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ABSTRACT

This paperpresentsan approachfor tracking paperdocu-
mentson the deskover time andautomaticallylinking them
tothecorrespondinglectronicdocumentsisinganoverhead
video camera.We demonstrat®ur systemin the context of
two scenariospapertrackingandphotosorting In thepaper
trackingscenariothe systemtrackschangesn the stacksof
printeddocumentandbookson the deskandbuilds a com-
plete representatiorof the spatialstructureof the desktop.
Whenuserswantto nd a printed documentburied in the
stacksthey canquerythe systembasedon appearancekey-
words, or accesgime. The systemalso providesa remote
desktopnterfacefor directly browsingthe physicaldesktop
from aremotelocation. In the photosortingscenariousers
sort printed photographsgnto physical stackson the desk.
Thesystemautomaticallyrecognizeshephotographandor-
ganizesthe correspondingligital photographsnto separate
foldersaccordingto the physicalarrangement.Our frame-
work provides a way to unify the physicaland electronic
desktopswithout the needfor a specializedphysicalinfras-
tructureexceptfor avideocamera.

Categories and Subject Descriptor s: H.5.2[User Inter -
faceg: GraphicalUserlInterfaces(GUI), InteractionStyles;
1.4.8[SceneAnalysis]: ObjectRecognition;Tracking

Additional Keywords and Phrases: Videoanalysisdoc-
umentrecognitionnteractive desktopjntelligentof ce

INTRODUCTION

The demiseof paperdocumentshas beenpredictedsince
the adventof personakomputersandelectronicdocuments.
However, paperandelectronicdocumentstill coexistin our
working ervironment. As pointedout by Sellenetal. [22],
thisis dueto the complementaryatureof the corveniences
thatpaperandelectronicdocumentprovide.

Paperis a natural interface that peopletacitly know how
to interactwith [16]. It is usually a preferredmediumfor
reading,navigation,andannotation.n addition,its physical

Permissiorto make digital or hardcopiesof all or partof thiswork for
personabr classroonuseis grantedwithout fee provided thatcopies
arenotmadeor distributedfor pro t or commerciahdwantageandthat
copiesbearthis noticeandthefull citationon the rst page.To copy
otherwise,or republish,to poston seners or to redistritute to lists,
requiresprior speci ¢ permissiorand/orafee.

UIST'04, October24-27,2004,SantaFe,New Mexico, USA.
Copyright ¢ 2004ACM 1-58113-957-8/04/0010.$5.00.

<— Video camera

(a) Setup (b) Cameraview

(c) Onscreerview of PDF's

Figure 1. Using a video camera mounted above a
desktop (a, b), our system tracks and recognizes all
documents and links them to the electronic versions
on the computer (c).

presencenakesit easyto lay out, sortandorganizemultiple

paperdocumentsnto stackson an extendedphysicalspace
suchasthe desk.As notedby Kidd [9], the spatiallayout of

materialsin an of ce ervironmentis animportantmemory
aid for knowledgeworkers. The memorycuecanhelpusers
localize the searchfor a particulardocumento a region of

the desk,but nding the exact documentwithin the set of

papergiledin theregion canstill bechallengingespecially
if the stackcontainsmary documents.

On the other hand, electronic documentsare inherently
suitablefor computationaloperationssuch as storage,re-
trieval, keyword search,sharingand version management,
for which paperdocumentsprovide poor support. But the
electronidnterfaceis notascorvenientandintuitiveasdirect
manipulationof paper



(a) Papertrackingsequence

(b) Photosortingsequence

Figure 2: (a) Sample input frames from the paper tracking sequence. Printed paper documents and books enter, exit the
scene and change location in the stacks as the user shifts them around. (b) Sample input frames from the photo sorting
sequence. The user sorts photographs in two source stacks (one on the desk in the lower right corner, the other outside

the scene) into three target stacks.

Consequentlypeoplecommonlykeepboth paperandelec-
tronic copiesof thesamedocumentfo exploit theadvantages
of both media. However, the decouplingof physicaland
electronicversionsmalkesit dif cult to fully exploit these
adwantages. What is neededis an automatedsystemthat
bridgesthis gapbetweerpaperandelectronicworlds.

