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Abstract

The Perceptive Workbench enables a spontaneous, natural, and unimpeded interfacetheetplgesicaland virtual
world. It is built on vision-based methods for interactitiat remove theneedfor wired input devices andwired
tracking. Objects areecognized and trackaghen placed onthe displaysurface.Through the use of multipléght

sources, the object’s 3D shape can be captured and inserted into the virtual interface. This ability permits spontaneity

as either preloaded objectstboseselected orthe spot by the usean becomghysical iconslintegratedinto the
same vision-basethterface isthe ability to identify 3D hand position, pointing direction, and sweeping arm
gestures. Such gesturean support selection, manipulatiomnd navigation tasks. In thipaperthe Perceptive
Workbench is used for augmented reatjymingandterrain navigatiorapplications, whicldemonstratehe utility

and capability of the interface.

1. Introduction

Up to now, most of our interactions wittomputers
have beenthrough devices constrained bywires.
Typically, the wires significantlyimit the distance of
movement andnhibit orientationalfreedom. In addition
most interactions are indirect. One movedesice as an

analogue for the action to be created in the disptmce.
We envision an interface without these restrictions. It is

sword, making it awkward tpoint down with the stick
for selection (using an imaginary beam tlehanates
from theend ofthe stick). If the useratherholds the
stick like a pen, other pointing motions can be awkward.
Also a user, unless fairly skilled, often has to pause to
identify and selecbuttons on the stick. Withccurately
trackedhandsmost of thisawkwardnesslisappears. We
are adept apointing in almost anydirection and can
quickly pinch fingers, for exampleyithout looking at

untethered, accepts direct, natural gestures, and capable ofthem.

spontaneously accepting as interactors any objects we

choose.

For 3D interactionthere is position and orientation
tracking, but the sensors (on gloves or devicesthat
the hands hold)are still usually attached bywires.
Devices that permit one to make what would seem to be
more naturalhand gestures, such as pinch gloves, are
often found to perform less wedind to beess preferred
by users than simpleandheld devicewith buttons [8,

18]. This may be due to the need to wear a glove, to the
fact that pinch gestureare not recognizedall the time,

and tothe subtlechanges torecognized handjestures
caused bythe glove interface. Further, all devices,
whethergloves orhandhelddevices, carryassumptions
about the position of the usetsnd andfingers with
respect tothe tracker. Of courseysers'shandsdiffer in

size and shape, so that thassumed trackeposition
should berecalibratedor eachuser. This ishardly ever
done. Theresult is that fine manipulationsan be
imprecise and the user often comes away with the feeling
that the interaction is slightlpff in an indeterminate
way. If we can recognizgestures directly, we takato
account the difference in hand sizes and shapes.

An additionalproblem is that anyevice held in the
hand can sometimes be positionedwkwardly for
gestures. We havdound this even with a simple
pointing device, such as a stick witifeav buttons, that
users usuallyprefer tootherdevices[18]. For example,
the user may hold the button-stitke the hilt of a

Finally, it is ofteneasyand natural to use physical
objects as interactors (such as the physical icons in Ref.
25). However, presently these objeatsust beinserted
in advance or prepared inspecial way. One&vould like
the system to accept objects that onechooses
spontaneously for interaction.

In this paper we discuss methods for producingre
natural interaction in a more natural environment. We
have developed avision-based, wirelesinterface that
senses the placemegmtd movement ofreal objects and
that permits interaction via untethered manipulation. The
objects are recognized by shape and their movements and
orientationare trackedArm and handyestures byusers
are also recognized andtracked. The untethered
manipulation is notmediated by attachesensors, and
this removes theextra layer of uncertaintyariability,
and awkwardness. We have employled morenatural,
more direct set of interaction modes on some
applications, including a gamand aterrain navigation
system (Sec. 8). In this way we can lookdetail at the
affordances andlimitations of the direct, wireless
interface in action.

2. Related Work

While augmented deskrojects haveappeared in the
literature over the years [1, 4, 9, 10, 11, 15, 17, 18, 25,
27, 31], the Perceptive Workbench isiovel in its
extensive ability to interact with the physical world. The
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Fig. 1 Light and camera positions for the Perceptive Workbench. The top view shows how shadows are cast

and the 3D arm position is tracked.

