Thelnternatioral Journal of Virtual Reality2010, 9(1):37-44

Omnidirectional Free-viewpoint Rendering VA‘.I

37

/

Using a Deformable 3D Mesh Model

Tomokazu SatoHiroyuki KoshizawaandNaokazu Yokoya

Graduate School of Information Science, Nara Institute of Science and Technology, Japan

Abstrac® This paper proposes a médiod to render free
viewpoint imagesfrom omnidirectional videos using a deformable
3-D mesh modellIn the proposed method.a 3-D mesh is placed in
front of a virtual viewpoint and deformed by using the
pre-estimated omnidirectional depth maps that are setged on the
basis of position and posture of the virtual viewpoint. Although
our approach is fundamentally based on the modelbased
rendering approach that renders a geometrically correct
virtualized world, in order to avoid the hole problem, we newly
employ a viewpointdependent deformable 3D model instead of
the use ofa unified 3-D model that is generally used irthe model
based renderingapproach. In experimens, free-viewpoint images
are generated fromthe omnidirectional video captured by an
omnidirectional multi camera system to show the feasibility of the
proposed method for walkthrough applications in the virtualized
environment.

Index Terms® Novel view synthess, Omnidirectional vision,
View-dependent depth map

I INTRODUCTION

One of the typicalgoak of representation and modeling af
largescale 3D environment isto create a highquality

motion, sterepetc.In vision-based methods combination of
shape fronmotion and stere@ often employed fothe 3-D
modeling of anoutdoor environmenfl-4]. In these methods,
thecamera parameters of input images are diasibrated using
a structurefrom-motion algorithm anda depth map for each
input image is then generated. Finally, estimated depth maps are
fused intoa unified 3-D model.Goeseleet al. [1] developed a
methodto estimatethe geometry of an outdoor emgnment
from community photographs. Merredt al. [2] proposea fast
algorithm to estimatéhe geometry ofan outdoor environment
using images taken bya carmounted camera system.
Carmounted laser rangefinddravealsobeen useébr the 3-D
modeling & outdoor environmentg5-8]. Although both
visionrbased and lasecannetased methods realize
(semi)automatic 3D modeling of large outdoor environments,
the obtained3-D models cannot be directly employad 3-D
CG modes placed in thevirtual world because these models
include many holesresulting from occlusions anddepth
estimation errors. Although some of the modetbased
approachsrelax the hole problem assuming that the scéme
constructedof planes[4, 8], this assumption works only for
artificial sceneskEven byusingthe stateof-the-art methodsa

virtualized world based on the real environment. In recent yeaggmplete 3D modeling for a largeand complexoutdoor
virtualized worlds based on the real world have been releasgivironment is very difficultbecause of thénvisible and
from Microsoft (Virtual Earth and Google (Google Earth). immeasurable parthat depend on thebservation pasons.
These virtualized worlds now realize virtual sightseging On the other handhelBR method renders virtual viewpoint

navigation and will be usefbr a wide rangeof applications

imageswithout explicit 3D geometry[9]. There are several

such as entertainment, digital archiving and education. Howegpesof IBR approachesThe nost simple methodor novel

details of the real world are omitt&dm the current versisof
the virtualized worldbecause othe cost of 3D modeling.

view synthesis by IBR approach is the morpHieged method
that directly warps the images usiihg corresponding points in

Thus, the reality of the virtualized world has still not reached tbe pair of image410, 11]. By using this methodwe can

the sufficient level for some applications.

generateaealistic images for the virtual camera placed between

Many sudies have attemptedo automatically construct a the original camera positionslowever,the rendered image is

virtualized real world to reducthe human cosinvolved in
modeling. Most of thesgtudiescan be categorizeatcording to
the rendering policy of the virtualized world. Orsach

easily distorted when the virtual viewpoint &t at a pointfar
from the original viewpointimageray-basedmethod [12-14]
reconstrucanimagefor the virtual viewpoint by collecting rays

rendering policys modetbased rendering (MBR) and the otherfrom input images. In ib approach, the quality and reality of
is imagebased endering (IBR). MBR methods render thethe reproduced image generally depend on rnibeber of

virtualized world orthe basis o&xplicit 3-D models. The key
problem in MBR isthe automatic generain of explicit 3-D
models of the real world. There aranytypesof vision-based

corrected images The weakness othe light-field-based
methodswithout geometry ighe difficulty of acquring and
handing a considerablylarge number of imagesSeveral

methods shape from shading, Biuette, focus and defocus,researchershave proposél methods for compressingthe
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light-field in order to solve the problem ofhanding a
considerably largenumber of imageq15]. However, the
acqusition stage for input images still needsconsiderable
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human cosin the case oé large environmet, andthis makes ~ Acquisition of input data
the developmentf the virtualized realorld difficult. If a /_

