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RealReal--Time 3D Model AcquisitionTime 3D Model Acquisition

Szym on RusinkiewiczSzym on Rusinkiewicz

O lafO lafHallHall--HoltHolt

M arc M arc LevoyLevoy

Princeton UniversityPrinceton University

Stanford UniversityStanford University

3D Scanning3D Scanning

Possible Research GoalsPossible Research Goals

•• Low noiseLow noise

•• Guaranteed high accuracyGuaranteed high accuracy

•• High speedHigh speed

•• Low costLow cost

•• Autom atic operationAutom atic operation

•• No holesNo holes

3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

View PlanningView PlanningView Planning

3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm entView PlanningView PlanningView Planning
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3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM erging

View PlanningView PlanningView Planning

3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

3D Model Acquisition Pipeline3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

3D Model Acquisition Difficulties3D Model Acquisition Difficulties

•• M uch (often m ost) tim e spent on “last 20%”M uch (often m ost) tim e spent on “last 20%”

•• Pipeline not optim ized for holePipeline not optim ized for hole--fillingfilling

•• Not sufficient just to speed up scanner Not sufficient just to speed up scanner ––

m ust design pipeline for fast feedbackm ust design pipeline for fast feedback

RealReal--Time 3D Model AcquisitionTime 3D Model Acquisition RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Hum anHum an
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RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Challenge:Challenge:
Real Tim eReal Tim e

RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Part I:Part I:
StructuredStructured--LightLight
TriangulationTriangulation

RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Part II:Part II:
Fast ICPFast ICP

RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Part III:Part III:
Voxel GridVoxel Grid

TriangulationTriangulation

•• Project laser stripe onto objectProject laser stripe onto object

O bjectO bject

LaserLaser

Cam eraCam eraCam era Cam eraCam eraCam era

TriangulationTriangulation

•• Depth from  rayDepth from  ray--plane triangulationplane triangulation

LaserLaser

(x,y)(x,y)

O bjectO bject
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TriangulationTriangulation

•• Faster acquisition: project m ultiple stripesFaster acquisition: project m ultiple stripes

•• Correspondence problem : which stripeCorrespondence problem : which stripe

is which?is which?

Continuum of Triangulation MethodsContinuum of Triangulation Methods

Slow, robustSlow, robust Fast, fragileFast, fragile

M ultiM ulti--stripestripe
M ultiM ulti--fram efram e

SingleSingle--fram efram eSingleSingle--stripestripe

TimeTime--Coded Light PatternsCoded Light Patterns

•• Assign each stripe a unique illum ination codeAssign each stripe a unique illum ination code

over tim e [Posdam er 82]over tim e [Posdam er 82]

SpaceSpace

Tim eTim e

Illum ination history =  (W B),(BW ),(W B)Illum ination history =  (W B),(BW ),(W B)Illum ination history =  (W B),(BW ),(W B)

CodeCodeCode

Codes for Moving ScenesCodes for Moving Scenes

•• Assign tim e codesAssign tim e codes

to stripe to stripe boundariesboundaries

•• Perform  fram ePerform  fram e--toto--fram efram e

tracking of correspondingtracking of corresponding

boundariesboundaries

–– Propagate illum ination historyPropagate illum ination history

[Hall[Hall--Holt & Rusinkiewicz, ICCV 2001]Holt & Rusinkiewicz, ICCV 2001]

Designing a CodeDesigning a Code

•• W ant m any “features” to track:W ant m any “features” to track:

lots of black/white edges at each fram elots of black/white edges at each fram e

•• Try to m inim ize ghosts Try to m inim ize ghosts –– W W  or BB W W  or BB 

“boundaries” that can’t be seen directly“boundaries” that can’t be seen directly

Designing a CodeDesigning a Code

0011001111101110

10111011 01100110

01000100 10011001

000100010001 110011001100

00000000 11011101

10101010 01110111

1000100001010101

111111111111 001000100010

[Hall[Hall--Holt & Rusinkiewicz, ICCV 2001]Holt & Rusinkiewicz, ICCV 2001]
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ImplementationImplementation

•• Pipeline:Pipeline:

•• DLP projector illum inates scene @  60 Hz.DLP projector illum inates scene @  60 Hz.

•• Synchronized NTSC cam era captures videoSynchronized NTSC cam era captures video

•• Pipeline returns range im ages @  60 Hz.Pipeline returns range im ages @  60 Hz.

