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ABSTRACT In this paper, we present an implementation of a novel
Sphere isa multi-user multi-touch-sensitivespherical ds- multi-touchsensitive spherical display prototype d¢ad

play in which an infrared cameraised for touch sensing Spherg(Figurel). We use Spher® explorethe interacte
shares thesameoptical path with the projectarsed for the  and collaboratie possibilities of spherical interfaces
display This novel cofiguration permits (1) the enclosure  throughthe development of several concept applications.
of both the projection and the sensing mechanism in theOur work makes the followinthreecontributions:

base of the devicand(2) easy 36edegree accedsr mu- First, we outline and discuss the unique benefits of spher
tiple userswith a high degree of interactivity without ah cal displays in comparisato flat displays. While the clia
dowing or occlusionin addition to the hamlare and s&f  |enges of designing applications and interactiaresargua-
ware solution, we present a set of mtdich interaction — pyy greater fora spherical tharor a flat surface, applé
techniques andhterfaceconceptsthat facilitate collab@-  tjonscanbe designedhatexploit theuniquecharacteristics

tive interactions around Sphere. We designed four sphericalyt spherical display® create interesting user experience.
applicationconceptsand report on several important obse

vations of collaboratve activity from our initial Sphere
installation inthreehighttraffic locations.

Second, wedescribehardware and software components
needed to facilitate multbuchsensing on a sphericalsdi
] . play. Sphereusesa commercially availablélagic Planet
ACM Classification: H.5.2 [Information interfaces and display [13] as i& core, augmented by our custom touch
presentation]: User Interfacéeis.Input devices and stiet sensing hardwaréVNe also discuss the projectioneeded

gies;Graphical userierfaces to predistort data for displagn a spherical surface.

General term s: Design Human Factors Third, we present a set of direct touch iatgion tet-

Keywords: Spherical display, muHiouch, surface comp niquesi including dragging, scaling, rotating, and flicking

ting, collaboration, singlelisplay groupware. of objectsi that permit interactin and collaboratin
around SpheraNe also contribute gestural interactions and

INTRODUCTION user interfaceoncepts that account fthre spherical nature

Spherical displays offer an unobstructed 360° field of view of theinterface While general in nature, these interactions

to all usersenabling them to explore different peestives were developedithin the context offour simple prototype

of the displayed data by physically moving around ttee di application concepts th&elp use x pl or e Spcher ed s
play. Viewers can use thsphericalnature of the display, tive capabilities, includin@ picture and video browser, an

their physical body position and orientation, and additional omni-directional data vewer, a paint application, and a

cues from thesurroundingenvironmento aid them in sp- Apongd style game application.
tially finding and understanding data displayed on the
spherical surfacelhus, it is likely that the unique charaet
ristics of the spherical form factor could afford interesting
usage scenarios and interaction challenges that go beyor
what is possible with prevaleraf displays.

While several commercially available spherical displays
exist today[13, 17, 18], such displays are not directly inte
active and tend to be used autputonly devices. Any
interactivity is usually provided througim auxiliary device
such as trackball or an additional flat touchscreen.
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multi-touch spherical display prototype built on top
of a Magic Planet display.



RELATED WORK play, in the future, the availability of flexible display4] [
Although ®veral research prototypes of interactive spher should make various curved displays more common. Even
cal and hemispherical displays have beenently pre- with different implementations of spherical displays, our
sented, none are able to sense and track multiple touchnteraction principleshouldremain relevant.

points ortheir curved surface From an interaction perspective, our work primarilk-e

Kettneret al.[10] explored interactions with spherical data tends the surface computing research in rudér and
projected on a spherical surface. Their ViBall display r multi-touch interactions (e.g.5[ 9, 15, 19, 25, 26, 27)).
quired multiple external projectors and was not directly Our multi-touchsensing technique Hds on the computer
touchsensitive, but waale to physically rotate in place  vision fingertracking solutions developed by many surface
making it behave as a large trackball. Tiubysica computing prototypes (e.g., Holowallq), TouchLight
rotation-only sensing was well suited for the spherical data [25], PlayAnywhere 26], and FTIR P]). In all of these
Kettner et alexperimened with (e.g., Earth globe images), solutions, toucksensing is performed using infrad light

but did not allow for direct position sensind multiple while projection is done in the visible portion of the light
touchpoints on the spherical surface. A similar physical spectrum. This light separation ensures that sensing is not
rotationronly sensing approach was used in the Globe4D disturbed by theisually visible projectediata.

hemispherical display2]. Unlike the rotation sensingf
ViBall and Globe4D Marchese and Ros&4] used several
ultrasonic distance sensors to allow for hiaded intere
tions away from the display surface. In their system, each
sensor independently controlled two rotatexxesand one
zoom axis.

