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Abstract

Thedigitizationof the 3D shapeof realobjectsis arapidly expand-
ing eld, with applicationsn entertainmentgdesign,andarchaeol-
ogy. We proposea nev 3D modelacquisitionsystemthat permits
theuserto rotateanobjectby handandseea continuously-updated
modelasthe objectis scannedThis tight feedbacKoop allows the
userto nd and Il holesin the modelin realtime, anddetermine
whenthe objecthasbeencompletelycaovered.Our systemis based
ona60 Hz. structured-lightange nder areal-timevariantof ICP
(iterative closestpoints) for alignment,and point-basedmeiging
andrenderingalgorithms.We demonstratéhe ability of our proto-
typeto scanobjectsfasterandwith greatereasethancorventional
modelacquisitionpipelines.

Categoriesand Subject Descriptors: 1.3.1 [ComputerGraphics]:
Hardware Architecture— Input devices; 1.4.8 [Image Processing
and ComputerVision]: Digitization and Image Capture— Imag-

ing geometry scanning;B.4.2 [Input/Outputand Data Communi-

cations]:Input/OutputDevices.

Additional Keywords: 3D modelacquisition,3D scanningrange
scanningreal-timemodeling.

1 Introduction

The desireto reducethe dependencen humaninput in making
realisticimagesof complex scenesas,over the pasttenyears,re-
sultedin anincreasedole for measurementsf the real world in
the computergraphicspipeline. In this paper we focuson using
3D scanningo build detailedmodelsof comple objectsfor usein
rendering.

Althoughfor someusesof rangescanningt is sufcient to ob-
tain a singlerangeimageof the object,mary applicationsrequire
a complete3D model. Sincemost3D scanneronly obtain data
from one side of an object (or even a small region of one side)
atatime, it is necessaryo move the scannei(or, equialently; to
move the modelrelative to a stationaryscanner}o cover the ob-
ject from multiple views. Theseviews mustthenbe registeredto
eachotherandmemedinto a single, consistenmodel. Thus, for
these3D modelacquisitionapplicationstherangescanneitself is
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(a) Layoutof our
system It consistof
aDLP projectorthat
displaysstructured
light patternsandan
NTSCvideocamera.
Thegreenandblue
lineshave beenadded
in this visualization.

(b) Photograptof a
turtle gurine,
approximatelyl8
cm.long.

(c) Shortlyafterthe
startof scanningdata
hasbeenaccumulated
relatively sparsely
Theindividual point
primitivesusedby our
meiging datastructure
arevisible.

(d) After afew
second®f scanning,
thefront partof the
turtle hasbeen
coveredrelatively
well. However, the
userseesafew
remainingholes.

(e) Theuserturnsthe
objectto Il theholes.
Theusermaytry a
numberof different
positionsuntil the
holesare lled —
immediatefeedbacks
availableaboutthe
effectivenessof each
orientation.

(f) Onceall thedata
hasbeengathered,
high-qualityof ine
globalregistrationand
surfacereconstruction
algorithmsareusedto
producea nal model.

Figure 1: Our real-time3D modelacquisitionsystemwasusedto scana
smallturtle gurine. The total scanningtime was4 minutesandthe nal
model,atl/, mm.resolutioncontainsapproximately200,000polygons.(c)
through(e) arerenderedusingsplats(seeSection2.3), and(f) is rendered
asapolygonmesh(seeSection2.4).
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Figure 3: A four-frame sequencef projectedpatterns.Eachpatternhas
110stripeboundarie§111stripes)with thepropertythateachstripebound-
ary hasa uniquecode(consistingof the black/whiteillumination historyon
eithersideof theboundaryover the sequencef four frames).

Time
Figure 4: A sequencef video framesof an elephantgurine illuminated
with a stripeboundarycode. The projectorcyclesamongthesepatternsat
60 Hz., andthe illuminated objectis photographedy an NTSC camera
synchronizedo the projector

vantagetheobjectbeingscannednustnot move while then coded
framesarebeingobtained.If the objectdoesmove, the systemis
likely to obtain an incorrectstripe code,and henceincorrect3D
data.

