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Abstract

This paperpresentsan efficient keyframelesimage-basedender
ing technigue.An intermediatdmageis usedto exploit the coher
encesamongneighboringframes. The pixels in the intermediate
imagearefirst renderedby a ray-castingmethodandthenwarped
to theintermediatémageat the currentviewpoint andview direc-
tion. We useanoffsetbuffer to recordthe precisepositionsof these
pixelsin theintermediatédmage.Every frameis generatedn three
steps: warping the intermediateimage onto the frame, filling in
holes,andselectively renderingagroupof "old” pixels. By dynam-
ically adjustingthenumberof those’old” pixelsin thelaststep,the
workloadat every framecanbe balanced The pixelsgeneratedy
thelasttwo stepamakecontributionsto thenew intermediatémage.
Unlike occasionakeyframesin conventionalimage-basedender
ing which needto be totally rerenderedintermediatdmagesonly
needto bepartially updatedatevery frame.In thisway, we guaran-
teemorestableframeratesandmoreuniformimagequalities. The
intermediatamagecan be warpedefficiently by a modifiedincre-
mental3D warp algorithm. As a specificapplication,we demon-
strateour techniquewith a voxel-basederrainrenderingsystem.

Keywords: Image-basedenderingray castingyvoxel-basednod-
eling, terrainrendering.

1 Introduction

Realtime renderingin a walk-throughor fly-through systemhas
beena challengein the computergraphicsfield for decades.The
datasebf the scenemodelis often solarge that eventhe mostad-
vancedrenderinghardwarecannotprovide interactve rates. Vari-
ous methodshave beenusedto accelerateéhe rendering. A great
deal of previous work hasfocusedon visibility culling andlevel-
of-detailmanagement.
Morerecentlyimage-basedendering(IBR) techniquesreused
in walk-throughor fly-through systems. IBR techniquesexploit
the frame-to-framecoherenceby reusingthe previously rendered
images. This generallyinvolves keyframes(or referenceframes)
andwarping processesKey framesare usually renderedoy con-
ventionalrenderingtechniquedrom the original datasetand have
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high quality. The derived framescanbe generatedy warpingthe
keyframesandfilling in holesif needed.Key framescanbe either
generatedh apreprocessinghaseor renderednthefly. However,
in someapplicationskeyframescanonly berendereanthefly. For
example,in afly-throughsystemusersfly over alargeterrainand
thefly routeschangeinteractiely. It is almostimpracticalto pre-
generatall keyframesandusethembecausef the hugenumber
of keyframesneeded. Thus, for suchapplications keyframesare
generallyrenderedn thefly.

However, therearesomedisadantageso thiskeyframemethod.
Generally thetime to rendera keyframeis higherthanthetime to
generatea derived frame. This causeghe unstableframeratesbe-
tweenkeyframesandderivedframes.Theusercanfeel the’pause”
or dramaticchangein the framerate during the fly-through. An-
other problem of the keyframe methodis the nonuniformimage
quality amongframes.Key frameshave betterimagequalitiesthan
derivedframes.Thederivedimagesyeneratecttheviewpointnear
thekeyframes'viewpointhave betterqualitiesthantheimagesgen-
eratedat the viewpoint far from the keyframes’viewpoint.

Most of the previouswork usesthis keyframelBR techniqueon
surfacemodels. Whenwe try to usethis keyframetechniquein a
voxel-basedcenanodel,problems$ecomenoreserious.Thecon-
ventionalrenderingtechniquein a voxel-basedscenemodelis ray
casting.Theray-castingnethodcangenerate high qualityimage,
but it is time-consumingThus,the costto generatea keyframeon
thefly is high, andthe unstableframerateproblembecomesnore
serious.

One advantageof the ray-castingrenderingmethodis thatit is
easyto renderary pixel in animageby castingoneray. The holes
in the derived framescan be filled in by the ray-castingmethod.
Actually, the ray-castingmethodcan easily renderary part, even
scatterecpixels of animage. We try to takeadvantageof this fea-
turein this work. The basicideais to useanimagewarpingtech-
nigueto gainahigh framerate,andto usethe ray-castingmethod
to selectvely rerendepartof theimageto guaranteémagequality.

We presenanefficientimage-basedenderingechniquewvithout
keyframesin thecontext of voxel-basedcenanodeling.We usean
intermediatémageto exploit the coherencen frames. The pixels
in the intermediatémageareall first generatedy the ray-casting
methodin previousframesandthenwarpecto theintermediatém-
ageat the currentviewpoint andview direction. We relax the re-
quirementhatall pixelsin animagearelocatedin aregularrectan-
gulargrid. We usean offset buffer to recordthe precisepositionof
thesepixelsin theintermediatémage.Every frameis generatedn
threesteps warpingtheintermediatémage filling in holesandse-
lectively renderingsomeotherpixels. This laststepcanguarantee
theimagequality. By dynamicallyadjustingthe numberof those
pixelsin thelaststep,we canbalanceheworkloadat every frame.
Thepixelsgeneratedby thelasttwo stepanakecontritutionsto the
new intermediatémage.