The basic unit of interaction on Sphere is a rotatiora{qu
ternion) rather thanthe translation (vector) common to

most flat interactive surfaces. Our interactions are based on
Shoemakeds wo r-Hasedrotatianpentiper ni o n
[22] andthe ArcBall controller R3].

Research exploring how multiple people collaborate around
an interactive tabletopl], 16, 21] is also highly relevant

as we demonstrate that spherical displaysy alleviate
some data orientation difficulties commonly associated
with tabletop collaboration. Shen et6asDiamondSpin
toolkit [21] enabled arbitrary orientation of all displayed
user interfaceelements to accommodate various useli-pos
tions arounda tabletop. We extend this concept by aut
maically orienting objects around Sphere to simplify-co
laboration.We also show how the terriiality conceptof
Scott et al. 20] applies to spherical displays.

In contrast to spherical gikays that present data on their
curved surface (a categoryto which Sphere belonys
spherical volumetric displays have been used to visualize
and interact with 3D data within the display. Grossman and
colleagues performeskveralinteraction studies oa sphe-

ical 3D volumetric display from Actuality Systems, Inc.
[7,8]. Theyfound the two most noticeable interaction diff
cultiesresultedfrom aninability to: (1) display anything on
the volumetr display surface and (2) physically reach
into the display.To alleviate tlese problemsGrossman et

al. created a set of interactions based on modified ray
casting selectiofrom a distanceand used an externalom  THE DESIGN SPACE OF SPHERICAL DISPLAY S

tion tracking system to allow gestliateractions with the ~ MOst current spherical applications primarily focus of-ou
3D data. putonly presentations of global data (e.g., weathdr pa

terrs) or simple marketing applications (e.g., spinniag |
gos or animations). These applications exploit the emni
directional viewing capabilityof spherical displaysand
benefit fromtheir novelty. In contrast, eabling interactiis

y ) ty on spherical displays rkasdirect manipuldbn of data
pendent display systems. Chan et 8].designed a system 54 new applicatiors possible We believe that in order to

to trackhand gestureabovei-ball2. They used computer  create compelling interactive applications fepherical

vision techniques to tr acKkgghdlEiisinhstan?td invBsfightd snd ihdbStand™ € S S U |
~ gat d t r
sensors athe base of the ball to detdbeu s er 0s. t cllHicﬁ.ufl:t'*?aisacteristi(:s\NhiIethefollowing aralysisfocuses

!n contrgst to our V\{ork_, Chan et al. do Bupport spherical 4, Sphereijit also appliesnore generallyto spherical and
interactions or projections on the sphere itself, but ratherhemispherical displays.

display d#a on a regular planar display and interact with it
using gestures overtaansparent spher@he glasssphere

in i-ball2 is only used tocreatethe illusion of looking at
something isidea sphere.

While incapable of displaying either spherical or voaim
tric data, the-ball2 display 4] createghe illusion of pe-
senting data within a transparent sghéthe iball2 system
can support p to two usersbut only by usingwo inde-

Unique Properties

Non-visible Hemisphere: The diffuse nature of the spherical
surface makes it impossible for users to see inside the di
play (unlike true 3Dvolumetric displays 7]) and ensures
There also exismumerousplanetariumstyle immersive  tnat each user, at any given time, can see at most one half
displays where the user liscatedwithin a hemispherical (one hemisphere) of the display. While not being able to
displaythat isused to create a completely immersive@xp  gee the entirglisplay simultaneouslynay be a disadva
rience. A complete discussion of these displays and varioustage for some apigations we believe that in many scen
other immersive display technologies is beyond the scoperips this presents a unique benefit. For example, multiple

of this paper, but we refer the reader 19 for further in- people can manipulate datm the same displawithout
formation Furthemore, while all the sphericaldisplays disturbing the other user

currently available rely on a projection mechanism far di



No Master User Position or Orientation: In contrast to hor
zontal tabletp displaysfor which orientation of displayed
content is often a difficult probleni], 16, 21], spherical
di splays do not have a
ways, @herical displays offer an egalitarian usexpe-
rience with each viewer around the displapssessingn
equally compelling perspectivin addition, the orientation
of displayed content can l@asilyadjusted with respect to
the prominent physical feaes of the display, such as the
top and bottom poke

