A Vision System for Fast 3D Model Reconstruction
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Abstract

A desktoprisionsystems presentedor complée 3D model
acquisition. It is fast, low-cost,and accurate. Partial 3D

shapes and texture informatian are acquired from multi-

ple viewing directionsusing rotatioral stereo and shape

fromfocus(SFF) Theresultingrangeimagesare registered

to a comma coominate systemand a surfacerepresenta-
tion is createdfor eadh range image. The resulting sur-

facesare integratedusinga new algorithmnamedRegion-

of-Corstruction. Unlike previous appioaches,the Region-

of-Corstructionalgarithm directly exploits the structure of

the raw range images. The algarithm determinegegions
in range images corresponthg to non-redundant surfaces
which canbestitchedalong the boundariesto constructthe

compete 3D surfacemodel. Thealgorithmis computéion-

ally efficiert andlesssensitiveto registration error. It also
hasthe ability to constructcomplete3D modelsof comple

objects with holes. A photorealistic 3D modelis obtaned

by mappng texture informationonto the completesurface
mockl representing3D shape Experimetal resultsfor sev-

eral real objectsare presented.

1. Introduction

Three-dimesional (3D) mocel recorstruction of an ob-
ject with geametric and phaometricinformation is useful
in mary pradical applicatiors. Oftenthe 3D modelsare
createdmantally by users. This processis usually time-
corsumingandexpensive. Therefae, techniaqiesto obtain
object mocel autanatically from real objectscould have
gred significance.

The reconstration of a 3D model consistsof four key
stageq3]: (i) dataacquisition,(ii) registration (iii) sur
faceintegration,and(iv) texturemappirg. In this paperwe
presehacompetesystenthatincludesall thesefour stages
to createa phao realistic3D modd. Theobjed is placedon
arotationstagein front of a stationarycameralnput image
sequenesfrom differen viewpaints areacqured by rotat-
ing the stagewith known rotationangles.Therotationma-

trix andtranslationvecta of the rotation axisis calibrated
usinga simple3-point algoithm andrefinedduring surface
integration. In the dataacquisitionstage partial 3D shapes
andthe corresponihg focusedmagesarerecoveredusing
rotationd stereoandshape fromfocus. Therangeimages
arethenregisteedto the cameracoodinatesystemaccod-
ing to therotationaxisandtheir viewing directions.

A new surfaceintegratian algotithm namedRegion-of-
Constructionis usedto stitch the partial 3D modelsfrom
differentviewpoints. Unlike previousappracheds, 8], the
raw dataof range imagess directly accessetb createnon-
overlappirg regions for integraion. It takes adwartage of
theknown topdogy of eachRegion-d-Constrictionto per
form fasttriangulations. Becausecontinwousregions from
samerangeimagesare usedfor integration, the registra-
tion erra is alwayslimited to the bourdariesof Region-d-
Constructio. This algorithm is alsoextendedto construt
acompex objectwith holes.Holesarerecamstructedrom
therangeimagesusingdatafrom two opposite viewpoirts
facingthe hole. Theintegration methal is computationally
efficientin the sensahatno searchings required for mesh
triangulation. Finally, thefocusedimagesecoveredby SFF
aremappedontotherecorstructedwireframe mocel to cre-
atea phdao realistic3D mockel.

2. Data Acquisition

Theacqusition of range dataandthe corresponéhg texture
informationis perfomedby our SVIS-2camerasysteni7].
It includesa digital cameraa motorizedrotationstageand
aPC.Theobjed is placedon therotationstageandimages
from differentviewpaints are taken by rotatingthe objed
with known andes. For eachviewpoint, range andfocused
imagesareobtainedusingrotationd steeoandshapefrom
focus[10]. Two sequencesf imageswith differert focus
positiors are taken with a small rotatin angleto obtain
steredmagepairs.Eachsequencef imagess usedto con-
structthefocusedimageanda roughdepthmapusingSFFE
A more accurate3D shapds thenobtainedusingrotationd
sterecon thefocusedimagepair andrough depthmars.



