthe F t t s Law model
for our experiment.

Regression Function (MT in seg r ID Range

Horizontal, tactile feedback MT = 0.330 + 0212 ID 0.991 1.87 4.6
Horizontal, no additional tactile feedback MT = 0.269 + 0242 ID 0.991 1.87 4.6
Verticd, tactile feedback MT = 0.303 + 0264 1D 0.994 23143
Vertical, no additional tactile feedback MT = 0.305 + 0265 ID 0.998 23143

Table 2: Model fit for each factor combination
H1: Tactile vs. Non-Tactile

Our first hypotheis stated a significant difference fiavour of the tactile feedback in terms of
the effective index of performance (IPe). Results of ourARNDVA however show that this is
not the case. For both horizontal and vertical target alignment thdactile feaback
performed better, however the differences are very small and not sign{ficaizontal means:
nontactile 3bits/s SD: 0.29 bits/sss. tactile 2.99 bits/s SD: 0.31 bits/sF; 10= .053 p = .820
vertical meansnonttactile 2.53 bits/s SD0.23 bis/s vs. tactil®.46 bits/s SD:0.28 bits/sF; 19

= 3.637 p = .072seeFigure 26). Therefore we have to reject our hypothesigawvour of the
null-hypothesis, stating there is sgnificant difference.
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Figure 26: Effective index of performance for horizontal and vertical target alignment

H2: Horizontal vs. Vertical Target Alignment

Our second hypothesistated a significant difference ifavour of the horizontal target
alignment compaed to the vertical one in terms of the effective index of performance. As it
turns out, this is indeed the ca$g {o = 124.857 p < .001, horizontal mean: 2.99 bits/s, SD:
0.29 bits/s vs. vertical mean: 2.49 bits3§): 0.25 bits/s)Iherefore, we can aept oursecond
hypothesis

Effect of Tactile Feedback on Error Rate and Movement Time

We further analyzethe effect of the tactile feedback in terms of error rate and movement time.
Results show that the movement time is slightly lower for both vericdl horizontal target
alignmentwhen providing the user with tactile feedback. However these differences are not
significant (seerigure 27, on page50). (Horizontal: F; 19 = 3.84 p =.065 1,02177 ms SD:
12494 msvs. 98864 ms, SD: 11915 ms Vertical: F; 19 = .049p = 827, 1,17436 ms SD:
13123 msvs.1,17128 ms SD: 14537 ms)
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Figure 27: Influence of tactile feedback on movement time

Regarding the reor rate resultslook different (seeFigure 28). For the horizontal target
alignment we discovered a significant higlkeror rate when using tactile feedbd€k 19=9.17

p = .007, 10%SD: 4.8%vs. 12%, SD 6.2%i for vertical alignment the difference was not
significant (F,10= 2.61 p =.11214% SD: 56%Vs. 15% SD: 5.9%).
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Figure 28: Influence of tactile feedback on error rate

Questionnaire

Regarding the subjectivieedback derive from the questionnaire our participants rated nearly
the entire items positive for the ndactile feedbackwith the exception of arm fatigue, see
Figure29). The second part of the questionnaire asks to rateatitilefeedback relative to the
nonttactile. Results show that our participants either liked or disliked the tdeglback,
resulting in three nearly discrete grou@sdislikes, 7 likes, 6 undecided, segure 30). We

looked for correlations between task performance and whether a participant wasiih thd i k e

~

tactil eo or 0l Howewerthere was hossigrificahteffect.gr ou p .
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Figure 29: Subjective user rating for nontactile feedback

Participant: 1 2 3 4 5 6 7 8 9 10 11 1213 14 15 16 17 18 19 20
Overall operation
General comfort
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Operation speed
Operation smoothness
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Actuation force
Finger fatigue
Wrist fatigue
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Shoulder fatigue
Neck fatigue

- better same - worse

Figure 30: Relative user rating for tactile feedback(Participants ordered according to their rating)

5.5.8 Discussion and Conclusion

Based on previous findings of Kendo20pP4 and the experimental results of Vogel &
Balakrishnan2005 we identified suitable gestures for pointing and selection tasks and realized
gesture recognition in combination with a commercial finger tracking deVioe nontactile
version ofour hand gesture interactiomas very well receivedybthe participants, with 11
positive and only one negative rated item on the ISO satisfaction questionnaire. Also the
effective index of performance with a mean of 2.53 bits/s for vertical and 3 bits/s for horizontal
target alignment is promising and suggethat hand gesture interaction provides an adequate
and valuable interaction technique for large, higbolution displays.