Visible Content Changes with Position and Height: In con-
trast to flat vertical displays where multiple users share a
similar perspective, spherical displays ofésch viewera
unique perspective deteimed bye a ¢ h v positioe r 6
around the displaytheir height, and the height of thesdi
play itself Even small changes hreadpositionmayreveal
new contenbr hide previously visible content.

Smooth Transition Between Vertical and Horizontal Surfac-

es: A spherical display can be thoughtada continuously
varying surface that combines the properties of bothorerti
al and horizontal surfaces. The top of the display can be
considered a shared,
the sides of the sphecan be thought afsapproximating
multiple vertical displays. While this is also true of a@ub

id or a cylindrical display, spherical displays offer ¢ont
nuously smooth transitieabetween all such areas. Another
way to consider this property is to mki about spherical
displays as continuously changing in depth and orientation
with respect to the user.
perspective, the best flat surface approximation is the ta
gential plane at the point closest to the position ofudie
erds eyes.

Pseudo-Privacy: Viewers collaborating around spherical
display have aeneralsense of which portianof the ds-
play are visible to othersAlthough collaboratorsare -
tensibly freeto change position and peekaher portions

of the diplay, such movementsare obvious to everyone
involved Consequentlyparticipants can rely on standard
soci al cues to ensure
content.While spherical displaysnay not be appropriate
for viewing truly confidential datacertain applications,
such as games, could exploitstability to makesome a-
tions invisible to others simply byanipulating theitoca-
tion.

Borderless but Finite Display: Spherical displays present a
difficult designchallenge as they usually rdge a user
interface to be thought of ascontinuous surfaceithout
borders With standard flat displays, the content can often
stretch beyond the borders of the display, i.e., the display
can be thought of as a window into the larger digital world

But for a spherical displaysuchfi o-§ € r e e nussallya c «

does not exist; rathegny data moved far enough in one
direction will eventually make it full circle around thesdi
play. Even when borders are physically present, such as a
the base of a spherical splay, users tend to mentally
perceive this part of the display simply as a hidden portion
of a continuous spherical surface.

al mo s BPhereR) PQ° yeglically and 360°%hprizogtalighe qugliyye |

Tstpihse rd Icsad

Natural Orientation Landmarks: Relatively few physical
cues exist on the surface of a spherical display. Our-info
mal observationseveal that most people tend to perceive

i ma shtee rt oyps e(rfion op d i tpioodne.0 ) | ma s ma rhye

followed by the equator and the bottom (although thie bo
tom of Sphere is not visible). In addition to these landmarks
on the display itself, it is plausibléhat people can use
landmarks in the surrounding environment to help them
navigate spherical displays.

SYSTEM HARDWARE AND SOFTWARE

Hardware Implementation

Sphere is based on the Magic Planet display from Global
Imagination, Ind13]. Magic Planet spherical displays use a
pojector and a widangle lens to project imagefyom the
bottom of the deviceonto a spherical surface. They are
available in a variety ofizesranging in diameter between
16 inches and 6 feet. The spleatisurface oMagic Planet
displaysis an empty plastic ball coated with a diffusa-m
terial that serves as a passive curved projector screen. The
bottom of the spherical surface is reserved for the lens and
mounting bracket, leawg the displayable portio of the

of the projected image depends on the size of the spherical wh
surface the brightness, contrast, and resolution of the pr

jector, and the amount of ambient light in the surrounding

enviromment.

Our multittouchs ensi ti ve Sphere i bu
podium version of Magic PlanetVe experimented with

neua f sa ctehsaRigufé 2p1veeoa nayn du
use a higkresolution DLP projector (Projection DesigntF2

sx+, 1400x1050 pixels). Only the central circular portion of

the projected image is actually visible on the surface, which
effectively reduces the useful resolution to a cingli¢h

diameter of 1050 pixel®r approximately 866,000 pixels.