Perceptive Workbench can reconstruct 3rtual
representations of previously unseeal-world objects
placed onthe workbench'ssurface. In addition, the
Perceptive Workbench identifiemdtracks such objects
as they are manipulated on thesk's surfacandallows
the user to interacwith the augmented environment
through 2D and 3D gestures. These gestures canatle
on the plane of thelesk's surface or ithe 3D space
above the desk. Takings cuefrom the user's actions,
the Perceptive Workbench switches between thesges
automatically, and all interaction is done through
computervision, freeing the user from the wires of
traditional sensing techniques. While tHeerceptive
Workbench is unique inits capabilities to our
knowledge, it has a heritage of related work.

Many augmented desénd virtual reality designs use

the desk's displayurfaceusing anear-infrareccomputer
vision recognizer mounteéhside the desk. In fact, the
vision system for Metadesk was designed and installed by
the secondauthor. Unfortunately, since not adbjects
reflectinfraredlight and infraredshadowsare not used,
objects often need infrared reflectiVleot mirrors" placed

in patterns on their bottorsurfaces to aidracking and
identification. Similarly, Rekimoto and Matsushita's
"Perceptual Surfaces” [15pmploy 2D barcodes to
identify objects held against the "HoloWall" and
"HoloTable." The HoloWallcan trackthe user'shands

(or otherbody parts)hear or pressedgainst itssurface,

but its potentialrecovery ofthe user'dlistancefrom the
surface is relativelgoarse compared tihe 3D pointing
gestures of the Perceptive Workbench. Davis and
Bobick's SIDEshow [6] is similar to the Holowall except

tethered props, tracked by electromechanical or ultrasonic that it uses casthadows ininfrared for full-body 2D

means, toencourageinteraction through manipulation
andgesture [3, 4,10, 17, 18, 23, 25, 27]Fakespace
sells the "Immersiv&Vorkbench”, which normally uses
tethered electromagnetic trackerand datagloves for
interaction. Such designs tether the user tod#sk and
require the time-consuming ritual of donniagd doffing
the appropriate equipment-ortunately, thecomputer
vision community has taken up the task of tracking the
user's handandidentifying gestures. Whilgeneralized
vision systemstrack the body in room and desk-based
scenarios forgames, interactive artand augmented
environments [2, 32, 33Jeconstruction of finehand
detail involves carefully calibrated systems and is
computationally intensive [14]. Even sepmplicated
gestures such as those used in $ignguagg21, 28] or
the manipulation of physical objects [19an be
recognized.The PerceptiveWorkbench uses computer
vision techniques to maintain a wireless interface.

More directly related to the Perceptive Workbench, the
"Metadesk"[25] identifies and tracks objectylaced on

gesture recoverySome augmented desks hawameras
and projectors above thesurface ofthe desk and are
designed toaugment the process of handlipgper or
interacting withmodelsandwidgetsthrough the use of
fiducials or barcodes [1, 9, 26, 31]. Krueger's
VIDEODESK [10], anearly desk-basedystem,used an
overhead camera andharizontal visible light tabléfor
high contrast) to provide hand gesture input for
interactions displayed on a monitor on fae side of the
desk. However, none of these systeaddresshe issues
of introducing spontaneous 3D physical objects into the
virtual environment in real-timeand combining 3D
deictic (pointing) gestures with object tracking and
identification.

3. Hardware Setup

The display environment for the Perceptive Workbench
is based on Fakespace’'s immersive workbench,



Fig. 2 Images seen by IR camera under the workbench display: (a) arm shadow from overhead lights; (b) reflections from

underneath lights.

consisting of awooden deskwith a horizontalfrosted
glass surface, onwhich a stereoscopic imagean be
projectedfrom behindthe Workbench. However, the
workbench environment is not specificaltgcessary and
the direct gesture interface could be implemented in other
large screerenvironments (e.g., the CAVE or waall
screen).

