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View Synthesis forRealistic Virtual Walk
Through Based on Omnidirectional Images
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Abstract Virtual walk through can be widely applied in many
industries such asvirtual environment construction, history
heritage conservation and scenic site exhibitioetc. This paper
proposes amore convenient and efficient approach to create
realistic virtual walk through from catadioptric omni-directional
imagesvia view synthesigechnique Our innovation mainly lies in
three aspects omni-directional image preprocessg, image
rectification and novel view interpolation. Acquisition and
unwarping of omni-directional image are discusd firstly . Then,
for speciaty of cylindrical panoramic imaging, epiline-sampling
method is adopted for rectification, which sampks reference
images along epilines as much as possiblgrounding on epipolar
geometry. In this way, it can detract the rectified images from
image deformation and resolution degeneration which usually
take place due to perspective transformation when using some
other algorithms. As to novel view generéion, a corresponding
interpolation algorithm is developed Pixels on novel vieware
formulated according to thecylindrical panoramic imaging model
Experiments carried out onboth synthetic and real scene are give
at the end of this paper with a demonstration of the methods
application in realistic virtual walk through.

Index Term$ Image rectification,omni-directional image, view
synthesis virtual walk through.

. INTRODUCTION

With the advantage of widéeld of view (36CE horizontally),
Technologes based on catadioptriomni-directional images
develop rapidly, and has been vastly applied
reconstruction,virtual reality, robot navigation,augmented
reality and so onTherefore,as to convenient ancefficient
virtual walkthroughapplicationa morenatue idea igo utilize
omnidirectionalimages forthe wider FOV, compared with
othermethods ground on normal perspective images
Generally to create realistic virtual walk through from
omnidirectionalimage pair via view synthestechniquetheae
are threekey steps (1) referenceimages acquisitiorand

Different approachks forrectifying omnidirectionalimage
pair has beemxploited[2-5]. In [2], the authorgepresented
omnidirectional image coordinates aspaint zin complex
plane, and then specified the rectification lwpthi'z. This
method is shown to be conformédcally distortionless, and
uniqgue up to scale and transformatiofd] encoded the
nonlinearity of the projection model of oradirectional image
system in a catadioptrfandamental matrix with bilinear form,
andestimated it with a quotiewf two Lie groupsto implement
therectification [3] and[5] similarly introducel the geometric
characterization of panoramiomnidirectional camera and
appliedwarping equatiosto images, so that the epipolar lines
of image paicanbecome paralledcanlines

However, with the consideration ah catadioptric
omnkdirectional imagés concentricdeformedwhile our goal is
to generate virtual walk through for human beibgs sensible
to keep tlrse captured images in an oraiectional style and
meanwhilemorenatural tohuman visionTherebyin this paper,
we adopt an approach different from alethals above. We
first unwarp the catadioptricomnidirectional images to
cylindrical panoramic image which are not only
omnkidirectional but also more natural to derive perspective
views. Then,adqt an appropriatenethodto rectify cylindrical
panoramic imageoair. And lastlygeneratenovel view from
rectified images according fxel correspondence.

Lots of work can be found in the literature oylindrical
panoramic image rectification Refeerces [68] studied the

in 3Bpipolar geometry of cylindrical image apdoposedrelevant

mathematical formuk [7-10] discussed image rectification
and corresponding matching probkemf cylindrical image
respectively in issues gflenoptic modeling, range estation
and 3D reconstructioBut all of themdid notaddressiow todo
that in detail [11] segmenteghanoramiacylindrical image into
several parts along axes direction, projeegachsegmenbn to
plane tangent to the cylinder, atitenrectified the pojected
images. However, when working with similar approachks

preprocessing (2) image rectification; and (3) novel view exploitedin [11], which are intendedlgleveloped for rectifying
synthesizingOur earlierwork [1] hasproposed a catadioptric perspectivdmages, the homographic and perspective project

omnidirectional imaging systemamed PROISRarabololid
Reflective Omnidirectional Imaging Systemyvhich is the
image capturing system used in this paper as. Vibkrefore
here we mainly focusn thelattertwo topics
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transformatior(HPPTfor abbr) is necessaly applied to image
pair and therefore inevitable ressiih resolutiondegeneration
and image distortion[12-14], and eventuallyaffects the
correctness of corresponding matching. Although [13]
presenteé method, whicltransforning a line of planar image
into a vertical line ofa cylindrical imageto minimize the
sideeffect of HPPT, it can not apply to cylindrical image
rectification directly due to the particularity of cylindrical
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imagingmodd.