In this paper we presenta vision systemthat usesa video
camerdo trackandrecognizestacksof physicaldocuments
on the desk. The systemcapturesthe movementof docu-
mentswith anoverheadvideo cameraFigurel). Thevideo
is then analyzedusing computervision techniquego link
eachpaperdocumentwith its electroniccopy on disk and
trackits physicallocationin the stack. Theinterfaceto our
systemallows usersto issuequeriesaboutthe documentsn
afew differentways: by appearancekeyword, accesgime
andusinga remotedesktopinterface. A key featureof our
systemis thatit doesnotrequireobtrusiveinfrastructuresuch
asphysicaltagsandspecializedeaders.

Oursystemenablegwo scenariospapertracking andphoto
sorting To illustrate the rst scenario,supposethe user
hasa paperto review by tomorrov. He put it somavhere
on the desk, but has dif culty nding it in the stacksof
documents.Using our system he caneasilylocateit in the
stacksby performinga keyword searchon all document®n
thedesk.Alternatively, if thedeskis in aremotelocation,the
usercandirectly searchthroughthe stacksusingthe remote
desktopnterfacethatallows the userto virtually manipulate
thestackdy clicking anddraggingontheimageof thedesk.

In the photo sorting scenario, the user has hundredsof
pictureson his digital camerathat he wantsto organizeinto
digital albums.It is cumbersoméo go throughtheindividual
photograph®n computermndplacethemin separatdolders.
Ontheotherhand,oncethephotographareprintedonsmall
sheetsof paper userscaneasily ip throughandsortthem
into physicalstacks. Our vision systemobsenes the user
as he sorts the photographdnto stacksand automatically
organizeghecorrespondingmage les into separatéolders.

RELATED WORK

Thereexists a signi cant body of previous work on camera
andprojectorbasecaugmentedesktopsysteny26, 24, 12, 2,

14]. However, their primaryfocusliesin supportingnterac-
tion with individual desktopobjectsor projectedmageusing
handtracking.Althoughthesesystemsarecapableof simple
object tracking, they require either manualregistration of

objects or the use of specially designedvisual tags and
backdrops.

Various solutions have been proposedto bridge the gap
betweenpaper and electronic documentsby using paper
overlaid with specializedpatternsand/or special reading
devices[3, 5, 18, 1, 6]. However, theseapproachesequire
convertingto a new physicalinfrastructure.Moreover, they

mainly focus on digitally incorporatingpaperannotations,
andlack the ability to trackthedocuments physicallocation
in stacks. Instead,we presentan unobtrusve solution for

locationtracking that doesnot involve sucha fundamental
changeo theworking ervironmentexceptfor theinstallation
of anoverheadvideocamera.

TrackingandID technologiesuchasbarcodes|R tagsand
RFID tags are already commonplaceand becomingmore
prevalentin the context of nding lost objects[20, 25, 19].

Although thesetechniquescan be appliedto paperdocu-
ments, they all necessitateéhe use of physicaltagsand a
specializedreader Furthermore they are not suitablefor

accuratetrackingof objectlocations. Vision-basedracking
systems[15, 17, 7] avoid the needfor specialtags and
readersput do not supporttracking papersin stacks.More
recently Fujii etal. [4] demonstratednexperimentakystem
for tracking stacled objectsusing stereovision. However,

as they usedthe physicalheight of the stacled objectsto
detectchangestheir techniques not applicableto stacksof
relatively thin paperdocuments.

Noticing the easyand intuitive interactionthat paperspro-
vide, someresearcherbave exploredthe useof paperasa
tangible userinterfaceto the digital space[16, 11, 8, 23].
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(a) Screenshoof the desktopbrowserinterface

(b) Theinterfacein remotedesktopmode

(c) Theuserassignsa stackof photographso afolder on disk

Figure 3: (a) Screenshot of the desktop browser interface. The user selects a document by either clicking on its thumbnail
on the left or performing a keyword search. The view of the desktop on the right expands the stack (green items) and
highlights the document in red. (b) Screenshot of the interface in remote desktop mode. Figures show the current state
of the desk (left) and a new state after the user moves around the document images to search for a document (right). (c)
Screenshot of the interface showing the user select a stack of photographs and assign it to a folder (left). The system
copies the corresponding digital photographs into the folder on disk and pops up the folder in thumbnail view (right).