We placed a standard b/w surveillance canvexder the
projectorthat watchedthe desk surfacérom underneath.
(See Fig. 1.) A filter placed before the camera lens makes
it impervious to visible light and to imagesojected on
the desk’s surface. Twiofraredilluminators placednext
to the cameraflood the surface ofthe deskwith infrared
light that is reflected toward theamerawhen objects are
placed on the surface of the desk. A ring of seven similar
light-sources is mounted on the ceiling surrounding the
Workbench. Each is selectively switched by computer to
make objects on the table cast distishadows on the
desk’s surfacdFig. 2a. A second camerahis one in
color, is placed next to the desk to provide a side view of
the user’s arms for 3D information.

All vision processing isdone ontwo SGI R10000
02s (one foreach camerajhich communicate with a
display client on an SGI OnyxRE2 via sockets.
However, the vision algorithms could be run on one SGI
with two digitizer boards or be implemented using semi-
custom, inexpensive signal-processing hardware.

We use this setupfor three different kinds of
interaction which will be explained in mocetail in the
following sections: recognitiomnd tracking of objects
placed on the desk surface based on their contour, full 3D
reconstruction of object shapes on tlesk surface from
shadows cast by the ceiling light-sources, and
recognition and quantification of hand and arm gestures.

For display on the Perceptive Workbench, we use the
Simple Virtual Environment Toolkit (SVE), graphics
and sound library developed Itlye Georgia Tech Virtual
Environments Group. [8] SVE permits us tapidly
prototype applications used in this work. dddition we
use theworkbench version ofVGIS, a globalterrain
visualization and navigation system [12, 13] as an
application for interactiorusing hand andarm gestures.
The workbench version ofVGIS has stereoscopic
renderingand anintuitive interfacefor navigation[29,

30]. Both systemsrebuilt on OpenGL and have both
SGI and PC implementations.

4. Object Recognition and Tracking

As a basic building block for our interaction
framework, we want to enable the user to manipulate the
virtual environment by placing objects on thdesk
surface.The system shouldecognizethese objects and
track their positionsand orientations while they are
being moved overthe table. Unlike systems that use
color tags orbar codes toidentify objects, theuser
should befree to pick a set of physical objectse/she
wants to use. Thus oddentification method camnly
rely on perceived features.

To achievethis goal we use aimproved version of
the technique described in [22]. The undersidéhefdesk
is illuminated by two near-infrared light-sources (Fig. 1).
Every object close to thelesk surfacg(including the
user’'shands) reflectshis light and can be seen by the
camera under the display surfgéégs. 1and2b). Using
a combination of intensity thresholdimgd background
subtraction, weextractinteresting regions of theamera
image and analyze them. The resulting blobs are
classified as differenbbject typesbased on aset of
features, including area, eccentricity, perimeter,
moments, and the contour shape.

As a consequence olur hardwaresetting, wehave to
deal with several problems. The foremost problem is that
our two light-sourcesan only provide a veryuneven
lighting over the wholedesk surfacebright in the
middle, but getting weaker towardsthe borders. In
addition, the light rays are not parallahdthe reflection
on the mirror surface further exacerbatsis effect. As a
result, theperceivedsizesandshapes of objects on the
desk surface cawary depending onthe position and
orientation. Finally, when the user moves an object, the
reflection from his/her hand can aladd tothe perceived
shape. This makes it necessary to usadtitional stage
in the recognition processhat matchesrecognized
objects to objects known to be on the table el filter
out wrong classification of oeven completdoss of
information about an object for several frames.

In this work, weareusing the object recognition and
tracking capability mainly for“cursor objects”. Our
focus is fastand accurateposition tracking, but the
system may be trained on a setddferent objects to be
used asnavigational tools or physical icons [25]. A
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Fig. 3 (a) 3D reconstruction of an object placed on the wo

future projectwill exploredifferent modes ofinteraction
based on this technology.

5. 3D Reconstruction

Several methods have bealesigned toreconstruct
objects from silhouettes [20, 24] dynamic shadows [5]
using either a moving camera or light-source on a known
trajectory or a turntable for the object [24%everal
systemshave beerdevelopedfor the reconstruction of
relatively simple objects, including a commeragktem
Sphinx3D.