To cope with this problepin this paper, epipolageometry
and re-sampling effectof cylindrical panoramic imageare
evaluated firstly. Then with two criterions named
retentivepixel-rate andeffectivepixel-rate which are used for
measuringthe re-sampling effect we adopt epiline-sampling
method for image rectification, which sampleference images
along epilines as much as possible grounding on epipolar
geometry. This approach cachieve betteperformancewith
respect to themeasurment criterions when compared with
other methodssingHPPT. Lastly, fornovel view generation, a o o
view interpolation algorithm based on rectified imageis (a) Catadioptricomni-directional image (b) Cylindrical image
proposed.

Rest of the paper is organized as followiSigction 2briefly
descrbes the PROIS andcorrespondinginwarping algorithm.
Section 3 discusss the epipolar geometry of cylindrical”l- EPIPOLAR GEOMETRY ANDCOORDINATESTRANS-FORMING

panoramicimage pair. In section 4 and Bnagerectification ) L ,
and novel view interpolation algorithms are proposed3:1 Epipolar geometry of cylindrical panoramimage

respectivelyAnd experimentgarried oubothonsynthetic and Epipolar geometry is an important constraint for stereo images
real scene are given in section 6. pairs [6-8].

As illustrated in FigB, letV, andV, denote two viewpoints
.  CATADIOPTRIC OMNI-DIRECTIONAL IMAGE ACQUISITION with originsy, andv,.C, andC, are two cylindrical panoramic
AND UNWARPING images, ad p indicates a scene point with coordinates

Po (%o, Yo)
Ay

F;o(*ov ¥e)
o X

\4

Fig. 2. Cylindrical unwaping of omnidirectional image

Fig.1 illustrates the PROIS in [1] andthe corresponding p, =(X, Y, 2)" inV,, p, =(%, Y, 2)"in V,. For generality,

procedure ofunwarpng catadioptricomnidirectionalimage e assume coordinatd is coincide with world coordinates.
into cylindrical panoramic imaggl5-16]. The ol doi led epipolaml
Fig.2 depicts thainwarpingprinciple In Fig.2 (a) there isan € plane spanneyv;, v, andpis socalled epipolaplane
catadioptricimage wth inner radiug and outer radiuR. The and its intersection line,, andL,, with C, andC, are
region betweerthese boundary circleis our interestedarea  named epilina
Fig.2(b) shows theesult ofunwarped cylindrical panorama.
The transformation is thatpif arbitrary pixel b, = (X,, ¥,) in
the cylindrical panoramimage its correspondingoordinats

in catadioptricomni-directionalimagecan be determined with
the following formula.

?XO =(r #,) sing @
i Yo =(r #,) cosg
whereq =X, /(1 #,) .
paraboloid
‘ rgif{(reg{ifnor circularity
mddeﬂt‘a"s & ;ays 9 panorama
Fig. 3. Epipolar geometry of cylindricgdanoramamage
capture Letp,=Rp 4T, whereR is a (33 3) rotation matrix and
T is a (3% 1) translation vector. Then the normal of plane
spanned byl and p, is N, =T 3p, where3 denotes outer
panorama product. And the normhb of plane spannedy T and p,
unwarping iSN;p, =RNy,, =R(T  p). Since p, is on the intersection
- line between .(.apipolar plarandC, vye have
ey RT*p) @ Oie. RT:p) @ © 2)
- €0 -t t
LetT =[t,t,t,]",[TL =gt, O ¢ ,then(2) can be
&t t 0

Fig. 1. Omni-directional imag capturingand unwarping
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expressed as HPPTto referencémages, i.e. under the constraint of epipolar
(RTL. p)Op, EMp) pO BMp O (3) geometry figure out the epilinesf the cylindrical images and
where M =R[T], isa (33 3, rank 2) matrixEquations of (2) sample pixels along them. . .
. L . As Hg. 4 shown assume the radius and heighttC, , C,
and (3)present the epipolar geometry of cylindrical panoramic

image pairs. aref,, f,,handh,, where f,=f,,h =h.V, anud :’/2 denote
3.2 Coordinategransforming two viewpoints withoriginv, , v, . X axes sets alongv, ,and the

Since cylindrical panorama image is in fact stored in plan%oo@patesﬁ V_l IS comude_ _W'th the de coor.dlnates. For
format, as shown in section 2, afod whatwe actualy haveis simplicity, we discussthe epilinesampling algorithnonly on
the pixefs image coordinates a transformation frommage A; andA, which are parts of the cylindrical images.
coordinates teylindrical camera coordinates is necess&myr
point g in cylindrical panoramawith corresponding image

epipolar plane

pixel (U, V), the transfoming is:
€ x= fcosa
a=(xy2' 5 y Hsina (4)
:’Z: (v -9 S
wherea =u 2 W, ., f denotes camera focus, i.e. the
radius of cylinder v, means the row index dhe cylindrical
image center W, , denotesthe width of the unwarped Fig. 4. Epiline-sampling illustration
cylindrical image, S, denotes the size dhe pixel unit. Let
Mg =(k;)», *K,and referto (3) and (4)we have