To enable toch-sensing on the spherical surfatteough
the same optical axis as the projection on the surfaee,
added: an infraed (IR) sensitive camera, an-pss filter
for the camera, an Hut filter for the projector, an IR-i

S

fi p s e lehiratiop ring,\ardc@Yald nfoo The physieal layoudaf t i 0 n ¢

these components is illustratedrigure3.

a)

Figure 2: Two sizes of spherical surfaces used in
our Spher e pr odiametempball:shof-a )
ing a photo-br owsi ng applicatd ol
diameter ball showing an omni-directional panoram-

ic video.
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Figure 3: Schematic drawing of
components that enable multi-touch sensing
through the same optical axis as the projection on
the spherical surface. The inset picture shows the
IR illumination ring consisting of 72 wide-angle
LEDs fitted around the wide-anale lens.

Touchsensing is performed by an IR camera (Firefly MV
camera by Point Grey Research with anpk&s filter) that
looks throughthe same wid@ngle lens as the projector
This camerds able to image the entire displayable portion
of the spherical surface. To ensure that sensing is set di
turbed by currentlyvisible projected data, we perform
touchsensingn the IR portion of thdight spectrum, while
projection is in the visible spectrunThis approach has
previously beemusedin many camerdased sensing piamt
types (e.g., 9, 12, 24, 26]), but not in spherical display
applications We place an IReut filter in front of the po-
jector to ensure that the projector emits only visible light

which cannot be seen llye IR camera.

The IR light used for sensing comes frorowstom ring of
72 wideangle IR-light-emitting diodes (LEDs)This ring
fits around the widangle lens at the base of thphere
(Figure 3). The wavelength of light emitted by the LEDs
(880nm) is matched by the {pass filter onthe camera.
Particular carewas taken in desigimg this illumination
sourceto ensure that iprovides uniform illumination n-

side the sphey butis not directly visibleto the camera.

a) Projection path b)

Tracking path
(visible light) (IR light)

Figure 4: Comparison of optical paths in Sphere
taken by: (a) the projection light path (visible), and
(b) the tracking light path (IR).

Projector

To combine the optical axis of the camera and the projector
througha single lens, we usecald mirror(an optical cen-
ponent that reflects visible light and transmits IR light).
Figure 4 shows the difference in the optical paths foo-pr
jection and sensing. Projected light hits the diffuse surface
and is scattered into the eyes of observeser fingers
touching the surface reflect IR light back into the lens to be
captured byhe camera.

Touch -Sensing Software

In order to track multiple contacts on the surfabe,soft-

ware takes a raw camermage of the entire displayable
portion of Sphere, normalizes it, binarizes it, and then finds
and tracks connected components in the binarized image
(Figureb).

Any finger or object that touches the surface reflects IR
light, and therefore appears brighter thiés surrounding

in the raw camera image. However, even with careudl d
sign, illumination is not completely uniform at different
positions on the spherical surfacesultingin contacts on

the top of the sphere (the centdrthe tracked image)pa
pearing significantly brighter than contacts close to the base
(as can be seen iRigure 5a). A normalization stepca
counts for these varying levels of illumination by camp
ting an image where all pixel kees are normalized with
respect to the minimum and maximum brightness observed
at that location. The normalization procedure requires that
during initial calibration, we capture a minimum brightness
image(i.e., an image of an empty surface), and a magimu
brightness image (i.e., an image of a completely covered
surface).

¢

o)

d)

Figure 5: Different stages of our touch-sensing
software: (a) raw image of two hands touching
Spherebds surface, (b) anor
rized image, and (d) labeled binarized image with
two tracked and connected components.



Our tracking software is written as a standalone G++ | this approach. Howevewmser interaction with displayed
braryandcan be used by applications to receive toysh u content requires that the system supporttiea compua-
dates. The tracking library runs at approximately 30 framestion of distortions. To achieve this, we wrote a custom ve
per second wit a camera resolution of 640x480 pixeks tex shader to conyte the position ofeach vertexn a radial

for projection, the effective tracking area is constrained to image at every frame. In our approach, the quality of the
the circle in the image that represents the view through thedistorted image dependgeatlyon the number of vertices
wide-angle lens a circle o&pproximately400 pixels in the objectpossessegherefore, we highly tessellate each
diameter seen iRigureb5a. displayed objectFigure6b).