However, the necessity to move either ttanera or
the object imposesevereconstraints on the working
environment. To reconstruct an objegtith these
methods, it is usuallynecessary tointerrupt the
interaction withit, take the object out of theiser's
environment, and place it into a specialized settDtper
approachesnake use of multiplecamerasfrom different
view points to avoid this problem at tlegpense of more
computationalpower to processand communicate the
results. In this project, using only omamera and the
infrared light sources, we analyze the shadows cast on th
object from multiple directions. As thgrocess isbased
on infraredlight, it can be applied independent of the
lighting conditions and without interfering with the user's
natural interaction with thelesk orthe current visual
display environment.

Our approach isfully automatedand doesnot require
any specialhardware (like stereo cameras, laseange
finders, etc.). On the contrary, thmethod is extremely
cheap, both inhardware and ircomputational cost. In
addition, there is no need for extensive calibratiohich
is usually necessary irother approaches to recover the
exactposition or orientation of the object in relation to
the camera. Weonly need to know the approximate
position of the light-sources (+/- 2 cngnd we need to
adjust the camera to the size of the disgasface, which
must bedone only once.Neither thecamera andight-
sources nor the object are moved during the reconstructio
process. Thusrecalibration is unnecessary. \Waave
substituted alimechanicalmoving parts, whichare often
prone to wear and imprecision, by a series of ligbams
from known locations.

An obvious limitation for this approach is that \aee,
at the same timegonfined toonly a fixed number of

rkbench display; (b) resulting polygonal object.

different views from which to reconstruct tbbject. The
turntableapproachallows to take ararbitrary number of
images fromdifferentview points. However, Sullivan’s
work [24] and our experiencewith our system have

shown that even for quite complex objects usually 7 to 9

different views areenough to get aeasonable 3Dnodel
of the object. Thus, to obtain thdifferent views, we
mounted a ring of infraredlight sources in theeiling,
each one of which is switcheddependently by computer
control. The systendetectswhen a new object iplaced
on the desk surface,and the user can initiate the
reconstruction by touching a virtullutton rendered on
the screen(Fig. 3a). (This action isdetected by the
camera.) Afteronly onesecond,all shadowimages are
taken. After another secondthe reconstruction is
complete (Fig. 3b), and the newlgconstructedbject is
art of the virtual world.

Eig. 4 Steps of 3Dobject reconstruction including
extracting of contour shapes frashadowsand multiple
view cones (bottom).

The speed ofthe reconstruction process isainly
limited by the switching time of the lighsources.
Whenever anew light-source is activatedhe image



processing system has to wait gmveral framesintil it vision-based architectur¢hat facilitates wireless 3D
can be sure tget avalid image. Thecamera under the interaction.
desk recordghe sequence ofhadows arobject on the With vision-based 3D tracking techniquethe first
table casts when illuminated by tddferentlights. Fig. issue is todeterminewhich information in thecamera
4 shows amodel reconstructeftom a series of contour image is relevant,e. which regionsepresenthe user’s
shadowswherethe contourshadowsextracted byusing hand orarm. This task ismadeeven more difficult by
different IR sources. By approximatingach shadow as a variation in user clothing or skin color and by background
polygon (not necessarily convejd)6], we create aset of activity. Although typically only onédwead is tracked and
polyhedral "view cones”, extending frothe light source  only one user interacts with the environment at a given
to the polygons. Intersecting these conesreates a time using traditional methods of interaction, the physical
polyhedronthat roughly contains the objeckig. 3b dimensions of large semi-immersive environmesush
shows the polygons resulting from the previshadows  as the workbench invite people to watch and participate.
and a visualization of the intersection of polyhedral cones. In a virtual workbenchthere are fewplaceswhere a
camera can beut to provide reliable hand position
6. Deictic Gesture Recognition and information. Onecamera can beet up next to théable
Tracking without overly restricting theavailable space fousers,
but if a similar second camera were to be usedhas
location, either multi-useexperience or accuracy would
be compromised. We havaddressedhis problem by
employing ourshadow-basedrchitecture (aslescribed in
the hardwaresection). The user stands in front of the
workbenchandextends ararm over thesurface. One of
a{pe IR light-sources mounted on the ceiling to the left of,
and slightly behind the user, shines its light on dask
r§urface, from where it can be seen by thediRieraunder
the projector--sed-ig. 1). Whenthe user moves his/her
arm over the desk, it castsshadow orthe desk surface
(seeFig. 2a). From thisshadow,and from the known
light-sourceposition, wecan calculate a plane in which
the user’'s arm must lie.