Lete =(%, %, %).& =(%, ¥, %) bethetwo epipolars
which have minimal distanceamong the four epipolars

.é, f cosa ‘3 onC,,C,. It is clear thag ,e, must be on albf the eipolar
ch fsina 9, andthen planes. Assume the angle between epipolar plane and

7 > Yy

qV.- V) S Y PH (which isa planespanned byg €, anda speciapoint p,
iéa:U 2 /p/\{:lind (5) on Cl ,pr(myQ,m)g,o),m:f/ yq2 +)%2) beb . In

JrV:Vc -(kilfcosa lf21f Sina)/k’ﬂ%ixel
Substituteg and v in (4) with those in(5), the coordinates
transformation can be done.

order to sample pixel information oA, , A, as much as
possibletherangeof 6 should ke as large as possible, that is to
say, epipolar plane should intersa¢ctindA, maximally.

Calculaing the largestrange of b should takever t ex 6 s
coordinate®f A, , A, into considerationLet the coordinates of

V. RECTIFICATION FOR CYLINDRICAL IMAGE VIA MAXIMUM
EPILINE-SAMPLING

i\ -
Re-sampling effect is inevitable when undergoing image vertexes ofA; andA, be (x',y',7) wherei =12,3,Zand

rectification. It usually leads toresolutiondegeneratiorand  j =1,2 (when i =1,2, (x',y,7) denotes vertexes above
image distortionBut different approaasresult indistortions  PH | otherwise, denoteswtexes belowPH ) , andthe normal
atdiffere_n_td(_agree The_ Ies_s the Fgampling effect |s the better 5 the plane containing (x',y',2),v, and v, is n/ , the
the rectification algorithms. In view of the speciaty of the
cylindrical panoramic imaégg model, we found that
rectification viare-samping referenceémagesalong epiliness  can be expressed ag)' =arccos((’ ), )/|¢1j ||nph| ) .
superior to otherapproaches usingHPPT in terms of
retentivepixel-rate and effectivepixel-ratg which are . . _
criterions been proposeto measurs re-samping effect intersedng A, is [0,max@/;,)] below PH , and
[2],[17]-[19]. For completeness, here we gibeir definitiors [0,max@l, ,)] abovePH , the intersection linebetween
as following. -

Retentivepixel-rate the ratiobetweenthe amountof pixels :
re-sampled from reference imagad thetotal pixel numbeof  possible
the reference image. Following is the algorithm of calculating epilige

Effective-pixel-rate the ratio between the amount of pixelson A, and A, . Let max(6L,)= h , max@l,,)= b,
re-samp_l_ed f_rom reference image and the total pixel number 9& Ikl {,2}, ni{3,4} , the Z coordinatesof intersection
the rectified image. j

i iteri : . , X=

Therefore,_ with these crlt_enonso treducethe re-sample point betweenline defned by? Xn
effectand to improve the vacity of correspondenceatching, 1y=y,
we exploit theepiline-samplingapproachrather than applying

normal of PH is n ., then he angle between these two plaine

ph’

Therebywhen therangeof 6 betweenPH and epipolar plane

epipolar plane an@,, C, cansampleA,, A, as much as

and plane spanned by
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(X Yos 2.) €, €, be z__, and Z coordinatesof intersection
point between the same line and plane
by (X¢, y5,Z) e, e, be z, , then according t¢3), for any
. |
point p, =(%. %, Z) ONi Y=Y,
%Zmin ¢ z ¢Z‘nax
corresponding epiline o€, refering to (Mp,)@x,y,2" 6,
and corresponding epiline aB, asthe intersection of cyliner
and epipolar planehere the cylindeis defined as
:e.XZ + y2 :f2

, we canget the

i (6)
i 0¢z ¢h

andtheepipolar plane is defined as

[(p-&(R -9l Q(xyHA O (7

When set the value of, from z  toz,_ , we can
sampleA, andA, by pairs of epilines as many &3, - Z,.) -

V.

To get novel viewfrom two reference imageswe have to
calculatethe new pixebs novel coordinatesand corresponding
colors.