2.1. Rotational Stereo Model

The rotatioral stereomockl usedin data acquisitionis

shavn in Figurel. The rotationaxisis describedby the
unit vecta @ = (n1,n2,n3)" andthe translationvector
d = (dy,ds,ds)" in the camea coordnate system. The
imagepair usedfor stereomatchirg is obtainel by rotating
the objectanangled with respecto the rotationaxis. Let

(z1,y1,21), (z2,y2, 22) bethesameobjectpointbefore and
afterrotation respectiely; and(Z1, §1), (&2, §=) dendethe
corresponéhg imagepoint. The imagestaken beforeand
afterrotationarereferedto asthe first andsecondmage

For eachpoint (1, 1) in thefirstimage thecorrespading
epipolar line in thesecondmageis calculatecandusedfor

stereomatchimg. Let 77 be a unit vectoralongthe selected
rotatian axisandd bethespecifiedrotationangleabou this

axis. As shavn in [11], the rotationmatrix canbe written

as
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Therotationmatrix for ary rotation axis with a translation
vedor d is then

R(H):T_l-[MR(g) O]T )
0 1
where
1 0 0 d;
1010 do
T= 0 0 1 ds
0 001

By perspectie projection the relatiorship betweenan ob-
ject point (z;, y;, z;) andanimagepoirt (z;,9;) is given

f ﬁ = (m,ng,ns)
(x1,y1,21) g

- (x2,y2,22)

d = (dv,ds,ds)

Figurel: Rotationalstereomockl

Figure2: SVIS-2camerasystem

by

T; = Bit, Yyi = Yiti, and  z; = ft;
wheret;’s are unkrown parametes. Thus, we have the

equaions
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for the sameobject poirt projectedon different images.
Solvingequatioss (1) and(2), the epipolarline on the sec-
ondimagefor ary fixed (%1, 41 ) is givenby

Jo=m-Zs+c (3

wherem andc arefunctiors of £, andg; .

In our rotational stereomodel, the stereomatchng is
dore alongtheepipolarline derived abave at 16 x 16 image
blockintenalsfor only theforegrourd pixelsasdetermired
by SFFE Therdore imagerectificationis avoided.

2.2. Implementation

The rotatioral stereowith SFF is implemented on our
Storybrodk Vision System?2 (SVIS-2). The object is
mountedon the rotationstageandthe camerais placedin
front of it suchthatthe opticd axisis closeto the rotation
axis. A simple 3-pdnt calibrationmetha is usedto es-
timate the rotation axis. Threeimagesof a planarobjed
aretakenwith differert rotationangles, 0, # and26 degrees.
Threefixedpointswith knowvn distancebetweereachother
areusedto deternine their 3D points.Oneof the3D poirnts
andits correspndirg pointsafterd and26 rotation canbe
usedto find the planeperpeuicularto therotationaxis. To-
gethemwith thefactthattherotationaxispasseshroughthe
centerof the circumscriled circle of the triangle, the ro-
tation axis canbe uniquely deternined. Sincetherotation



matrixis unknown, thecorrespondig imagepointsareused
to identify their objectpoints:

0
[|z1P1 — 22P2|| = [|22P2 — 23P3|| = 2cos B |z1P1 — 23P3||

wheek p1, p2, p3 aretheimagepointsin different images
associatedvith thesameobjed pointafterrotaticnsof 0, 6,

260 degrees, andzy, 29, 23 arethe correspondig deptts to

besolved

In the expeliments,we useobjectswith fine texture to
help stereomatchirg. Two sequence of 4 imagesare
recadedwith differentfocus settingsbefore and after ro-
tating the object by 6 degreesfor eachviewpoint. Shape
from focus is appliedon eachsequencef imagesto get
the focusedmageanda rough depthmap. 16 x 16 image
blods areusedto obtaina80 x 60 rough depthmapanda
1280 x 960 focusedmage.Thedepthmapis thresholédto
segment thefocusedmageinto foreground andbackgound
regions.