Palette [16] is a paperinterface for giving presentations
whereboth human-and computefreadablendex cardsare
usedto navigate and control the slide shav. In The De-
signers Outpost[11], web designersuse post-it notesto
authorweb site informationarchitecturesn a collaboratve
setting. Both systemsmake useof paperpropsspreadout
in physicalspaceto drive certaintasksin the digital domain,
asin the photo sorting scenariothat we demonstrateising
our system. However, neithersystemrecoversand utilizes
the stackstructureof the physicalspaceasour systemdoes.
Moreover, our systemis ableto handlegeneraldocuments,
whereaghesesystemgequirespecialpropsof known shape
andappearance.

Perhapsmost closely related to our work is the Self-
OrganizingDesk[21] which is alsoa camera-basedystem
for tracking paperdocumentsin stacks. But this system
constraingheinputin afew importantways,e.g.,the papers
mustbe of known sizeandareonly allowedto translate.In
earlierwork [10], we overcametheselimitations. However,
thatsystemcouldonly handledistinctive looking objectdik e
multi-coloredbooks,anddid not work for papersandother
documentswith lessdistinctappearancedn this paper we
presenia new frameawork thatincorporategecognitionat its
core,a key capabilitythatis not supportedby eitherof the
above systems.The incorporationof recognitiontechniques
allows usto reliably track visually similar paperdocuments
(i.e., text on white paper)andto link physicaldocuments
with their electronicversionsonthe computer

SCENARIOS

We focus on the two scenarios papertracking and photo
sorting. However, we believe our system can also be
usefulfor otherapplicationswherephysicaland electronic
documentsreused.

Paper Tracking

In thepapertrackingscenariotheusermovesaroundprinted
documentsand booksstacled on his desk,andthe system
recordsthesechangesover time. Somesampleframesof

an example input video are showvn in Figure 2 (a). The

capturedvideo is subsequenthanalyzedto recognizeeach
documenty automaticallymatchingit with the correspond-
ing electronicdocument(e.g.,PDF). The systemalsotracks
the location of every documentin the stacks. Userscan

thenquerythe systemin a variety of waysto nd particular
document®f interest.

Photo Sorting

The photosorting scenarios basedon the obsenation that

paper provides a very natural interface for sorting pho-

tographs.In this scenariothe userprints out a setof digital

photographson paperand sortsthem into physical stacks
on the desk. Figure 2 (b) shovs sampleframesfrom the

capturedvideo of one suchepisode. Our systemanalyzes
the video to identify the photographsand infer the stack
structure.The userthenassociategachstackto a folder on

disk. This examplemakesuseof the users arrangementsf

physicaldocumentso organizethe correspondinglectronic
documentsdemonstratinghe potential use of our system
asaway to supporttangibleinterfacesfor documentelated
tasks.

[]

(a) An entryevent

[ ]

(b) An exit event

L] U

(c) A Moveevent

Figure 4: We model three event types: (a) entry, (b)
exit, and (¢) move. We have annotated the document
that has moved in red. The left and right images
correspond to le and le+, images immediately
before and after the event e.

INTERFACE
Our interfaceallows usersto take advantageof bene ts of
bothphysicalandelectronicdocuments.

Desktop Browser Interface

We have developedaninterfaceto supportthe tasksin each
scenariothat we call the desktopbrowserinterface Some
screenshotareshowvn in Figure3 alongwith descriptionof
eachelementof the interface. The interface providesfour
differentwaysto browsethe documenttacks:visualquery
keyword searchsortandremotedesktop.

Visual Query To querythe location of a particulardocu-
menton the desk,the usercanbrowsethe thumbnailimages
of thedocumentsliscoveredby the systemshovn ontheleft

panelof gure 3 (a). Whenthe user nds the documentof

interestandselectst by clicking onits thumbnailimage the

visualizationof the deskon theright of gure 3 (a) changes
to show its location in the stack by expandingthe stack
containingthat documentand highlighting the documentin

red.