Sensing and Projection Distortions The distortion requirement makes it impossible to author
The wideangle lens introduces significant distortions that applications for Sphere using standard graphical user inte
need to be accounted for in both sensing and projection.face toolkits as thesevere designed primarily for flatwo-
The sensingamerais imaging a flat radial imag€Figure dimensional interfaces. All of our current applications ar
5) that is subsequently mapped onto a spherical suttace wr i tten i n C# using Microsoft
report touch contacts in a 3D Cartesian coordinate systemuse our custom vertex shader to handle distortions. We run
The projection of data onto the spherical surface requiresthese applications on a PC with a 2.67 GHz Intel Core2
the use of the inverse mappjrige., the data in 3D Cad- processor, and NVIDIA GeForce 8600 GT graphics card.
sian coordi_nates nddo be flatten'ed into a flat radigl image paa Coordinate Systems
for the projector Figure 6a). This means that displayed  ajhoughit is possible to create content for Sphere in the
objects need to be prstorted (flattened) in order t@a > cgordinate system of the projected radial disk image,
pear undistorted when projecteeidure6d). the distortions described in the previous section make this
! » approach challenging. However, this works well for setting
the entire background to axtere in which distortions are
not clearly noticeable. For example, the background image
of our circular menuKRigurel1l) is authored this way.

Alternatively, authoring content in a cylindrical projection
is relatively straightfowvard, as everything is performed in
a 2D plane (cylindrical map) which then is mapped onto a
sphere. All currently available commercial spherica- di
playsare primarily used for displaying spherical data (e.g.,
visualizations of planets and staraihd seh data is usually
stored in a 2D map using an equidistant cylindrical froje
tion (e.g., a flat 2D map of the Eartilowever, using ¥
lindrical projectiors has several weHlknown distortion
problems theseare most visible at the top and bottom of
the map(the poles of the spherejhe entire top rowdr
bottom row) of thecylindrical map is mapped to a single
point at the pole. Using such projections makes it difficult
to display rectilinear objects near the pole

Another approach is to author content 3D Cartesian
‘ coordinates in which all objects lie on a unit sphene- ce
Figure 6: Sphere projection distortions: (a) a radial tered at the originHigure 7). Although this approach is
image displayed by the projector in which all objects more difficult, as it requires all content to be specified in
?r:aemzr(\e/i-g\ljtg;t:%ot)ri/io%u(r)f\/tﬁretei)ring?j(z;' trgl;)t f‘ex’;‘; 3D coordinates, it daenot suffer from the distortion poe
lems associated with cylindrical projection and offersi-add

high tessellation of objects; (c) a mapping used to . ’
crgate the radial imagje map(s)each g&ntgon a 3D tional advantages, such as being able take advantage of 3D

sphere to a 2D disk; (d) objects rendered on Sphere game engines to incorporate shadows or game physics.
appear without distortions.
The mapping depends on the physical size of the spherica
ball, as the center maps to the top of the sphere and the
distance from the center corresponds to the particular
height (latitude) on the spherEigure 6¢). The mapping is
determined once during a separate calibration step and ca
be saved and reused later for all surfaces of the same size. [a)

For noninteractive applicationsthe distortion of data Figure 7: Sphere content authored in 3D Cartesian
could be precomputed offine and simply replayeavhen coordinates: (a) a virtual view of a 3D scene; (b) the
desired.In fact, most existing spherical applications use same scene flattened to a radial image for projec-

tion; (c) the scene when displayed on Sphere.



Finally, a sphere any given point can be considered |
cdly flat. This assumptiorallows oneto design a relatively
small portion of the interface completely in 2&ahdto then
simply project this flat image from a tangential planea
point on the3D spherical surface.hislocally flat approach 1
is how photographs are displayedHigurel.

Ultimately, the choice of which coordinate system to use \Kk
for authoring will depend on the content itsffdwe ante-
ipate thatdata authored in different catinate systems will
be combined together in the same application.