~

sufficientnumberof images (rays) camot be corrected, image | Video capturing for target environment |
distortion like the unnatural aspegtitio change of the object —
will be exposed on the generated images. Camera parameter estimation

By Structurdrom Motion

In order to avoidhe problenof holesanddistortion,some
methods emply a hybrid approach of IBR and MBR that
employsview-dependent geometand texturg 16, 17]. Irani et
al. [16] determinéd eachpixel value ofgeneratedmage by
estimatinghe depthfrom the virtual viewpointin this method,
thedepth alueof a pixelis automaticallydeterminedby using Freeviewpoint Rendering
photoconsistency. These onventional methods that use _ Generation ofvie\Adepe.ndent3D model ___N

| Depth map generation bylulti-baseline Stereo|

-

/

view-dependent geometrgnd texturecan generate natural v \
images even if the viewpoint is sat a pointfar from the | Selaction of denth mans | |
original viewpoint However,on-demand depth dstation is v P P I
I
|

not suitable forinteractiveapplicationdike a walk-through in | Meshmodel initialization /deformation |

N

the virtualized real worlthecause considerableomputational l— /
cost isincurredfor each loop btherenderingstage o T
In this paper, we proposenavelview synthesisnethod tha ;- Viewdependent texture mapping-—————— N
renders freeviewpoint images using 3-D mesh model that is | , N [
- . . I | Selection of appropriate textures | |
deformed byconsideringore-estimated depth maps for original | | v |
viewpoints. In our approach, by selecting and mergin¢| | | Texture mapping | |
ropriate depths and textures from several viewpoint: \ ' )
appropriate depths a extures from several viewpo \\ ____________________ "

realistic images witout holes can be generated even when th
virtual viewpoint is setat a pointaway from the original | Viewpoint change by user |
viewpoint. The ontributions of thipaperaresummarized as |

follows: (1) thegeometry of the scene for the virtual view point
can be immediately recoverk by fitting a deformable mesh
model to preestimated omnidirectional depth maps for origina,, appropriate teture for each polygon is mapped onto the
viewpoints, (2) the & mesh model is deformed as optimalyetormed mesh from the original images.

shape for the scene structuse that no holes appear in o .

generated imagesand (3) omnidirectional free-viewpoint  2-1 Acquisition of input data

rendering ischievecby usingomnidirectional video sequences At the first stage, an omnidirectional video is taken as input

as Input. data by moving an OMS in the target environment. Camera
The rest of this paper is organized as follolmsSection 2, parameters of the OMS are iesited by the

the method for fregiewpoint rendering usingdeformable &  structurefrom-motion algorithm for OMS [18]. Although not

mesh model is described. SectionpBesentsexperimental only the camera parameters but alsB Positions of feature

results for Walkthrough applications in the virtualized World, points can be estimated by the structiuvoen-motion a|gorithm,

Fig. 1. Flow diagram of proposed method.

andfinally Section 4 summarizesetpresent study more dense-B informationis necessary in order to synsiime
the imagedor the target scendherefore after estimatinghe

II.  FREEVIEWPOINT RENDERINGUSING camera parametershe multi-baseline stereo algorithm for
VIEW-DEPENDENT3-D MESHMODEL OMS[19] is applied taheinput images in order to acquitiee

) ) depth information for every feature pointFinally,
Fig. 1 shows a flow diagram of the proposed method fofnnigirectonal dense depth maps are generated using depth

free-viewpoint rendering. In this research, in order to render ﬂ]ﬁterpolation. For depth interpolation, rfit, the 2-D feature
images for arbitrary directions in the virtualized world, inPUbqints in omiirectional images are tri:angulated bging

images are captured by an omnidirectional redthera systm pe 5 nays triangulatior{20]. The depthvalueof each pixel is
(OMS). By automaticallytracking the feature points on the ,ongetermined by coputingthedepth for each triangle inB
captured imagegamera parameters of the OMS are es“matescbace.The pllowing processes usemnidirectional video,

using the structurefrom-motion algorithm designed for OMS densalepth maps, and camera parameters acqattis stage
[18]. The cepth map for each input imagetienestimatedoy o
multi-baseline sterefl9]. 2.2 Generaion of viewdependent® model