Project
Code
ProjectProject
CodeCode

Capture
Im ages
CaptureCapture
Im agesIm ages

Find
Boundaries

FindFind
BoundariesBoundaries

M atch
Boundaries
M atchM atch

BoundariesBoundaries
DecodeDecodeDecode

Com pute
Range

Com puteCom pute
RangeRange

RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Part II:Part II:
Fast ICPFast ICP

Aligning 3D DataAligning 3D Data

•• This range scanner can be used for anyThis range scanner can be used for any

m oving objectsm oving objects

•• For For rigid objectsrigid objects, range im ages can be aligned to , range im ages can be aligned to 

each other as object m oveseach other as object m oves

Aligning 3D DataAligning 3D Data

•• ICP (Iterative Closest Points): for each point on ICP (Iterative Closest Points): for each point on 

one scan, m inim ize distance to closest point on one scan, m inim ize distance to closest point on 

other scan…other scan…

Aligning 3D DataAligning 3D Data

•• …… and iterate to find alignm entand iterate to find alignm ent

–– Iterated Closest Points (ICP) [Besl & M cKay 92]Iterated Closest Points (ICP) [Besl & M cKay 92]

ICP in the RealICP in the Real--Time PipelineTime Pipeline

•• Potential problem  with ICP:  local m inim aPotential problem  with ICP:  local m inim a

–– In this pipeline, scans close togetherIn this pipeline, scans close together

–– Very likely to converge to correct (global) m inim umVery likely to converge to correct (global) m inim um

•• Basic ICP algorithm  too slow (~  seconds)Basic ICP algorithm  too slow (~  seconds)

–– PointPoint--toto--plane m inim izationplane m inim ization

–– ProjectionProjection--based m atchingbased m atching

–– W ith these tweaks, running tim e ~  m illisecondsW ith these tweaks, running tim e ~  m illiseconds

[Rusinkiewicz & [Rusinkiewicz & LevoyLevoy, 3DIM  2001], 3DIM  2001]
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RealReal--Time 3D Model Acquisition PipelineTime 3D Model Acquisition Pipeline

3D Scanner3D Scanner3D Scanner

Alignm entAlignm entAlignm ent

M ergingM ergingM ergingDone?Done?Done?

View PlanningView PlanningView Planning

DisplayDisplayDisplay

Part III:Part III:
Voxel GridVoxel Grid

Merging and RenderingMerging and Rendering

•• Goal: visualize the m odel well enoughGoal: visualize the m odel well enough

to be able to see holesto be able to see holes

•• Cannot display all the scanned data Cannot display all the scanned data ––

accum ulates linearly with tim eaccum ulates linearly with tim e

•• Standard highStandard high--quality m erging m ethods:quality m erging m ethods:

processing tim e ~  1 m inute per scanprocessing tim e ~  1 m inute per scan

Merging and RenderingMerging and Rendering Merging and RenderingMerging and Rendering

Merging and RenderingMerging and Rendering Merging and RenderingMerging and Rendering

++
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Merging and RenderingMerging and Rendering

•• Point rendering, using accum ulated norm als for lightingPoint rendering, using accum ulated norm als for lighting

Example: PhotographExample: Photograph

18 cm .18 cm .

ResultResult PostprocessingPostprocessing

•• RealReal--tim e displaytim e display

–– Q uality/speed tradeoffQ uality/speed tradeoff

–– Goal: let user evaluate coverage, fill holesGoal: let user evaluate coverage, fill holes

•• O ffline O ffline postprocessingpostprocessingfor highfor high--quality m odelsquality m odels

–– Global registrationGlobal registration

–– HighHigh--quality m erging (e.g., using VRIP [Curless 96])quality m erging (e.g., using VRIP [Curless 96])

PostprocessedPostprocessed ModelModel Recapturing AlignmentRecapturing Alignment
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SummarySummary

•• 3D m odel acquisition pipeline optim ized for 3D m odel acquisition pipeline optim ized for 

obtaining com plete, holeobtaining com plete, hole--free m odelsfree m odels

•• Use hum an’s tim e m ost efficientlyUse hum an’s tim e m ost efficiently

•• Pieces of pipeline selected for realPieces of pipeline selected for real--tim e use:tim e use:

–– StructuredStructured--light scanner for m oving objectslight scanner for m oving objects

–– Fast ICP variantFast ICP variant

–– Sim ple gridSim ple grid--based m erging, point renderingbased m erging, point rendering

LimitationsLimitations

•• Prototype noisier than com m ercial system sPrototype noisier than com m ercial system s

–– Could be m ade equivalent with careful engineeringCould be m ade equivalent with careful engineering

–– Ultim ate lim itations on quality: focus, textureUltim ate lim itations on quality: focus, texture

•• ScanScan--toto--scan ICP not perfect scan ICP not perfect ⇒⇒ alignm ent driftalignm ent drift

–– Due to noise, Due to noise, m iscalibrationm iscalibration, degenerate geom etry, degenerate geom etry

–– Reduced, but not elim inated, by “anchor scans”Reduced, but not elim inated, by “anchor scans”

–– Possibly com bine ICP with separate trackersPossibly com bine ICP with separate trackers

Future WorkFuture Work

•• Faster scanningFaster scanning

–– Better stripe boundary trackingBetter stripe boundary tracking

–– M ultiple cam eras, projectorsM ultiple cam eras, projectors

–– HighHigh--speed cam eras, projectorsspeed cam eras, projectors

•• Application in different contextsApplication in different contexts

–– CartCart--or shoulderor shoulder--m ounted for digitizing room sm ounted for digitizing room s

–– Infrared for im perceptibilityInfrared for im perceptibility
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