Tactile Feedback

Besides investigating the general usability of hand gesture interaction for largees$odition
displaysanoher contribution of thistudyis the evaluation of the effect of tactile feedback on
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it. The findings from[Scheibe et al. 20074nd [Akamatsu & MacKenzie 1996jliscussed in
chapter5.4.2 suggest thaproactivetactile feedbek may improve user performanseice the
additional information channel can complement or substitute visual informadiowever
results of this evaluationstudy show no significant effect in terms of effective index of
performance and evea small but significant higher error rate for horizontal target alignment
when using tactile feedback.

One explanation might be that participants did not take advantage of the additional feedback
since they relied more on their visual observations wherating a selection, as this is more
common and known. So, the performance did not show a difference as tactile feedback might
have simply be tolerated but not used by the participants.

However in the negative case, the additional tactile feedback eweld interfere with the

visual information.lt is knownfrom cognitive science that tactile and visual stimulations are
not processed with the same lag and velocity and measured reaction timgSeifter 1997

Users may react irritated if the same mf@ation (target reached) gets delivered from different
channels at different times. Moreover some participants mentioned that they felt to be set under
pressure by the additional feedback, what could also be a reason for the sligh&c#tiraw
considering therror rate

Basically, the findings of previous research on tactile feedback could not be directly transferred
to our proposedhand gesture interactiothe empirical results showed no benefit of tactile
feedback at least iour test settingjn which visual and tactile information were provided to
code the same event redundan®ggarding future research we think that a more systematical
understanding and analysis of tactile feedback is needed. While the classification in proactive
and retroactive feedlck based on the current literature is a first start, our results suggest that
there are clearly additional factors that influence the utility. It might even be that the technical
implementation of the tactile feedback plays an importantiraidile it is quite common for
mobile phones to be equipped with some kind of vibration technique, it might be at first rather
inconvenient to feel a vibration directly at the fingertips without physically touching an object.
We suggest the intensified use of longitali designs for future studies, which can help to
further clarify the influence of such factors.

Movement Direction

Furthermoreour study confirmed the findings of Dennerlein et[2D00] concerning the effect

of movement direction on user performancee Thsults showed with 2.99 bits/s horizontal
versus 2.49 bits/s vertical a significant effect in terms of the effective index of performance.
Similar tothemthis effect could also be due to differences in joint kinemainckthe different
muscle groupsnicorporated in the two movemenihysicalmovement for vertally arranged
targets relies on more movement in the upper arm compared to horizontal movianierks
evaluation studiesThat different limb movementsan reveal different user performanceais
known issue in humaocomputer interactiofBalakrishnan & MacKenzie 199Dennerlein et

al. 2000] Therefore the differences in limb movements might be the reason for our observed
the differences in performance.

However n contrast tothe resultsof Dennerlein et al[200q, the tactilefeedback did not
compensate the differences between horizontal and vertical target aligiimecbuld be due

to the fact that in Dennerleinbés study force
feedbackm our evaluation only served as additional information but did not physically hinder
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users in their movement anidereforeprovidedno additional guidance to improve the lower
physical performance during vertical movements.

Anotherreasonfor the differemes in performance might be tkembination of the gestures
used. Performing the selection gesture could lead to a slight repositioning of the cursor, due to
correlatedmusclemovements at the back of the hand which are captured by the hand target
used fo gathering the orientation and position of the hakitien holding the inside of the hand
facing thefloor while interacting this could affect the performanaeeasureof trials for
vertically arranged targetdut not fo the horizontally arranged targetHowever, a lower
performance for vertical movement directicsmuld also be observed fomparticipans holding

the inside of the hand facing the left weée participast5 and 17in Figure31), which makes
differences in limb movements more likely for being the maasonof the observed
differences in user performance

B Horizontal Vertical

Mean IPe [bits/s)
(o8]

1 2 3 45|86 7 8 9 10 11 12 13 14 15 16|17 |18 19 20

Participant Id

Figure 31: Performance of horizontal movements over vertical movements in terms of thefective Index of
Performance, averaged for each participant acrostactile and non-tactile feedback conditions.