Keyword search If theuserknows thetitle or the authorof
the document he can perform a keyword searchto nd it,
insteadof browsingthe thumbnails.Thetitle andauthorfor
eachpaperwere manuallyenteredfor the resultsshavn in
this paperbut thesecouldinsteadbe automaticallyobtained,
e.g.,by extractingtext from PDF, or parsingXML metadata.

Sort Thethumbnailscanbe sortedbasedon variouscrite-
ria, suchasauthor title and usagestatisticsto facilitatethe



Figure 5. A sequence of scene graphs represent
the evolution of the desktop over time. The nodes
correspond to documents and edges encode the
occlusion relationship between them.

search.For example the usercansortthemin orderof their
lastaccesdime to nd recentlyused,or old documenton
thedesk.

Remote desktop The usercandirectly searchthroughthe
stacksby click-and-draggingon the image of the desk, as
shawvn in Figure 3 (b). We call this modeof interactionthe
“remote desktop”mode,asit providesa way to searchfor

adocumenbn adeskin aremotelocation,analogoudo the
RemoteDesktopapplicationonaMicrosoftWindows system
or the VNC application(http://www.realvnhc.comjhatallow

the userto interactwith the electronicdesktopof a remote
machine. This interfacemode can be usefulwhenthe user
wantsto quickly nd outwhatis on the deskfrom aremote
location. The usercanalsoopenthe electronicversionof a

documenty shift-clickingonits image.

Whena documenis selectedyariousinformationrelatedto

the documents displayed,ncludingits title andauthor the
pathnameof the electronic le on disk, andusagestatistics,
suchasthe rst andlastaccessime, andthetotal numberof

accesses.

In thephotosortingscenariotheusercanselecteachstackin
the visualizationpanelby clicking on it andassigna folder,
asshawn in Figure3 (c). The systemthencopiesall digital
imagesin the stackinto thefolder andpopsup thefolderin
thumbnailview.

DOCUMENT TRACKING AND RECOGNITION

In this section,we presenta detaileddescriptionof how the
systemtracksandrecognizeghe documentdrom the input
video. We rst give a problemde nition, thenexplain the
algorithm usedto solve the problem. Note that the input
videois processedf ine.

Problem De nition

Given an input video of a desktop,the goal of the system
is to reconstructhe con guration of document®n the desk
at eachinstantin time. We usethe term eventto referto a
changein the stateof the documenistacks,andassumehat
thereare threetypesof events: entry, exit and move. See
Figure 4 for examplesof eacheventtype. The stateof the
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Figure 6: An overview of the document recognition and
tracking algorithm.. For each event, we extract a pair of
images | and |l ¢+ , before and after the event. Then,
these images are analyzed to determine the type and
motion of the event. Next, the document that moved
is recognized by matching it with the electronic le on
disk. Finally, the scene graph is updated accordingly.

deskis representetly adirectedagyclic graphcalledascene
graph, where eachnode correspondd¢o a documentand

edgesxist betweerpairsof documentsvhereonedocument
is directly on top of the other (Figure5). It is alsoassumed
thateachdocumenton the deskhasa correspondingmage

on the computerthat is usedby the systemto matchand

recognizethe document. In the caseof papers,jmagesare

manuallyextractedfrom the PDF le; for books,the JPEG

imageof thebook coveris used;for digital photographsthe

image le itselfis used.

Assumptions

We make afew simplifying assumptionso makethetracking
problemmore tractable. All eventsare assumedo occur
to a singledocumenton the top of the stackstructure,i.e.,
only one documentmay move at a time, and userscannot
place or remove documentsto or from the middle of a
stack. We also assumehat eachdocumentis unique,i.e.,
thereis no duplicatecopy of the samedocumenton the
desk. Theseassumptionssomevhat restrict the range of
possible user interactions,and generalizingthe computer
vision techniquedgo relaxtheseassumptionss animportant
topic for future work. Neverthelesstheseassumptionstill
allow mary useful and natural interactions,which enable
the papertrackingandphotosortingscenariosn this paper
Finally, it is importantto notethatwe do notrequirethedesk
to beinitially empty Eachdocuments discoveredthe rst
timeit moves.



Algorithm

The recognitionand tracking algorithm works in 4 steps:
event detection,event interpretation,documentrecognition
andupdatingscenegraphs.An overview of the algorithmis
providedin Figure6.