MULTI-TOUCH INTERACTIONS

We now discuss various muthuch interaction techniques Figure 8: A comparison of basic dragging manipula-

we developedor Sphere Enabing user interactbn on a tions when moving a finger between paints 1 and 2:
spherical surfaceequires the implementation bésic @- ga)zgnvggg S\‘/u,rf(%(;eotnh'; ;npohveerzzzlntsLsrf;?:%r?ﬁ?sntﬁgvbe)f
erations such as selection, tratisla, rotation, andcaling ment follows an arc of an angle d around an axis A (a

as well agproviding support for browsing and task switc 3D vector), which is a rotation best described by a 4D

ing. While implemented witim the context offour simple quaternion Q.

prototype applicationspur interactions are general and o ) o
designed to & usefulto otherapplicationson spherical or  that the rotation is often a compound action as the object is
cylindrical displag. We alsodiscuss implicationsf these ~ Sphere al I'y fipositi onedo by a rot
interactionsor multi-user collaboration around Sphere. origin, and then often oriented further in its local coordinate
system (see the Local Rotation section below).

<V
o

i g

a) Flat Surface b) Spherical Surface

Sphere Photo & Video Browser
The first application we explored is a simgleowserin We adopted the use of quaterni
which users can freely manipulate rectangular projections movement and we model our intections on rotational

of images and videog~igure 1). Such browsing appléc principlessimilar to thoseliscussed by Shoemak22[ 23].

tions have frequently been demonstrated on flat raich While the system treats all dragging interactions as global
prototypes (e.g.,9 19]) as they tend to clearlghow the rotations around the origin of the sphere, users tetiink
capabilities of touctbaseddirect manipulation interfaces. ~ of them from their local context and perceive them as a

Basic Multi -Touch Object Manipulations physical tr_anslatlon of an_object around the_ sphere. _When

Each object (photo or video) in our Sphere Photo & Video as_ked during demo sessions, users descrlbed_ thecintera
Browser can be independently dragged, rotaémd scaled. t 1 ons purely from theirvlocal
As with most toucksensitive applications, selection ofan | N9 t o fihéilsebboeet i6 above
object is implicitly triggered by any touch contact that Local Rotation: In addition to allowing the user to position

lands on that object. Landing on a video object acts as &(i.e., rotate) an objectn Sphere, we facilitate additional 1D

simple playback toggle: it starts the video playback if the adjustment of h e o bripntéation i &s local coordinate

video s paused or stops ittifie video igunning. system similar to inplane otation of a picture on a flat

Dragging: Enabling a user tdrag an objecaroundSphere surfac_e. This op_eration requires at least two coqtacts to be

is not as obvious as it migkeemat first. The difficulty s~ touching the objectwe map the local angular difference

that the curved geometry of the spherical surface isidrast Petween those two contacts to a 1D rotation of the object.

cally different from 2D flatspace. In Eucliean space  Forall our basic manipulations, when multiplentacts are
(standard 2D and 3D environments fall into this category), touching a particular object, we aggregate their behavior
movement is best represented by a displacement vectofnd apply the aggregate action to the object.

which encapsulates the direction and magnitude of thescaling: Userscan scale a picture or a movie by moving

movement in a particular line. Howevéne spherical su their fingers closetogetheror further apart on top of the
faceis not a Euclidian space atitere are no straight lines  displayed object Rigure 1). We map the change in arc
on the sphereas al | filinesoandthus alengthlsetvéen thectouchvpeists to the scaling fager a
more accurately represented as akWhile in some cases plied to the objectGiven that Sphere is @orderless but
Euclidean geometry might offer a reasonaldeal approx- finite display scaling an object larger h#se potential to
imation, representing disglament on a sphere with vectors envelop the entire sface. While in a single user scenario
ultimately leads to problematic behaviors. this might be desired in order to enlarge a particularly small
Instead of vectors, the movement on a sphere is besféature, scaling by more than a single hemisphere greatly
represented by a quaternion, i.e., a rotatkigure8). This affects other viewers and ultimately results in either seams

has some profound implications for dateractions, as the O heavy distortions on the othedsiof the display In our
standardranslation+ rotation + scalemanipulation model ~ SPheré Photo & Video browser, the scale of an object is
used in 2D and 3D environments becomesoapound currently restricted to fit within one hemispher€his

rotation + scalemanipulation model on Sphere. We stress S€€ms to be a good compromise between manipulation
flexibility and reduced disturbance to othesers