At the rendering stage3-D mesh model is placed in frontof  As shown in Fig2, beforebeginningthe renderingtage,a
the virtual viewpoint and is deformed so as to minimize a®.p mesh model is initially placed in front of the virtual
energy function that expresses consisterimtween the viewpoint asa plane model whose distance from the virtual
resulting view-dependent depth map and fetimated depth viewpoint is F andwhich is parallel to the image plane of the
maps for original viewpoints. After deforngjthe mestmodel  vjrtual camera. After mesh initializatiothe 3-D mesh model is

deformedby minimizing anenergy function depending on the
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Fig. 2. 3-D coordinates of vertexes atdeformable mesh model.

position and posture of the virtual viewpoint. In the followings,
the energy function that expresses the consistency of deptt
information is defined first. The method for setting
appropriate depth maps for computihg energy function and
the method for deformation of the mesh model is thetailed

2.2.1Definition of energy function

Each vertex on the mesh model is moved so as to minimize
the energy function that exm®esthe consistencywith the
depth dataf theoriginal viewpoints. The energy is minimized
when the 3D mesh is deformed to fit the depth maps of the

original viewpoints.

As shown in Fig.2, in the proposed methodiestination
position £ of thei -th vertexp, (whose 3D position inthe
camera coordinate system(X ,,Y, , F)) in mesh deformation

Fig. 4. Selection of depth maps

is constrained on the straight line connecting the virtu.,

viewpoint v and the initialposition p, . This straight line is
expressed by single parameted in the camera coordinate
system as follows.

. aX. Y g
ﬁ(d):%F—“d,F“d,dg.
g =

The parameterd that expresseshe depth ofE in the
camera coordinate systeim determined by minimizinghe
energyE, (d) for thei -th vertex defined af®llows:

1)

a ;. w, (& (d))D, (d)*

d)= = , 2
ST wEQ) @
ee(c, B (d)- 1(d)- c, |
D,(d)=1 :ec;.k(d)) > (d)- ¢, | (©)
o ;otherwise
’é -1 é'IEI(d)- CIJ)CGE(d)' V)61
LR ) e, B @) I8
w @) =1 elc, B (d)>E@)- c | . (@
10 ;otherwise
I
wheref, =(f, f,,? , f,) representshe set offrame indexes

of the original viewpoints(c,,c,,? ,c,) that are usedor
computng the energy functionk,. The_functione(c,, & (d))
returns the depth value for directigh(d) on the original
viewpoint ¢, , as illustrated in Fig. 3. w, (& (d)) is the
weighting function for the original viewpoirg; that is selected
for the vertexg(d) , and this function is defined dseinverse
of the angleg, [degree] betweetwo lines: the line connecting
¢, to j(d) and the line connecting to (d) .

As defined in Eq(3) and @), theelement energyD, and its
weight w; (B (d)) for the j -th original viewpoint are sét O if
e(c; i (d)) > (d) - ¢, |. This condition is satisfied when the
position [ (d) is occluded by other objects from the-th
original viewpointc; . It should be noted that if most of the
original viewpoints satisfy the abowaentioned occluding
condition,theenergy E, will be unstable becauseenumber of
original viewpoints for energy determination very small
Therefore the computation of energis skippedfor depthd
when the number of original viewpoints that are used for energy
determination isM or lower for depthd .

The energyE, (d) is minimized wherthe weighted sum of
distancs between the -B position f£(d) and 3D models
generated from the pestimated depth maps is minimiz&dhe
most consister-D mesh modelith a pre-estimated geometry
can beautomatically generated by minimizing this energy
function E, (d) .
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Fig. 5. Limited range for depth search Fig. 6. Determination of initial depth value

methodthesearch rangtor thedepthvalueis limited inside the
surfaces (B) and (C) that are placed around (A). Concretely,
As described above, the energy is computed omaisés of shown in Fig. 6,the intersecting poinp, of the previouly
the depth maps of the original viewpoints. In the proposegeneratednesh model and the ray is first computedor the
method, as shown in Fid, the depth maps used for computingi -th vertex p, . By using the depthd from the virtual
the energyE are selectethased orthe distance between theviewpoint of the current frame to the intersecting pgint
original viewpointc; and the rayr, that connectshe virtual depthd,_, is determinedby using thelimited search range