Simultaneously, theecond camera tthe right of the
table (Fig. 1)records aside view of thedesk surface and
the user’'s arm. Itletects wher¢he arm enters thienage
and the position of the fingertip. From this information,
it extrapolatestwo lines in 3D space, on which the
observed real-world points must lie. By intersectingse
lines with theshadowplane, we get theoordinates of
two 3D points, one on thapper arm,and one on the
fingertip. This gives us the uset®ndposition, and the
direction in which he/she ipointing. As shown irFig.

5, this information can be used to projedtamdposition
icon and a selection ray in the workbench display.

We must first recover arm direction and fingertip
r position from both thecamera andhe shadowimage.
Since the user is standing in front of tihesk anduser’s
arm is connected tathe user’s body, the arm'shadow
should always touch the imagborder. Thus our
algorithm exploits intensity thresholdiramnd background
subtraction to discover regions of change in the image and
searches for areas where these touch the front border of the
desk surfacéwhich corresponds tahe topborder of the

; ; : : shadow image or the leffforder ofthe cameraimage). It
largely by usingwired gloves or suits, ormagnetic then takes themiddle of the touching area as an

trackers[3]. Such methodprovide sufficiently accurate approximation for the origin of the argiig. 2a). For
results but rely on wireandhave to betethered to the ~2PProximatl . 'gin ; 9. 2a). FO
simplicity we will call this point the "shoulder",

user’s body, or to specific interaction devices. These wires . . ;
arecumbersome abest. They restrict thaser'sfreedom although in mostases it isnot. Tracing the contour of

of movement and tend to get entangled with objects in th he shadow, thalgorithm searcheor the point that is
users environment. Our goal is fevelop a purely arthest awayfrom the shoulder and takes it as the

Hand gestures for interaction with a virtual
environmentcan be roughly classified into symbolic
(iconic, metaphoric,and beat) and deictic (pointing)
gestures. Symbolic gesturesrry an abstract meaning
that may still berecognizable iniconic form in the
associated hand movement. Without the necessary cultur
context, however, they may be arbitrary. Examples for
symbolic gestures include most conversational gestures i
everydayuse,andwhole gesture languages, for example,
American Sign Language. Previous work by Staf@&f
has shown that Ergeset of symbolic gesturesan be
distinguished and recognized from live video images using
hidden Markov models (HMMs).

Deictic gestures, on the other haade characterized by
a strongdependency onocation and orientation of the
performing hand. Their meaning determined by the
position at which a finger is pointing, or by the angle of
rotation of some part of theand.This informationacts
not only as a symbol for thgesture’s interpretation, but
also as aneasure ohow much thecorresponding action
should beexecuted or towhich object it should be
applied.

For navigationand object manipulation in a virtual
environment, many gestureselikely to have adeictic
component. It is usually not enough recognizethat an
object should be rotateBut we will alsoneed toknow
the desiredamount of rotation. For object selection o
translation, we want to specify the object or location of
our choice just by pointing at it. For these cagesture
recognition methods thainly take thehandshape and
trajectory into account will not be sufficient. Weed to
recover 3D information about the usehand andarm in
relation to his/her body.

In the past, this information hdargely beerobtained
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Fig. 5 Pointing gesture with
hand icon and selection ray.

fingertip. The line from theshoulder tothe fingertip
reveals the 2D direction of the arm.