The influence of different movement directions should bensidered whendesigning
interaction techniques angser interfaces for hand gesture interactarge higkresolution
displays In Chapter5.6 we will describgpossiblemplications

We also suggest researattivitiesto furtherinvest on the influence of movement direction on
user performance darge highresolution displays.If differences in limb movement are the
reason for the different performance, the same effect can be exfmdi@@raction withother
input devices held in midir, applying an absolute mapping from input device movement to
cursor movementinfluence of novement directioron user performanceould therefore ba
general issue for distaimtteractionin this context

Tracking hand movements

During the evaluation studye observed thabur participants moved their handquippedwvith

the dataglove to a greater extent than expected. Wide hand movernreggsred the tracking
cameras ineffective for the outer parts of the disgliser movements were therefore limited to

a small area above the indicated stationary point. Such a restrictiogeofmovements is
critical in the context of interaction with LHRD, where supporting the mobility of the user is a
key concerrwhen designing interaction techniques
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To increase users mobility, the numbercameras used for trackimguld be increasedu it is
troublesome that even with six cameras user movements are limited to such a small area.
Because of the observed limitations of the A.R.T. finger tracking solution and the hygienic and
fit issues evident for alternativdata glovesolutions, we deded to design a novelata glove
solution which still addresses thissues of hygiendetter than alternative commercially
availabledata glovs.

The fact that arm fatigue was rated negative by our particigariteer urges the need for a
light-weighteddata glovein order to avoid increasirnfye physical effort needed to perform the
hand gesture interaction techniqu&€ke designed novelata glovesolution, which we named
Whitey and its components are described in chapter

5.6 Implications for Interaction Design

The evaluation described in tipeevious chapteb.5 shows thaperformancdor rapid target
acquisition taskszonductedvith hand gestureteraction techiqueson alarge highresolution
display,significantlydependsn thedirectionof target approach movemenkforizontaltarget
alignments which lead to a horizontgproach direction herelyutperform verticdy aligned
targets The influence of movenme direction during approaching a target has been ascribed to
two reasonsFirst, the combination of gesturesed second differences in physical limb
movements. For both of thescribedreasons, implicationen designing interaction and user
interfacescan be derived with the aim to improve user performance.

Compensating Unwanted Cursor Repositioning due to the Combination of
Gestures Used

The combination of gestures used for point aeléctcould lead to a slight repositioning of the
cursor while pedrming the select gesturAlthough less likely for being the main contributor
to theobservederformance differencgsee chaptes.5.8, this effectshouldbe minimized.

To meet the ussiintendthe unintentbnal repositioning of the cursor during a selection should
be reversed in a way that the point of selection matchesntaededpoint. Whenever a
selection is triggeredhe actual cursor position should be set to the intended cursor poAition.
dedicatedilter applied to the cursor position could bsedto provide such a system behaviour.

The intendedcursor position ould for instancebe derivedby going backward a fixed, yet
adjustable, amount of timia a history of cursor positionsKeeping a histty and not just
reposition the cursor along a predefined vector covers all podsoieé posturesTherefore

each potential influence on the cursor posii®ooveredand not justhe repositioning along

the vertical axis when holding thesideof the had facing the floarGoing back in the history

a fixed, yetadjustableamount of timeand notdefine gesture dependent thresholds to determine
the intended cursor position in the history of cursor positionsemake mechanism
independent fnm the used geures Thereforethis mechanism can beased toalso cover
unwanted cursor repositioning with other input devices, for example when pressing a button on
a mouse held in mid air.

Compensating Influences on User Performance of Differences in Physical Limb
Movements

The main reason for the discrepancy in performdnrasebeerascribed totie differences in the
user movements for horizontal vs. vertically movement directiBngerived guideline for
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designing user interfacdsr LHRDs operated with hand gestuneteraction techniquesan
therefore befiavoid vertical and force horizontal approach directions (rapid) target
acqui si t.i Gonsequereceskaf othisare b u t arenot thel follwinge d
recommendations

1. Ifitis likely that a common task reqgas users to alternate between elements, arrange
those elements horizontally.

2. Put elementge.g.used to switch viewdor activationor deactivation obptions or
invoking function$ in a position where horizontal approach directions are more likely.

3. When using context sensitive menus pust ofterusedoptionsin the axis of
horizontal movement directions.

As an example, imagine a usgyoming stepwise into a visualizatiosegFigure 32) usingan
interface elenent similar to the one iRigure 32. Whenever the user accidentally enlarged the
visualization too muchthe userimmediately zooms back out to a previous stagng the
buttonat thebottom of the interface eleent. The two elements fézooming ird andfizooming

outd are aligned vertically. Repositioning the element in a way that this alignment would be
horizontal (see Figure 33 on page56) would increasethe performance of the user for this
specific task

Figure 32: Stepwise zooming inta geographical mapfollowed by a reverse zoom out stefa). The buttons for the
fizoom oud and fizoom ind function are arranged vertically (b).*

“ Screenshots tak fromhttp:/maps.google.co.uk/map$ast accessed on Jan. 15, 2009)
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