2.2.2Selection of depth map

viewpoint v andthevertexp, . [@- R)d,@1+R,)d] as follows:

Concretely, firg, the Euclidian distancg from the rayr, to
the original viewpointc, is computed for eaclj . The topN d.,,. = argmn [E(d)], (6)
neare original viewpoints(c,,c,,,? ,c,) from the rayr, and (- R)dede(1+Ry)d

their associated depth maps are then selebtetd onthe  where R, is a given ratiothat determingthe size of the search
distancel . Theseviewpoints are selectesh thebasis of the range It should be noted that if occluding edges exist in the
idea that thereare fewer occludersetween these viewpoints scene, thischeme cannot work well becausetrue depth will

and the vertexp, than there are in the case of tlher pe outside of the search range. To avoid this problem, in the
viewpoints.Images otheviewpoinsselectedn this process are casewhen the minimized energye, with the depthd,,,, is

also usedn the texture selection procesgth the same reason. more thana given threshold, the depth valakis researched

2.2 3|nitialization of mesh model using Eq. §) withoutalimiting the searchiange.

At the initial iterationof the rendering stage, the depth valué-3 View-dependent texture mapping
d that minimizes the energl, (d) is searchedn the given  After deforming the mesh modefn appropriate texture
range[d,,,.d,.] . Concretely,a plarar mesh model that is image for each patch is selecatti mapped to the mesh model
parallel with the image planef the virtual viewpoint isfirst  from the images othe original viewpointsHere for each
placed at constant distanc& from the virtual viewpointas triangle patchwW on the 3D mesh model, the frame numbér,
shown in Fig. 2Each vertexp, is thenmoved to the position that maximizeshe following function R, , is selected as the

& (d.,,,) where the energyE (d) is minimized. d.,,, is texture frame for the patcv.
determined as follows

= argmin E, (d) . (5) R =34 ?ij (b (de)) 5i=f

d . ’
A €06 wwit |0 ; otherwise

)

Emin

2.2.4Deformation of mesh model where k(ki W) indicates a vertexindex that constructsthe

Exceptfor the initialiterationof the rendering stage, thedB  patchW. f, is the index list andw,, is the weightindunction,
mesh model generated for the previous virigvpointisused  which are defined in Section 2.2.1 The function R, is
as an initial mesh modeThis initial model can alsbeusedto increasedif the f -th frame is used multipleimes for
limit the searchiange fothedepth value. Tis limitation for the  determiring the depth of vertexes on the patdh The weight
depth search decreadbe computational cosfor a 3-D mesh w for each viewpoint is also considered with this function. For
deformation ineach frame. Fig5 illustrates the limited range each patch of the mesh modileimage frame that maximize
for the depth search when the virtual viewpoint is movedR, is selected anthe image of theorrespondingegion in the
forward. selected imagis thenmappedo the patch W as the texture.

The surface (A) irFig. 5 illustrates the mesh model that is
generated for the previous camera position. In the proposed
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(a) Panoramic image warped from images in Fig.

(b) Depth map estimated for (a)

A
Fig. 7. Example frame of input vide()Cp!qr Plate ¥
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Fig. 9. Depth map used fonovelview synthesig.Color PlateB)
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. Viewpoint S

Fig. 10. Route and directions of virtual viewpoint

TABLE I PARAMETERS USED FOR GENERANG

Fig. 8. Camera positions and posturés used for view synthesis.

. EXPERIMENTS

Resolution of generated image 8003 800 [pixels]
Resolution of deformable mesh 313 31
Number of selected depth mapé: 5
Minimum number of depth mapist 2
Rate for searchirgange limit:R, 0.5

In order to verify the feasibility of the proposetktthod we
have carried out experiments witfiree-viewpoint image

generaton from the omnidirectional image sequesaé areal indicatethe 3-D positiors of feature pointestimatedby the

outdoor environment. structurefrom-motion process.