Rotationalstereoanalysis is then carriedout using the
focusedimagesandtheinitial depthmapestimatedy SFF
to getan accuate depthmap. Sum-ofsquaredifference
measue on 16 x 16 imageblocksis usedfor matchingin
the foreground regions. A faststereomatchingis dore by
limiting the correspondece searchto a small sggmer on
the epipolarline determired by the rough depthmap ob-
tainedfrom SFE The lengthof the segmentfor searching
is compued usingthe maximum expectederra of SFFE. Fi-
nally, the 3D shapeis obtainedby an inverse perspectie
prgectionof theresultingdepthmap. This dataacquisition
procedurds repeatedor 4 viewpaints by rotatingtheobject
every 90 degrees. The output of 3D shapeswith differen
resoldion settingsareshavn in Figure3.

Figure 3: Differen resolutioxsof a 3D shapdleft: 80 x 60,
right: 160 x 120).

3. Registration

To createa comgete descriptionof an object, multiple
range imagesareregisteredo acomnon coodinateframe
Thebaclgrourd poirts of eachrange imageareeliminated

befae registration andonly the object(foreground) poirts
areregisterel to acomnon coordnatesystem.

Our registrationmethal consistsof two steps.First, we
find theinitial estimatedransfornation by calibratirg the
rotationaxisdescribedn the previous section.Thetransla-
tion andunit vectorof therotation axisareusedto compute
the rotation matrix R(¢) betweerthe coodinatesystemof
the viewpaint at § degrees andthe camea coodinatesys-
temby Eq. (1). Therange imagesare registeredto the
cameracoordnatesystemusingthe inversetransfamation
R(9)L.

Second,the estimatedregistrationis further improved
during surfaceintegration. The overlappingpartsof range
imagesareusedto refinethe rotationaxisandincreasehe
accungy of registration. We searchasmallneighorhoodof
the calibratedrotation axisto find the onewith minimized
erra ontheoverlap of consectiverangeimagesn theleast
square sense. This refinedrotation axis is then usedto
compute the new rotationmatrix andtranslationvecta for
registraion. Thisrefinemenstepprovidesgoodresultswith
much less compuation than other registrationtechniqes
suchaslterative ClosestPointsalgorithm(ICP) [2, 4].

4 Surface Integration

Given a set of registeredviews, an integration algoiithm

shouldcombire the partly overlappingdatasetsinto acom-

pletenon-iedundant 3D datasetwithout ary loss of detalil

in the original raw data.In the existing literature,Hoppeet

al. [6] andAmentaetal. [1] constrat 3D surfacefrom un-

organizedpoints. Hilton et al. [5], Souy andLaurendeau
[9] usestructureddatato combine multiple rangeimages.

All of themassumehataccurateangedatais availableand
they are perfectly registered. It is difficult to obtainsuch
datain a pradical dataacquisitionsystem. Therebre, an

integrationalgoithm which is robust under the presencef

noiseandregistratian erroris animportantgoalin this pa-
per

4.1. Region-of-Construction Algorithm

Ourinputdepthmapdatais given onareguar grid of points

for eachpartial 3D model. Therefae we develop a spe-
cializedtriangulationmethal depewling on theviewpoints.

The basicideais to stitch the Regions-of-Constructia of

differentviewpoints attheir bourdariesto createacomplete
3D mockl. This algoiithm takes adwantageof the knovn

topdogy of eachrangeimageanddoesnotinvolve ary spa-
tial searchof thedatapoints. Themeshtriangulation is done
usingindicesof datapoints on a grid network. As aresult,
it is muchfasterthanthegeneal algorittmsmentioredear

lier.



Figure4: Region-of-Constriction on a crosssection.