Facilitating Co llaboration

Flicking: We added inertia to our manipulations to allow the

We found that dragging an object around Sphere often leftyser b flick an object in a particular direction and have the

it in an awkward orientationF{gure 9ai ¢). Consequently,
most drags need to be followed by a local rotation t® co

rect for the obj ecartmudarlyod-i e gifeclidn iofonibvemehthbkfdre tMeauSer Bleases an object

vious with longer drags e.g.,draggingan object over the
top of the displayto showit to a collaborator resudtn an
Aupside downo orientation.

Auto -rotation: TO eliminate some of these orientation Ipro
lems, we enabled each object tocamétically orient itself

object continue traveling in that direction withcaxplicit
further guidance (such asith a finge). The speed and

determine how far and iwhich direction the object will
travel. One can also programmatically vary the angular
deceleration (friction) of individual objects in order to-e
sure that it is easy to flick objects to the other siti¢he
display. By touchingan object while in motionthe user

so that the top of the object always pointed to the top of thecan catch it and stdprther movement

sphere Figure 9di f). If the object was placed exactly on
the top, it would remain in its current orientation, until
dragged away. Thiauto-rotation behavioreffectively el-
minates the need faxplicit user controlledocal rotations
which is potentially mosteneficial incollaboratve scea-
rosAs discussed previously,
natural orientation landmarkhat provides an omni

di recti on aBecaual thed systemantinuously
orienss all objects with respect to the top, the user is able to
simply pass a picture @collaborator on the other sidine
image automatically adjustits local orientation so that
viewing is correct. Surprisingly, this behavior is very much
expected during many Sphere demonstrations, users did
not even notice that all objects automatically oriented
themselvesPresumablythis behaviorappeared natural to
viewers becausdt alwaysresuted intheficor r ect 0
The auterotation featurenly became apparemthen users
attemptedo locally rotate an object, an action which was
now disabled.

Default behavior

Gl X

Auto-rotation

Figure 9: Comparison of orientation difficulties when
dragging an object along a similar path shown in (a)
and (d): (ai c¢) default unassisted behavior results in
a difficult object orientation visible in (c); (dif) Auto-
rotation behavior eliminates such problems by conti-
nuously orienting objects with respect to the top.

Extending User Reach
In many scenarios, it is important to be alolglace objects

Send-to-Dark-Side:” This interaction allows the user tx-e
plicity warp an object and send it instantaneously to the
other side of Sphere. To perfosandto-dark-side, the user
places a flat palm on topf the object and waits one
second. The object is then warped to the mirror position on
tHe BtBer HerRighhete ! Rather tHah Sehthiefpbjetdirbae O )
ly to the opposite point o§phere, we decided to simply
mirror its position around the plane passing throtightop
and the bottom of the sphere (shioas dashed line iRkig-

ure 10). A significant benefit ofsendto-darkside is that
instead of flicking an object and guessing its destination,
the user can explicitly control where thejexti will appear
by first mani pul ating the
hemisphere.

1 W

Figure 10: Send-to-Dark-Side: The user touches an
object with a flat hand and waits 1 second, resulting in
object being warped to the other side of the Sphere.

Both the flicking and sendto-dark-side interactions benefit
from enablement of wo-rotation becausethe latter pe-
ventsobjectsfrom arriving in the other hemisphergside
down andhus inneedof reorientation

While designed within the Sphere Photo & Video Browser
application, the combination of basic mithuch manip-
lations and the additional interactions that facilitate azoll
borattn and extend the wuse®rods
raction toolset that can be used for desigmitigercompé-

ling applications for the Sphere.

Sphereés Circular Menu

The abilities to switch between tasks and to select different
options are often needed ian interactive system. In
Sphere, a circular menu allowise user to select between
multiple applicationsCurrently, he menu is displayed in a

on the other side of the display. This becomes particularly circular arrangement around the top of the dispday

important when collaborating with a viewer standing on the
opposite side of Spherélthough auser can simply drag

therefore visible to mostsers however jf a locationof the
user were known, it might be better to place the menu in a

an object to the other side, this action is tedious if repeatedsemicircle facing the userSelection is performed not by

often as it requires extensive physical movement. kive i
plemented two interaction techniquesfacilitate this a-
tion by further extendinghe u s e r 6 s flicking arah :
sendto-dark-side.

touching an option but rather by rotating the menu in place

r

S

obj

(S

"We named this interaction after

not illuminated by the Sun.