Event Detection An eventstartswith the motion of a doc-
umentandlastsuntil the motion ends. To detectevents,we
rst computeframe differencesbetweenconsecutie input
frames.If thedifferenceis large,we assumehataneventis
occurring.Let e denoteanevent,andl andl .. denotethe
framesimmediatelybeforeandafterthe event,respectiely.

Event Interpretation To interpretan event e, we analyze
le , le+ andframesduringthe eventto determinethe type
andmotion of the event. We usethe ScalelnvariantFeature
Transform(SIFT) [13] to accomplistthis goal.

SIFT computegescriptve local featuresof animagebased
on histogram=f edgeorientationin a window aroundeach
point in the image. The following characteristicsnake it
suitablefor reliablematchingandrecognition.

Distinctiveness its high-dimensional{128-D) descriptor
enablesaccuratdifferentiationbetweeralarge numberof

features.

Invariance to 2D scale,rotation and translation: fea-

turesarereliably matcheetweenmagesof thedocument
in vastlydifferentposes.

Robust matching: detectionandmatchingis robustwith

respecto partial occlusionanddifferencesn contrastand
illumination.

The eventis rst classi ed asa move event or otherwise,
by looking for a valid motion of a documentfrom | to
le+ . This is done by matchingfeaturesbetweenl, and
le+ andclusteringthe pairs of matchingfeaturesthat have
similar motion. If the largestclusterwith a non-zeromotion
containssufciently mary matchesijt is considerech valid
motionandthe eventis classi ed asa move. Theremaining
eventsare eitherentry or exit events,andwe classifythem
later

The SIFT featuresn |,  andle: aresplit into two groups
foreground and badkground for usein the restof the pro-
cedure. For a move event, featuresin the largestnon-zero
motionclusterareconsideredoreground,andtheremaining
featuredbackgroundFor remainingevents afeatureis back-
groundif it doesnot move acrosgthe event,andforeground
otherwise.

Distinguishingbetweeranentryandanexit requiresunning
threetestsin sequencedescribedbelon. We run eachtest
only if the previoustestfails.

Test1: Foregroundfeaturesof I andle. arematched
againstthe imagedatabasef electronicdocuments.For
an entry event, if the enteringdocumentoverlapswith
multiple underlyingdocumentsor thereis no underlying
document(Figure 7 (a)), the foregroundfeaturesof | ¢+
will yield agoodmatchwith onedocumentwhereaghose
of I will matcheitherpartsof multiple document®r no
documeniandvice versafor anexit event).

(a) Testl
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(c) Test3

Figure 7: Three tests are performed in sequence
to distinguish between an entry and an exit. ()
Test 1: The entering (or exiting) document overlaps
with multiple underlying documents (top) or there is
no underlying document (bottom). (b) Test 2: The
entering (or exiting) document aligns fairly well with
the underlying document, and the system has seen the
document beneath that underlying document. (c) Test
3: The system has not seen the document beneath
the underlying document, and looks for the peak in the
function that measures the amount of motion during
the event.

Test 2: If the enteringor exiting documentaligns fairly
well with the underlyingdocument(Figure 7 (b)), Test1
will fail to classifythe event. However, if the systemhas
previously seenwhat lies underthe foregroundregion of
le ,it cancomparehenew foregroundregionof | ¢+ with
thatunderlyingdocumentlf they match,it is anexit event;
otherwiseijt is anentry.

Test 3: Finally, if the systemdoesnot have sufcient
knowledge about the current stack structureto perform
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Figure 8: Plots of document recognition rate for (a) paper documents and (b) photographs under varying image resolution.
The Y axis represents the percentage of correctly recognized documents, and the X axis represents the width of the
document (i.e., the length of the longer side in pixels) in the captured image.

Test 2, the input framesduring the event are analyzedto
determinethe eventtype. Thereis an asymmetryin the
amountof changesin the image betweenan entry and
anexit. During an entry event, both the users handand
the new documententersthe scenein the beginning and
only the hand exits in the end, thereforecausingmore
changesn thebeginningthantheend,whereaghereverse
is true in an exit event. Therefore,the systemclassi es
the event basedon the peaklocation in the function of
theamountof motionovertime, measuredby differencing
eachframewith |, outsidethe region occupiedby the
entering/eiting documentasshawvn in Figure7 (c).

