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Abstract

Thedigitizationof the3D shapeof realobjectsis a rapidlyexpand-
ing �eld, with applicationsin entertainment,design,andarchaeol-
ogy. We proposea new 3D modelacquisitionsystemthatpermits
theuserto rotateanobjectby handandseeacontinuously-updated
modelastheobjectis scanned.This tight feedbackloop allows the
userto �nd and�ll holesin themodelin real time, anddetermine
whentheobjecthasbeencompletelycovered.Oursystemis based
on a 60 Hz. structured-lightrange�nder, a real-timevariantof ICP
(iterative closestpoints) for alignment,and point-basedmerging
andrenderingalgorithms.Wedemonstratetheability of ourproto-
typeto scanobjectsfasterandwith greatereasethanconventional
modelacquisitionpipelines.

Categoriesand Subject Descriptors: I.3.1 [ComputerGraphics]:
Hardware Architecture– Input devices; I.4.8 [Image Processing
and ComputerVision]: Digitization and ImageCapture– Imag-
ing geometry, scanning;B.4.2 [Input/OutputandDataCommuni-
cations]:Input/OutputDevices.

Additional Keywords: 3D modelacquisition,3D scanning,range
scanning,real-timemodeling.

1 Intr oduction

The desireto reducethe dependenceon humaninput in making
realisticimagesof complex sceneshas,over thepasttenyears,re-
sultedin an increasedrole for measurementsof the real world in
the computergraphicspipeline. In this paper, we focuson using
3D scanningto build detailedmodelsof complex objectsfor usein
rendering.

Although for someusesof rangescanningit is suf�cient to ob-
tain a singlerangeimageof theobject,many applicationsrequire
a complete3D model. Sincemost 3D scannersonly obtaindata
from one side of an object (or even a small region of one side)
at a time, it is necessaryto move the scanner(or, equivalently, to
move the model relative to a stationaryscanner)to cover the ob-
ject from multiple views. Theseviews must thenbe registeredto
eachotherandmergedinto a single,consistentmodel. Thus, for
these3D modelacquisitionapplications,therangescanneritself is
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(a) Layoutof our
system.It consistsof
aDLP projectorthat
displaysstructured
light patternsandan
NTSCvideocamera.
Thegreenandblue
lineshave beenadded
in this visualization.

(b) Photographof a
turtle �gurine,
approximately18
cm. long.

(c) Shortlyafterthe
startof scanning,data
hasbeenaccumulated
relatively sparsely.
Theindividual point
primitivesusedby our
merging datastructure
arevisible.

(d) After a few
secondsof scanning,
thefront partof the
turtle hasbeen
coveredrelatively
well. However, the
userseesa few
remainingholes.

(e) Theuserturnsthe
objectto �ll theholes.
Theusermaytry a
numberof different
positionsuntil the
holesare�lled –
immediatefeedbackis
availableaboutthe
effectivenessof each
orientation.

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

Figure 1: Our real-time3D modelacquisitionsystemwasusedto scana
small turtle �gurine. The total scanningtime was4 minutesandthe �nal
model,at 1�

2 mm.resolution,containsapproximately200,000polygons.(c)
through(e) arerenderedusingsplats(seeSection2.3), and(f) is rendered
asapolygonmesh(seeSection2.4).
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Figure 3: A four-framesequenceof projectedpatterns.Eachpatternhas
110stripeboundaries(111stripes),with thepropertythateachstripebound-
aryhasauniquecode(consistingof theblack/whiteilluminationhistoryon
eithersideof theboundaryover thesequenceof four frames).

Time

Figure 4: A sequenceof video framesof anelephant�gurine illuminated
with a stripeboundarycode.Theprojectorcyclesamongthesepatternsat
60 Hz., and the illuminated object is photographedby an NTSC camera
synchronizedto theprojector.

vantage:theobjectbeingscannedmustnotmovewhile then coded
framesarebeingobtained.If theobjectdoesmove, thesystemis
likely to obtain an incorrectstripe code,and henceincorrect3D
data.

In orderto allow objectmotionduringscanning,it is necessary
to addframe-to-frametrackinginto thegeneralframework 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 notcomefrom thesamecamerapixel. In practice,onecanonly
track a region by trackingits boundaries.Therefore,we designa
systemaroundtheideaof trackingprojectedstripeboundaries,and
usingtheseboundariesto convey codesover time.