(similar to the JDCADmenu[12]). The highlighted option gate this problemwve implemented a tether behavidieh-

is selected upooontactremoval er allows free manipulation of data via touch contacts, but
Orb-like Invocation: ToO invoke acircular meny the user upon release of all contacts the object animates back to its
places two hands (in an open palm posture) on top of thef nat ur al 0 Figureil3®. iBinee tall af purofnk
display in a symmetric arrangemefigure11). Thecircu- directional images have a clear up direction, we use the top
lar menufadesin accompanied by a sound effect to-e  of the sphere athetether axis; however, any arbitrary axis
hance the experience. Similar to the interaction concept ofcan be specified as the tether axis.

i-ball2 [3], this gesture is designed to evoke the feeling of ‘T N
y ' o

interaction with a fortunéelling magic crystal ball. While
playful and magidike, this gesture is highly memorable,
easy to repeat, and relatively hard to invoke inadvertently.
The size of the two contacts (pabized contact is substa
tially larger than most other touch contacts) and the partic
lar symmetric amngement of this gesture ensure ttet
menuis not easily triggered in error.

By combining the orliike invocation with selection by a)
rotg;mo_n rather thar_1 direct tou_chlng, we engbled task Figure 12: Examples of Sphere omni-directional vi-
swndﬂmg.to occur in one contmuoug interaction (place sualizations: (a) panoramic walk down Seattle city
hands tomvoke, rotate into place, and {ifff to select). street; (b) visualization of the Earth as a globe.

tetheraxis

Figure 13: Tether interaction: The user can freely
manipulate omni-directional video. Upon contact re-
lease, the video returns to its horizontal state.

Figure 11: Orb-like Invocation: a bimanual gesture
that invokes a circular task-switching menu.

Sphere Omni -Directional Data Viewer

Omni-directional image$ such as cylindrical maps of any
spherical object or 360° panoramic imagese well suited
for display on Spherd o explore user interaction with such
data wedesigned Sphre OmniDirectional Data Viewer
E_xamples used \{vemlivestre{im from an om_n:l?rect?onal Figure 14: Two concept applications that use the

yldeo conferer_mmg camerdi@ure 2b), omnidirectional entire surface contact area as input: (a) Sphere

images of a city captad bya camera mounted on a car Paint, and (b) Sphere Pong.

roof (Figurelza ) , and t he FigueeiZzb)h 6 s SsHhéré Phifit 8nd éphere Pong

The fact that omndlirectional data usually spans the entire In addition to multipoint interactions that rely on tracking
display surface presents interesting implicationsnhilti- individual contact points, we explored interactions that use
user multi-touch collaboration scenarios. Allowing more the entire touch area as input. We designed ¢atacept
than one person to touch the data often results in conflictapplicatiors: Sphere Paint and Sphere Pdfigure 14). In
(e.g., multiple people trying to spin the globe in multiple Sphere Paint, the user can paintSphere with a finger or
directions at the same time). While restricting interactions any availableobject Eigure 14a). Exploitingits spherical

to a singé touch does mitigate some of the problems (e.g., shape, we allow Sphere to spin slightly (similar behavior to
the first touch assumes control), such a solution is oftena p ot t e rthusofferny irterdst)ng artistic possildil
confusing tathe other Spheresers. While this issue should ties to the user. Sphere Pong is a gg@nmotypein which

be investigated further, in our current systesersare left users can use their hands or any otigectto bounce se

to socially mitigate sut situations either taking turns or  eral balls around the spherical surface and score points
allowingone person to dAdriveo t(kigureildh)tAs withdhedassiegame Battleship, notes

ing able to see other s eact®rds adds an exciting dime
sion to @ otherwisestandard pong game.

Tether: We allow the user to rotate and inspect omni
directional data; however, this oft@ausesdatato be left
in an orientation potentially confusing to others. Toimit