In our experiments, the point thusbtained was
coincidentwith the pointing fingertip in all but a few

I

Fig. 6 (a) Game masters controlling monster positions; (b) monsters
moving in the 3D space as a result of actions in Fig. 6a.

single blob. As aonsequenceyur approachwill fail to

reliably detect the hand positions and orientatiorthése
cases. A more sophisticatepproachusing previous
position and movement informationcould yield more

pathological cases (such as the fingertip pointing straightreliable results, but we chose, at this first stageacmept

down at a right angle to the arm). The metdods not
depend on gointing gesture, but also worker most
otherhandshapes, including but neeéstrictedto, a flat
horizontally or verticallyheld handand afist. These
shapes may be distinguished by analyzing a sgeailion
of the side cameramage and may be used to trigger
specific gesture modes in the future.

The computedarm direction is correct asong as the
user's arm isnot overly bent. In such cases,
algorithm still connected shouldandfingertip, resulting

the

this restriction and concentrate on high frame safgport
for one-handednteraction. This may not be serious
limitation for a single user forcertain tasks; arecent
study shows that for tasks normatiguiringtwo hands
in a realenvironment, userbave nopreferencefor one
versus two hands in a virtual environment [18].

7. Performance Analysis

Both object and gesture tracking perform at a stable 12-

in a direction somewhere between the direction of the armi8 frames per seconB8ramerate depends orthe number

and the one given by théand. Although the absolute
resulting pointing positiondid not match theposition

of objects on the tabland the size of theshadows,
respectively. Bothtechniquesare able to follow fast

towards which the finger was pointing, it still managed to motions and complicated trajectories. Latency is currently

capturethe trend of movement verywell. Surprisingly,

0.25-0.33 seconds but has improved since last testing (the

the techniques is sensitive enough such that the user caiicceptable threshold nsidered to be at aroui@dls).

stand atthe desk with his/her armextendedover the
surfaceand directthe pointer simply by movindnis/her
index finger, without arm movement.

Limitations

The architecture useghosesseveral limitations. The
primary problem with theshadow approach ifnding a
position for the light-source thaangive agood shadow
of the user's arm for darge set of possiblepositions,

Surprisingly, this level oflatency seemsadequate for
most pointing gestures. Since thger is provided with
continuous feedback about his hand anthting position
and most navigation controlsare relative rather than
absolute, the useadaptshis behavior readily to the
system. With object tracking, the physical object itself
can providethe user withadequatdactile feedback as the
system catches up to the user's manipulationgeieral,
since the user is moving objeasross a very larggesk

while avoiding, at the same time, also capturing a shadovsurface, the lag is noticeable but rarely troublesome in the

from the user’'s body. Since ttaeavisible to the IR
camera iscoincidentwith the desk surfacethere are
necessarily regionwhere the shadow isnot visible in,
touches, or falls outside of th®rders.Our solution to
this problem is to switch to alifferent light-source
wheneversuch a situation igletectedthe choice of the
new light-source depending on where the shadowshed
the border. By choosing overlapping regions forliglt-

current applications.

Even so, we expect simple improvements in sbeket
communication between the vision and rendering code and
in the vision code itself to improve latency significantly.
In addition, due to their architecturethe R10000-based
SGI O2's are known to have a lafirect videodigitizing
path than their R5000 counterparts. Thus, by switching
to less expensive machines wgpect toimprove our

sources, we can keep the number of light-source switchefatency figures. For théerrain navigationtask below,

to a necessary minimum. In practice, 4 light-soume®
enough to cover the relevant area of the desk surface.

A bigger problem iscaused bythe location of theside
camera. If the usezxtendsboth of his/her armsver the
desk surface, or ifnore than one user tries foteract

rendering speedprovides alimiting factor. However,
renderlag may becompensated bygmploying predictive
Kalman filters that will alscadd to the stability of the
tracking system.