Document Recognition Oncethe eventis interpreted,the
foreground SIFT featuresof | (le+ for an entry event)
arematchedagainsthefeaturesof eachimageof electronic
documentn the computerand clusteredaccordingto the
relative transformation. The matchingscoreis de ned as
the ratio of the sum of matchingscoresfor the features
in the largestclusterto that of all matchingfeatures. The
documentwith the best matchingscoreis consideredthe
matchingdocument. We assumethat all documentshave
enoughfeaturesto perform reliable matchingbetweenthe
physicalandelectroniccopy.

Updating Scene Graphs The interpretedeventis usedto
updatethe current scenegraph representingthe structure
of documentstackson the desk. Initially, the scenegraph
is empty and new nodesare addedas nev documents
are discovered. If the currenteventis the rst event for
the document,a new node representinghat documentis
introducedinto all scenegraphsup to that point, and new
edgesareaddedo connecthenew nodeto all sceneggraphs.

For an exit, all edgesare disconnectedrom the noderep-
resentingthe exiting document. For an entry event, new
edgesareintroducedbetweerthe enteringdocumentandall
documentdirectly underit. For a move event, thesetwo
stepsi.e., exit andentry, areperformedn sequence.

RESULTS AND DISCUSSION
In this section,we discussour resultsand presenta perfor
manceanalysison documentrecognition. Seeour web site

(http://grail.cs.vashington.edu/piects/ofce) for a video
demonstratingheresults.

Experimental Setup and Input Sequences

We usedthe Dragon y video camerafrom PointGrey Re-
search,Inc. that records1024 768 imagesat 15 frames
persecond We streamedhe videoframesto memoryusing
the re wire porton a PC. The papertrackingsequencavas
recordedover approximately40 minutes. It contained49
eventsin total (27 moves,9 entriesand13 exits). Therewere
20 printed paperdocumentsand 2 booksin the sequence.
Thephotosortingsequencavasrecordedverapproximately
10 minutes,with 30 eventsin total (11 moves,19 entriesand
no exits). Therewere 30 photographsn the sequenceall
of which were printed on papersheetsof almostidentical
size (approximately6 4 inches). Most of them contained
a mixture of peopleand landscape. The user distributed
photographgrom two sourcestacks,one held in her hand
and the other on the desk, into threetarget stacks. These
input sequencesvere processedfine after the recording
sessiorwasover.

Event Classi cation

The event classi cation methoddescribedn the Algorithm
sectionhada 100%successateon thetwo input sequences.
The move vs. entry/«it classi cation test worked in all
cases. For entry and exit events, tests1, 2 and 3 were
conductedn sequenceandall of theseaventswereclassi ed
correctly Becausesachof the threetestshandlesdifferent
situations,all threearerequiredfor a perfectclassi cation.
Testsl and2 succeededn 14 outof 22 entryandexits in the
papertrackingsequencandon all 19 entry andexits in the
photosortingsequenceOnly the8 remainingentryandexits
in the papertrackingsequenceequiredthe useof test3. To
evaluatetest 3, we performedthis teston all entry and exit
eventsin the two sequencesilt failed on 1 out of 22 cases
and 1 outof 19 casesyespectiely, shaving thatby itself it
is a fairly reliable methodfor distinguishingentry and exit
events.

The papertracking sequencecontained22 documentsin-
cluding printed paper documentsand books, and all of



them were recognizedcorrectly againsta databaseof 50
documents.The databaseéncludednot only the cover page
of adocumentwhich usuallyhasa moredistincttext layout
thanthe restof the documentput alsointernalpagessome
of which containedonly text. Theimagesof electronicdoc-
umentsin the databasevereapproximatelyd00 500 pixels
(width height),andthe capturedimagesof the documents
wereapproximatel\300 400pixels.

Thephotosortingsequenceontained0 photographsln the
input video, the photographsvere approximately300 400
pixels. Therewere 50 image les in the databasewith
resolutionsvarying between640x480and 901x676. Many
of them had peopleposingin front of a backgroundand-
scape,and someof them containedonly scenery All 30
photographsvererecognizedtorrectlyagainsthe database.