In orderto allow objectmotion during scanningjt is necessary
to addframe-to-framerackinginto thegeneraframenork of time-
codedstructuredlight. In particular if the object moves slowly
enoughthat stripesmay be tracked over time, it is possibleto ac-
cumulatethe bits of the codeover time, despitethe fact that they
do not comefrom the samecamergpixel. In practice,onecanonly
track a region by trackingits boundaries.Therefore we designa
systemaroundtheideaof trackingprojectedstripeboundariesand
usingtheseboundarie$o corvey codesovertime.

Giventheframework of trackingstripeboundariegsthey move
from frameto frame,we searchfor a way of codingstripesthatis
optimizedfor this application.First, we obsere thatit is desirable
for stripesto beasnarrav aspossible sothatthe setof boundaries
we aretrackingis asdenseas possible. Sincethe bit-planetech-
nigueof simplebinary codingresultsin very wide stripesin some
frames thisis notadesirablecodefor our application.Secondpur
shift of focusfrom stripesto boundariepermitsusto corvey infor-
mationmoreefciently: insteadof obtainingonebit of information
perframe,we may obtaintwo bits of informationby looking at the
on/of statuson both sidesof the boundary Thus,we wish to de-
sign a codesuchthat every pair of adjacentstripeshasa unique
codeovertime.

The nal criterionin designingour codess the obserationthat,
sincewe arelooking atbothsidesof astripeboundarythat“bound-
ary” will not be visible at every frame, sincethe stripeson either
sideof thatboundarymight both be eitheron or off. Thus,we de-
sigha codethat minimizesthe numberof theseinvisible “ghosts,
to maximizethe chanceof trackingtheseboundariesvenif they
disappearNote thatthis is just a specialcaseof the generalstrat-
egy of making stripesas narrav as possible,as describedabore.
As describedn [Hall-Holt andRusinkiavicz 2001], it is possible
to designa codethatnever containgwo ghostsadjacentn spaceor
in time.

Figure3 shavs thesequencef illumination patternsusedby our
system.Therearefour differentpatternswhich canuniquelycode
110 stripe boundaries.The systemcycles amongtheseframesat
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Figure 5: Trackingstripe boundaries.Our systemidenti es edgesin the
video frames, tracksthe stripe boundariesover time, and propagateshe
illumination history of eachboundaryover four framesto determinethe
boundarys code. Note that the tracking stagehasto infer the presencef

“ghost” boundariegshavn as dashedlines) in someof the double-wide
black andwhite regions. Our projectedpatternsare designedo minimize
thepresencef suchinvisible “boundaries, andhave thepropertythatthere
arenever two ghostsadjacentn spaceor in time.

60 Hz., capturesrideowith a synchronizedNTSC camera(Figure
4), performsthe boundarytracking and decoding(Figure 5), and
returnsa rangeimage at eachpoint in time. Sincewe may use
anysequencef four consecutie framesto obtaindepth,thereis a
lateng of 4 framesin identifying a new stripeboundarybut depths
areobtainedat every framethereafter

2.2 Fast 3D Registration

The previous sectiondescribedthe designof a rangescannerca-
pableof returningthe 3D shapeof a moving objectas seenfrom
a singleviewpointin realtime. As mentionedn the introduction,
however, the goal of our systemis to producecompletemodelsof
rigid objects.Therefore we mustalign the rangeimagesfrom dif-
ferentviewpointsthatareproducedasarigid objectis movedrela-
tive to therangescanner

Therearethreeclasse®f methodghathave beenconsideredor
this application. The rst relieson known motion: the objectand
scannearemoved relative to eachotherby a calibratedrotational
or translationaktage.As mentionedearlier howvever, akey usabil-
ity improvementin our designcomesfrom lifting therestrictionto
calibratedmotionandallowing the objectandscanneto bemoved
freely with respectto eachother In addition,avoiding calibrated
motion helpsreducethe costof building andcalibratingthe scan-
ner[Davis andChen2001]].

A secondvay of obtainingthe alignmentbetweerrangeimages
is to placeatracker on eitherthe objector the scanne(whichever
is movedrelative to theother). Althoughwe have chosemotto use
this optionbecaus®f accurag andcostconsiderationsye believe
thatin mary circumstancest would provide substantiabene ts
in the context of our proposedpipeline. As discussedn Section
6, a separateracker would be especiallyusefulfor preventingthe
globaldrift thatresultsfrom our useof scan-to-scaalignment.

The optionwe usefor alignmentin our pipelineis basedon reg-
istering individual scansto eachother basedon the geometryin
overlappingareas. The algorithmwe have chosenis a variant of





