Givencorrespondenaceaf thetwo recified cylindrical imags,
which can be done with some excellent algorigunh as those
proposed in17] [20-22], the novel view interpolationcan be
discussed under the situation as Fig.5 illustratedsirgplicity,
we assume the two reference cylindficaagesare horizontal
aligned Points of,, v, and v, denotethe centes of the three

cylinders p,, p,andp, are the respective irgasof a scene
point on cylinders. If coordinates ofp, and p, known as

NOVEL VIEW INTERPOLATION

(g.,z) and(g,,z,) (coordinate of pixel on cylinder presented

byitésZ cogrginatg %nd thecross anglérom XZ plane ) and
theratio of v;V, to V,V, is t, itis clearthat coordinateof p,
can bewrittenas (g,, z,), where

8, =0 105, Wy

1 tng +t 3tg q

tz =sing, 3z /sin g sin ,g Z/sin,

As to color interpolation, it can be done lineaiflypixel
correspondence between reference images is given.

8

Fig. 5. Novel View Interpolation
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Suppose RGB values of, , p, and p, been written

spanned as(R, G, B),(R,.G,, B),(R,,G,, B)" then we have

f&:ﬁga £ R
oria i o °
BB B

VI.  EXPERIMENTS

Experiments are carried out on bottsynthetic and real
omnkidirectionalimages captured with PRQI&dwe compae
our resuls with thoseof [11] which rectifies imagebased on
HPPT.

We firstly rectify pars of cylindrical image with algorithm
of HPPT and proposednethod Correspondingresuts are
shown in Fige and Fig7. Then stereomatchng is done via
approach of 16] and view synthesis resalaregiven in Fig8
and Fig9, where the five figurearerespective novel viesvat
different positions between thereferencecylinders centers
anda presentghe ratio ofnovel viewpoind distancefrom the
right cylinder centeto the totadistanceof two cylinder centes.

(©
Fig. 6. (a): Uncalibratedmage pair of pasgtof synthesized cylindrical images
(corresponding points are not in the same scanline); (b): Rectified image pairs
using the methoth [11]; (c): Rectified image pairs using the proposed method
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TABLE 1. COMPARISON BETWEEN PROPOSED APPROACH AND
METHOD IN [11] ONRPRAND EPR

iMages Fig.5(a) Fig.5(a) Fig.6(a) Fig.6(a)

Method 9% | Left Right Left Right
image image image image

[11] RPR | 56.9% 78.3% 69.7% 71.2%
EPR | 76.1% 74.5% 67.6% 68.4%

RPR | 95.3% 97.2% 94.3% 94.8%

proposed

EPR | 95.3% 97.2% 94.3% 94.8%

g <P AV S~ u
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Fig. 7. (a): Uncalibrated image pair phrt of real cylindrical images
(corresponding points are not in the same scanline); (b): Rectified image pairs
using the methoth [11]; (c): Rectified image pairs using the proposed method

»

a=0.5 a=0.9 a=1 ‘

Fig. 8. View Synthesis Result of Fi¢(a)

Fig. 10. Application forscenic site exhibition

VIl.  CONCLUSIONS

a=0 a=0.3 a=0.5 a=0.9 a=1

For more convenienly and efficiently creatingvirtual walk

Fig. 9. View Synthesis Result of Fiffa) throughin real scengthis paper proposedapproab base on
catadioptric omnidirectional images and view synthesis
technique and mainly discussed image rectification and view
interpolation for cylindrical panoramic imagedur approach
utilizes epilineesampling method for cylindrical image, which
ground on the epipolar geometry and sapgreference image
along epiline as much as possiblEexperiment showsthe
proposed approaatan reduce image distortion aresolution
degeneratiopbviously and maintaithe scenénformation well.
&%mpared with algothm based on homographic and
perspective project transformatiosyr methods much better.
Meanwhile, view interpolation from rectified image pairs has
|%8°d performanceas well.

However whentry to rectify cylindrical panoramic imagat
thehead directin of epipolars, there will be somewhat trouble.
Becauseregions adjacent to epipolars can not be sampled

As experiment results illustrateimage rectificationwith
HPPT resuls in worse image distortions (see FE&fb) and
Fig.6(b), where images are deformed seriously)while the
proposedipproaclyivesbetter resul, sinceit keepshe epiline
lengthandthedimensionof rectifiedimagejust the same as the
referenceimages, which will certainly lead to less resolution
degeneration and image distortias shown in Fig(c) and Fig.
7(c). A more detail comparison between the two approaches
retentivepixel-rate (RPR for abbr.) and dfective-pixel-rate
(EPRfor abbr) is given in Table 1.

We also exploit the proposed technique in reeplication
for scenic site exhibition. Fig.10 shows some snapshots of t
project, inwhich uses can ramblén the city randomly by map
navigation anatanlook aroundat each spot.