To calculatethe error from the 3D reconstruction

with the environment at the same time, the images ofprocess requireshoosing known 3D modelpgrforming

these multiple limbscan overlapand be merged to a



i I & Rotatlon Lever_

F|g 7 Terrain naV|gat|on usmg deictic gestures (@) rotat|on (about an axis perpendlcular to and through the end of the

rotation lever); (b) zooming in; (c) panning. The selection ray is too dim to see in this view (see Fig. 5.)

the reconstruction process, aligning thmeconstructed
model and the ideal model, and calculating anerror

selected, reconstructednd then placed in a“template”
set, displayed as slowly rotating objects on the befter

measure. For simplicity, a cone and pyramid were chosenof the workbench display. These objectalld act as new

The centers ofthe bounding boxes of théleal and
reconstructed models were set to the sppint in space.
To measure erroeachvertex on theeconstructed model

physical icons that are attached by the user to selection or
manipulation modes. Or the shapes themsetoetd be
used in model-building or other applications.

was compared to the point made by the intersection of the

ideal surfaceand the line made bythe center of the
bounding box and the reconstructedvertex. As an

additional measure of errothe same process was

performedusing thecalculated centers ofnass for the
ideal and reconstructed models. Tesulting mearsquare
error averaged 4.0% afie average chortength from the
center tothe ideal vertex (~0.015m), with thebounding
box method averaging.3% (~0.012mandthe center of
mass method averaging 4.8% (~0.018m). While
improvements may bmade byprecisely calibrating the
camera andlighting system, by adding more light
sources,and by obtaining a silhouette from thside

camera(to eliminate ambiguity about the top of the

surface)the system meets its goal pfoviding virtual
presences fophysical objects in aguick and timely
manner that encourages spontaneous interactions.

8. Putting It to Use: Spontaneous
Gesture Interfaces

The perceptive workbench interface caswitch
automatically between gesturgecognition and object
recognition, trackingandreconstruction. Whethe user
movesher handabove the displapurface,the hand and

arm are tracked as described in Sec. 6. A cursor appears

the projected hangbosition on thedisplay surfaceand a
ray emanatealong theprojectedarm axis.These can be
used in selection or manipulation, as in Fig\When the

An Augmented Reality Game

We have created a more elaborate collaboréatiesface
using the Perceptive WorkbenchThis involves the
workbenchcommunicating with a person in separate
space wearing an augmentegktality headset. All
interaction is viaimage-basedyesture trackingwithout
attached sensors. The game is patterned after a martial arts
fighting game. The user in treugmentedeality headset
is the player and one or more people interacting with the
workbench are the gammasters. Thevorkbench display
surface acts as a top-down view of the player’s space. The
game masters place different objects on the surface, which
appear tothe player as distinct monsters different
vertical levels inhis space. The game masters move the
objects around the display surface, towards and away from
the player;this motion is replicated bythe monsters,
which move in their individual planes. Fig. 6a shows the
game masters moving objecasd Fig. 6b displays the
moving monsters in the virtual space.

The playerwears a “see-through’Sony Glasstron
equippedwith two cameras. Fiducials or naturidatures
in the player's spaceare pre-input for head tracking.
Currently the player isssumed testay in relatively the
same place, hikeadrotation is recovered, andraphics
gguch as the monsteraje renderedhat registewith the
physical world. Thecameradook down atthe player's
hands and capture hand gestursisg a toolkitdeveloped
by one of the authors [21]3ased on hidderMarkov

user places an object on the surface, the cameras recognifeodels, these toolgan recognize 40 AmericaSign

this and identify and track the object. A virtual button
also appears on the display (indicated by the arrokign
3a). Throughshadowtracking, the systemdetermines
when thehandoverlaps thebutton, selectingt. This
action causes the system dapturethe 3D object shape,
as described in Sec. 5.

This set provides the elements gbexceptual interface,
operating without wiresand without restrictions as to
objects employed. For example, Wave constructed a
simple applicationwhereobjectsplaced onthe desk are

Languagesigns inreal-timewith over 97%accuracy. In

the game implementation, a simple template matching
method is sufficient for recognizing a small set of martial
arts gestures. Teffectattacks on the monsters, thser
must accompany the gestures with a Kung Fu yell (“heee-
YAH"). There is adifferentgesture foreachtype offoe.

Foes that are not fended off can enter the player's personal
spaceand injure him. Enough injuries willcause the
player's defeat.