3.1 Acquisition of input data

By usingthe estimatedcamerapositions and posturethe
multi-baseline steremethodfor OMS [19] is applied to the

In this experimentan omnidirectional mukcamera system input images in order to acquire tbmnidirectional depth map
PointgreyResearch Ladybygs used in order to acquireal for each frameFig. 9 (a) showshe panoramicomnidirectional
image sequenced.adybugconssts of six camera unitfor image generated from the images shown inFignd (b) ishe
capturing aromnidirectionaliew; each camera unit capturas correpondingdepth map acquired by the method described in

perspective video whose resolution7633 1024 pixels. Fig.7  Section 21.

shows an example frame of the omnidirectional video capturgd2 Freeviewpointrendering for straight routes

in the targetealenvirorment.In this experimentatotal of 500

frames (3,000 images) are used as input vidémfirst estimate ~_ First freeviewpoint images aresynthesizedfor three
theextrinsic camera parameters for this vifieg. Fig.8 shows different routesasillustrated in Fig10, by using the parameters

the estimated camera position and posture of every 20 fram@own in Table.

andthecamera path faall the frames. Point clouds in this figure (Route A) straight route in which the virtual camenaoves

along the original camera path.
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(Route B) straight route in which the virtual camenaoves TABLE 2: COMPUTATIONAL COST FOR FREE/IEWPOINT

orthogonally withthe original camera path. RENDERING.
(Route C) zigzagroute in which the virtual camemaoves Average time [sec
around the original camera path. Selection of depth map 0.086
For routeqA) and (B) freeviewpoint images are rendered for | Initialization of mesh model 4,190
left (a), forward (b) and right (c) directions iatervals of2m (first time of rendering)
from the viewpoint S. Deformation of mesh model 1.183
Fig. 11 and12 showthegenerated images fRoutes A and B, (except first time)
respectivelyln these figuresthe depth map®f the generated | Texture mapping 0.066

mesh modefor the direction (b) are also showiRtom these

results it can be confirmed that there are no holes in th@ystem we musimplement a faster method for energy
generated images. For route A, there is very little geometiiGnimization  like gradient descent and multi-thread
distortion in the geneted images. However, there eXiStFrogramming.

discontinuous textures around the center of the generated
images. That is mainlgecause of éarge frame change ithe
texture selection for adjacent meshes. To resolve this proalem, V.. CONCLUSON
photometric correction for texturelr adjacent meshes is |n this paper, we have proposedn omnidirectional
necessary. It should be noted that the black object shrothie  free-viewpoint rendering method that usasiew-dependent
bottom part of Figsl1(a)-(c) is a handle of a camera moutis  3-D mesh model. In the proposed metha@;D mesh model is
not directly concerning with this problem. deformedby minimizingthe energy function that expresses the
ForRoute B (Fig.12), in this scene, the imagasegererated  surfaceconsistencyvith the depth maps for the original camera
without Iarge distortions if the distance from the viewpoint S tpositions_Foradeformed mesh modedppropriategextures are
the virtual viewpoint is 2m or shorter. However, when theelectedand mappedto synthesize an image of a virtual
distance becomes 4m or more, obvious distortion can brwpoint.In experimers, freeviewpoint images are generated
observedaround the tresin the scene. One of the reasons of thifor several directions and ftisns by using omnidirectional
problem isthe shortage of the resolution of the mesh model. Agnages and depth magstomthe generated images, we have
shown in the depth maps in FIE2, textures on the building are confirmed that natural images without holes are generated if the
mapped onto the position of the tigecause of theparse depth virtual viewpoint is set around the original viewpoiriswever,
map. In order tgolvethis problem without Iarge additional CoOStthe distortion of textures wasbseved in some part of the
employment of the adaptive medlivision will be effective. generated imagedn future work, in order to improve the
Fig. 13 showsthegenerated images for Route C. In this routequality of generated imagese will investigate the method for
300images are generatéar the zigzag camera pathoMng introducingpre-detectable knowledge like straight edges in the
around the original camera path. As shown in this figthe, original imageas constraint®n mesh deformiéon. Adaptive
imagesgereratedor this route ar@atual for most of the scene. meshdivision andtemporaland spatiasmoothnessonstraint

However,distortion appeafor some framesaround theedges in mesh deformatiowill also relax the distortion problem
of thegroundin the generated videds shown in this figure,

rippling edges that should be straight in the real warkkasily
perceived asunnaturalby humanobserver In order to reduce ACKNOWLEDGEMENT

such anunnatural feelingwith generatedimages, some This research was partially supported by the Ministry of
constraintshat can be extracted from the original images shoulBducation, Culture, Sports, Science and hhatogy,

be introducedto the energy functiorin a future work For Grantin-Aid for Scientific Research (A), 19200016.
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Direction (a) Direction (b) Direction (c) Depth for (b)

Fig. 11. Generated images for Route A (top: Om, middle: 2m, bottom: 4m from viewpoint S).
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Fig. 12. Generated images for Route B (top: Om, middle: 2m, bottom: 4m from viewpoint S).