Giventheframework of trackingstripeboundariesasthey move
from frameto frame,we searchfor a way of codingstripesthat is
optimizedfor this application.First,we observe that it is desirable
for stripesto beasnarrow aspossible,sothatthesetof boundaries
we are tracking is asdenseaspossible. Sincethe bit-planetech-
niqueof simplebinarycodingresultsin very wide stripesin some
frames,this is nota desirablecodefor ourapplication.Second,our
shift of focusfrom stripesto boundariespermitsusto convey infor-
mationmoreef�ciently: insteadof obtainingonebit of information
perframe,we mayobtaintwo bits of informationby lookingat the
on/off statuson both sidesof the boundary. Thus,we wish to de-
sign a codesuchthat every pair of adjacentstripeshasa unique
codeover time.

The�nal criterionin designingourcodesis theobservationthat,
sincewearelookingatbothsidesof astripeboundary, that“bound-
ary” will not be visible at every frame,sincethe stripeson either
sideof thatboundarymight bothbeeitheron or off. Thus,we de-
signa codethatminimizesthenumberof theseinvisible “ghosts,”
to maximizethechancesof trackingtheseboundarieseven if they
disappear. Note that this is just a specialcaseof thegeneralstrat-
egy of makingstripesasnarrow aspossible,asdescribedabove.
As describedin [Hall-Holt andRusinkiewicz 2001], it is possible
to designacodethatnevercontainstwo ghostsadjacentin spaceor
in time.

Figure3 shows thesequenceof illuminationpatternsusedby our
system.Therearefour differentpatterns,which canuniquelycode
110 stripeboundaries.The systemcyclesamongtheseframesat
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Figure 5: Trackingstripeboundaries.Our systemidenti�es edgesin the
video frames,tracksthe stripe boundariesover time, and propagatesthe
illumination history of eachboundaryover four framesto determinethe
boundary's code. Note that the trackingstagehasto infer the presenceof
“ghost” boundaries(shown as dashedlines) in someof the double-wide
black andwhite regions. Our projectedpatternsaredesignedto minimize
thepresenceof suchinvisible “boundaries,” andhavethepropertythatthere
arenever two ghostsadjacentin spaceor in time.

60 Hz., capturesvideowith a synchronizedNTSCcamera(Figure
4), performsthe boundarytrackinganddecoding(Figure5), and
returnsa rangeimageat eachpoint in time. Sincewe may use
anysequenceof four consecutive framesto obtaindepth,thereis a
latency of 4 framesin identifyinga new stripeboundarybut depths
areobtainedat every framethereafter.

2.2 Fast 3D Registration

The previous sectiondescribedthe designof a rangescannerca-
pableof returningthe 3D shapeof a moving objectasseenfrom
a singleviewpoint in real time. As mentionedin the introduction,
however, thegoalof our systemis to producecompletemodelsof
rigid objects.Therefore,we mustalign therangeimagesfrom dif-
ferentviewpointsthatareproducedasa rigid objectis movedrela-
tive to therangescanner.

Therearethreeclassesof methodsthathave beenconsideredfor
this application.The �rst relieson known motion: theobjectand
scanneraremovedrelative to eachotherby a calibratedrotational
or translationalstage.As mentionedearlier, however, a key usabil-
ity improvementin our designcomesfrom lifting therestrictionto
calibratedmotionandallowing theobjectandscannerto bemoved
freely with respectto eachother. In addition,avoiding calibrated
motion helpsreducethecostof building andcalibratingthescan-
ner[Davis andChen2001].

A secondway of obtainingthealignmentbetweenrangeimages
is to placea tracker on eithertheobjector thescanner(whichever
is movedrelativeto theother).Althoughwehavechosennot to use
thisoptionbecauseof accuracy andcostconsiderations,webelieve
that in many circumstancesit would provide substantialbene�ts
in the context of our proposedpipeline. As discussedin Section
6, a separatetracker would beespeciallyusefulfor preventingthe
globaldrift thatresultsfrom our useof scan-to-scanalignment.

Theoptionwe usefor alignmentin ourpipelineis basedon reg-
istering individual scansto eachother basedon the geometryin
overlappingareas.The algorithmwe have chosenis a variantof
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