We conducteda simple test to further analyze the per
formanceof documentrecognitionbasedon SIFT feature
matching.We took picturesof approximately20 documents
and 20 photographswith varying numberof detectedfea-
tures,andtriedto matchthemagainstdatabasef 162paper
document&nd82 photographsiespectiely. We alsovaried
theresolutionof the capturedmage to examinethe effect of
theimageresolutionon therecognitionperformance.

(@)

(b)

Figure 9: (a) Documents with too little texture that
our recognition technique could not handle reliably:
a simple drawing (left, 660x773 pixels, 248 features)
and a picture of sunset (right, 800x600 pixels, 508
features). SIFT features are overlaid as red cross
marks. (b) Documents with average numbers of
features for comparison: a research paper (left,
435x574 pixels, 2509 features) and a picture of a
person in front of complex scenery (right, 819x614
pixels, 4198 features).

Document Recognition

The recognitionrate increasedn proportionto the image
resolution,asshavn in Figure8. It canbe seenthat papers
mustbe at least230 300 (all paperswere letter size) and
photograph450 200pixels(all photograph&iad4:3aspect
ratio) in the capturedmageto achieve a recognitionrate of
90%. Therecognitiorratedoesnotreach100%evenatfairly
high resolutionspecausa coupleof documenthadtoo few
featuredo bereliably recognizedFigure9 (a)).

The imagesin the databaselso had a varying numberof

SIFT featuresrangingfrom 248to 8409for papersandfrom

35 to 9526for photographs.We found that the recognition
performanceis not signi cantly affected by the number
of features,exceptfor the two caseswith extremely few

features. This is an expectedresult becausehe matching
scoreis normalizedwith respectto the total number of

featureson the document,as describedin the Algorithm

section. It shavs that our documentrecognition method
can be successfullyappliedto a wide rangeof document
resolutionandnumberf features.

CONCLUSION AND FUTURE WORK

We have presenteda novel computervision systemfor
recognizingand tracking documentson the desk with a
userinterfacethat allows the userto browse the document
stacksand query documentsof interest. We demonstrated
how our systemenablestwo scenariospapertracking and
photo sorting. Our systemprovidesa seamlesaini cation
of physicalandelectronicdesktopswithout requiringa new
physicalinfrastructureexceptfor avideocamera.

We ervision several directionsto extendthe currentwork in
the future. First, we believe that someof the simplifying
assumptionsanberelaxedto handlemorerealisticdesktops.
For instancepeopleoftenshift stacksof documentsogether
ratherthanmovingindividualdocument®neatatime. Also,
it is commonto have duplicatecopiesof the samedocument
or documentof similar appearancesuchas differentver-
sionsof a documentundegoing revision. Suchsituations
are challengingbecauseof the uncertaintiesthey incur in
reasoningaboutthe events. To dealwith theseuncertainsit-
uations,it would be desirableto have a multiple-hypotheses
trackingmechanismAllowing thesystento solicit feedback
from userscan also help the systemto correct mistales.
Another natural extensionis handling documentswithout
sufcient featureson the surfaceanddocumentghatdo not
have matchingelectronicversionsin the database. Also,
we believe thereis room for speedingup the computation,
possiblymaking the systemperformin real-time. A more
thoroughanalysisof the systems performanceand failure
modesundervarioussituationswould beworthwhile.

Thereareotherusefultypesof interactionghatcanbeadded
to the currentuserinterface. For example,one easyway to
look up informationrelatedto a physicaldocuments simply
“showing” thedocumento the cameraThesystemcanthen
recognizethe documentand display relevant information.
Also, if the systemcan detectchangeson the document
surface as usersmake written annotationson documents,
the written annotationmay be automatically'lifted” by the
computenision systemandincorporatednto the electronic



version of the document. A user study on how people
actually interactwith documentson the desk can help us
determinethe typesof usertasksthat canbene t from our
system.

Finally, we believe that our framewnork can be appliedto
other domainsthat may also bene t from a video-based
trackingandrecognitionsystem.Someexamplesare book-
sheles (e.g., library, bookstore),CD/DVD racks, bulletin
boards]aboratorieswarehousesandkitchencounters.
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