Theoverlappirg partof range imagesrom two consecu-
tive viewpoirts is dividedinto two regions andeachregion
is assignedo oneof therangeimagesfor construction. We
first createthe Region-of-Constructionfor eachrangeim-
ageandthenusethemto createa nonoverlappingdataset
for surfaceintegration. Region-of-Corstructionis defined
in Figure4. In the figure, the rangeimagecorrespading
to theshadedegion is the Region-of-Corstructionfor view
0. Theleft (right) line-of-sightis definedasthe line deter
mined by the viewpaint andthe leftmost (rightmost) data
poirt. The anguar bisectorof right (left) line-df-sight of
i — 1 (¢ + 1) rangeimageand left (right) line-of-sight of
i rangeimageis definedasthe left (right) line-of-division
for rangeimagei. The2D Region-of-Corstructionfor each
crosssectionis thenbowndedby the left andright line-of-
division. For eachviewpaint, the Region-of-Constriction
includes all the 2D crosssections. For eachRegion-of-
Constretion, the triangula meshis createdas follows.
We start at the upper left cornerof the range image, find
the points belongng to the Region-d-Constriction, mark
themasvalid points andestablisithe conrection. For each
valid point thereexist five possibletessellationdor trian-
glesor quadilaterals(seeFigure5). For the first andsec-
ond casesthe columnindex of the first valid poirt in the
ith row is smalleror larger thanthe colunm index of the
first valid poirt in the jth row, where|i — j| = 1. With-
out loss of geneality, assumerow ¢ contairs the smaller
columnindex. Let p bethe smallerandq bethelarger col-
umnindex, thenwe male trianglesby conneting indices
(.77 q) - (Zap) - (Z7p+ 1)1 (.7) Q) - (Zap+ 1) - (zap+2)v reny
until p = ¢ — 1. For thethird andfourth casesthe column
index of thelastvalid pointin theith row is smalleror larger
thanthe columnindex of thelastvalid pointin the jth row,
whete |i — j| = 1. Withoutlossof geneality, assumeow i
cortainsthesmallercolumnindex. Let p bethesmallerand

q be the larger columm index, thenone or more triandes
arecreatedy conneting indices(i, p) — (4,p) — (4,p+ 1),
(@, p)=(p+1) = (4, p+2), ... (6,0) = (J,4—1) = (4, @)- In
thesdour case®neor moretrianglesarecreatediepeding
on the columnindex difference betweenary two consecu-
tive rows. For the last case the columnindex of the valid
poirt in theith row is the sameasthe colunm index of the
valid pointin the(i+1)throw. In thiscase]ots of quadilat-
eralsin thecentralpartof therangeimageareproducedand
the nuber of quadilateralsdepedson the differencebe-
tweenthelastandfirst columnindex. Thosequadilaterals
arefurthe dividedinto trianglesby conneting the shorter
diagaals.

After the meshedor Regions-d-Constrution are cre-
atedfor eachview, the partial 3D mockls are stitched to-
gethetby conrectingthelastvalid poirt of thecurrentrange
imageto thefirst valid point of the next range imagein the
samerow (seeFigure5). Theresultingquadilateralsonthe
boundariesof two range imagesarealsobrokeninto trian-
gleswith shorterdiagaals.

4.2. Complex Object with Holes

Sincethe Region-of-Corstructionalgorithm providesonly
nonoverlappingsurfaces,compgex objectswith holescan
berecorstructedoy selectingprope viewpaintsthatinclude
the holes. We assumehat if a hole canbe obsered from
oneviewpaint, it can also be obsered from the oppasite
viewpaint. Generdly thisholdsfor mostrealobjects.Under
this assumptiona 3D mockl is first construted usingthe
previous algoiithm without considerilg its hole. Thenthe
boundarypointsof the holewhich belongs to two oppasite
viewpants areconrectedusingthefollowing algoiithm.
First, we connet the top andbottomrows of two range
imagesrespectiely. Therow index canbe different. The
colum indicesof the top (bottan) rows are usedto cre-
ate a triangle/aiadrilaterh mesh similar to the previous

Py Py Py Py Py P3 Py P3
Py P3 Py P3  py P Py Py

Figure 5: Five possibletessellationsvithin a Region-d-
Constructio (top) andstitching betweerthem(bottan).
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Figure 6: Meshfor creatinga hole. Theindex differences
betweer{(m, n) and(i, j) areusedto generée quadilaterals
ortriangles.

section. For a side bourdary of the hole, andher trian-
gle/guadrilateralmeshis createdwith variade row index
andfixed columnindex (onebelorgs to objectpointsand
next to a backgourd point). Figure6 illustratesthis hole-
creatingprocess.The quadilateralsarefurthe brokeninto
triangeswith shortdiagorals.