The system hadeenused byfaculty and graduate
students in the GVU lab. They hafeind the experience
compelling and balanced. Since it's difficult for thame
master to keepacewith the player, two gamenasters
arebetter(Fig. 6a). This isstraightforward to daising
the PerceptiveWorkbench interfaceThe player has a
unique experienceseeingandhearing foesoverlaid in a
physical room and then being ablerespondwith sharp
gesturesand yells. For a fuller description of this
application, see [22].

3D Terrain Navigation

We havedeveloped alobal terrain navigationsystem
on the virtual workbench. This permits one to fly
seamlesslybetweenglobal, regional,and local terrain.
One canfly continuously from outespace to terrain or
buildings with features at 1 foot or better resolution [29].
The navigation is both compellirand loadedvith detail
since the user sees terraimd building as properly
displayedstereoscopic images [30]. Wawvedeveloped a
completeinterface for third person navigation through
this space[29]. In third persomavigation, onenteracts
with theterrain as if itwere an extendegklief map laid

improved recognition fosmall objectscan beachieved
via an activepan/tilt/zoom cameramounted underneath
the desk. The coloside camera can be used itoprove
3D reconstructionand construct texture maps for the
digitized object. The reconstructiotcodecan bemodified
to handle holes in objects. The latency of the
gesture/renderindoop can be improvedthrough code
refinementandthe application of Kalman filterswhen
given a difficultobject, recognition from theeflections
from the light source underneath can be successively
improved byusing casshadowsrom the different light
sources above or the 3Beconstructed model directly.
Hidden Markov models can be employed tecognize
symbolic hand gestures for controlling thénterface.
Finally, ashinted by themultiple game masters in the
gaming application,several users may besupported
through careful, active allocation of resources.

In conclusion, the Perceptive Workbench uses a vision-
based system to enable a richset of interactions,
including hand andarm gestures, object recognition and
tracking, and 3Dreconstruction of objectplaced on its
surface. These elements are combined seamlessly into the
same interface and can be used in divapgdications. In

out below one on a curved surface. Thus the main actionaddition, the sensing system is relatively inexpensive,

are zoom in or out, pamndrotation. However, theuser
still sees the terrairand objects on it in full 3D
perspective and, since shehisad-trackedzcan even move
her head to look at objects fromdifferent angles.
Previously interaction habeen byusing button sticks
with 6 DoF electromagnetic trackers attach@thus both
the button sticks and the trackers have attached wires.
This is the type ofnterfacethat wewould like to free
from the burden of constrainedhovementand awkward
gesturesdiscussed inthe Introduction. To do this we
employ the deictic gestures of the Perceptiverkbench,
as described irBec. 6. Direction of navigation ishosen
by pointing andcan bechangedcontinuously (Fig. 7b).
Moving the hand towardsthe display increasesspeed
towardsthe earthand moving it away increasespeed
awayfrom the earth. Panning iccomplished by lateral
gestures in the direction to Ipanned(Fig. 7c). Rotation
is accomplished bynaking a rotating gesture with the

retailing ~$1000 for theamerasandlighting equipment

in the addition to the cost of a computer with one or two
video digitizers, depending orthe functionsdesired. As
seen from the the multiplayer gamingnd terrain
navigation applications, the PerceptivéVorkbench
provides an untetheredpontaneousand naturalinterface
that encourageshe inclusion of physical objects in the
virtual environment.
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arm (Fig. 7a). At present these three modes are chosen by

keys on akeyboard attached tthe workbench. In the
future we expect taise gestures entirelfe.g., pointing
will indicate zooming).

Although there are currently some problemswith
latency and accuracy (both of which will be diminished in
the future), a usecan successfullemploy gestures for
navigation. In addition the set of gestures are cuateiral
to use. Further, wdind that the vision system can
distinguish hand articulation and orientation quite well.
Thus we will beable to attach interactions tband
movements (even without arm movements).

9. Future Work and Conclusions

Several improvementsan bemade tothe Perceptive
Workbench. Higher resolution reconstruction and
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