In somecaseghe obsenedhole doesnot appeaiin ary
Region-of-Constructiondefinedin the previous sectionbut
it givesdepthdiscontinitiesin oneof therangeimageqsee
Figure 9). We definethe principal view asthe viewpoint
cortainingthehole. Thelines-of-divisionof principd views
aresshiftedsuchthat the new Regionsof-Constriction can
conpletelycover thehole.

5. Texture Mapping

Onemajoradvartageof usingimages(insteadof saylaser
rangng) to acqure 3D mocel is that the recordel images
areusednotonly for measung the 3D shapeof objectsbut

alsofor providing thetexture information. Thefocusedm-

agesusedfor texture mappng areobtainedfrom SFFwith

differentfocus positiors. For eachRegion-of-Construction

the texture mapis extractedfrom the focusedimageof its

corresponéhg viewpaint. Thetexture mapat the boundary
strip conrectingtwo range imagesis obtainedby project-
ing the verticesat the boundaryof onerange imageto the
othe intensity imageand extrading the texture from that
intensityimage.

6. Experimental Results

The above algoithms weretestedon a nunber of real ob-

jects. Figure 7 shaws the wireframe and texture mapped
mockl of a toy object. Figure8 shaws theresultof a head
object which contairs 26 977verticesand53,687polygons.

In Figure 9, the objectcontairs a hole closeto boundaries
of therange image. The Region-of-Corstructionof princi-

palviews areincreasedillustratedin wireframe)in orderto

conpletelycover thehole.

It takesapprximately 15 minutesto acquirestereoim-
agepairwith 4 differert focuspositiors for 4 views. Theex-
ecutiontime for creatingcomplete3D modds— shap&rom
focus (SFF),stereamatching(SM), surfaceintegratian (Sl)
andtexturemappirg (TM) areshovn in Tablel for severd
objects(all in secondspnaPentiumll 450MHz PC).

Tablel: Execution timesseveralobjeds.

| object [SFF|[SM | SI [TM | Total |
toy 55 | 742 | 13|49 | 859
head 57 | 1152|119 | 6.7 | 1295
detegent | 3.0 | 37.7 | 0.5 |54 | 46.6

Our 3D model recorstruction usesthe raw datafrom
range imageswithout any modification. The accuagy de-
pendontheaccurag of rangeimageqrotatioral sterecand
SFF)andregistratian (rotation axiscalibraion). To measure
theoverallaccurag of our systemwe usea cylinder astest
object. The acquied 3D datasetis fitted to the cylinder
from the physical measuremdrto calculatethe averageer-
ror. In ourexperiment,theaverageerra for eachdatapoint
wasfoundto be 0.28%(0.44mm errorfor a cylinder of di-
ameterl55 mm) at a distanceof about830 mm from the
camera

Figure7: Wireframeandtextured mocels of atoy object.

7. Conclusion

We have designedand implemerted a digital vision sys-
tem for automaic 3D mocel recorstruction. The system



Figure8: Wireframemocel of theheadobject.

is compehensie in thatit includesall stages-dataacqui-
sition, registration, surface integraion, and texture map-
ping, to createa phao realistic3D mocel. The comgete
3D mockl is corstructedby meiging multiple range images
andmappng thetexture informationacquiedby rotatioral

sterecandSFFE A new surfaceintegration algorithmbased
on Region-of-Corstructionis develgpedfor fast3D mockl

recanstruction It is alsocapableof construting compex

objects with holes. Experimentalresultshave beenpre-
sentedfor several real objects. Our systemcan be imple-

mented with low-cost equipnment and constricts compete

3D modés in under30 minutes.Futureresearciwill focus
on exterding the Region-of-Constriction algoithm from

the viewpaint-basedregionsto the regions with bestview-

ing directiors.
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