McMillan andBishop's 3D warpalgorithm[10, 11] canbe suc-
cessfullyadaptedto warp the intermediateimage. We shaw that
the intermediateimage can still be warpedin McMillan’s occlu-
sioncompatibleorder[9]. By quantizingthe offsetof pixelsin the
intermediateémageand usinglookup tables,the advantageof the



incrementatcomputatiorof McMillan andBishop’s algorithmcan
be presered.

The advantageof our methodover the keyframe methodis that
the keyframe needsto be rerenderedotally, but the intermediate
image only needsto be updatedpartially at every frame. By
combiningtheadvantage®f theimage-basedenderingechniques
andtheray-castingnethod we cangetmorestableframeratesand
moreuniform imagequalities.Our methodis especiallyusefulin a
realtime systemwhenthe keyframerenderingis time consuming.
We demonstrateur methodwith a voxel-basedterrainrendering
system.

This paperis organizedasfollows. Section2 reviews the pre-
vious work in image-basedenderingtechniquesand voxel-based
terrain modeling. Our keyframelessmage-basedenderingtech-
niqueis describedn detailin Section3, which focuseson the con-
structionandwarpingof theintermediatémage.Sectiord presents
resultsfrom our implementation Conclusionsandfuture work are
discussedn Section5.

2 Previous Work

2.1 Image-based rendering

In recentyears therehave beenmary papersonimage-baseden-
dering. Mark’s [8] is a good suney. Someresearcherbave used
the keyframemethodto accelerateenderingin a walk-throughor
fly-throughsystem.

Mark [7] haswarpedtwo differentreferenceimagesand com-
positedthe resultsto avoid occlusion-relatedrtifacts. The refer
enceimagesaregeneratean thefly basedon the predictionof the
futureviewpointandview direction. Thereferencdramesareren-
deredat 5 frame/sec,and derived framescan be generatecat 30
frame/sec.

Popescuetal.[12] have warpedayereddepthimagesin the con-
text of an architecturalwalk-throughsystem. The layereddepth
imagesaresynthesizedn a preprocessinghasefor every portal.

Chenetal.[2] useda hybrid LOD-Spritetechniqueto accelerate
terrainrendering A spriteimageis generatedrom high-resolution
scenegeometryat every keyframe. Thenthe spritesarereusedby
texture mappingin thefollowing frameusinglow-resolutionscene
geometry The keyframesare generatecn the fly. However, the
time to rendera keyframecanbe ashigh asthreetimesmorethan
thetime to rendera derivedframe.

Insteadof usinganimageto representhe entirescenethe im-
postermethodd6, 14] usesimageto representemoteobjectsin a
scene.

Amongyvariouswarpingalgorithms McMillan andBishop's 3D
warpmethod[10, 11] is anefficient algorithm. It warpstheimage
with depthinformation,soit canprovide properparallaxandcanbe
implementecefficiently by incrementatomputatiorof the3D warp
equationandby usingan occlusioncompatibleorderingalgorithm
to resolwe occlusionwithout z-huffering. McMillan and Bishop's
algorithmrelieson the epipolargeometry Giventwo images.the
epipolein thesecondmageis the projectionof thecamerdocation
of thefirstimageinto the secondmage. The epipolarlinesarethe
image-spacéinesthat passthroughthe epipole. The relative warp
orderfor differentepipolarlines doesnot matter but the pointson
a singleepipolarline mustbe warpedin a particularorder Thus,
theinputimageis split into sheetdiorizontallyandvertically at the
epipolar point. Every sheetis processedn a different scanline
order Popesctet al.[12] pointedout thatspecialattentionsshould
be paidto the pixelson therow andcolumnof theepipolebecause
pixelsin discreteimageshave a non-ngligible area. They have to
bewarpedeitherfirst or last,dependingn the sign of the epipole.

Ourwork is basecon McMillan andBishop's algorithm.

2.2 Voxel-based terrain modeling

Mostof thecurrentflight simulatorsarebasednthesurfacemodel.
Howeverthevoxel-basedpproacthasmary advantagesompared
to a surface-basedne. For example,the format of the elevation
map lendsitself to generatinga very high resolution3D volume
of terrainandmulti-resolutionvolumes.Also, texture mappingfor
voxelsis muchsimplet of higherquality, andcanbe preprocessed.
More importantly the voxel-basednodelis someavhatscenecom-
plexity independentandit is easyto incorporateclouds, haze,
flames, and other amorphousphenomenaand volumetric objects
[4]. Therefore,in recentyears,the voxel-basedapproachhasbe-
comea new researchssuefor height-field visualizationsystems
[18,5, 3].

Most of the publishedvoxel-basederrainrenderingalgorithms
directly usethe 2D elevation mapto represenBD values,so that
both memorysizeandaccessingime for theterrainmodelcanbe
greatlyreduced[5, 3]. However, the quality of imagesgenerated
from this modelis not very good. Thus, a true 3D voxel-based
terrainmodelhasbeengeneratedn our previous voxel-baseder
rain visualizationsystem[16]. Theterrainmodelconsistsof a 3D
volumetricterraindataseanda correspondin@erialphotographor
satelliteimageof theterrain. Therearealsosomedisadwantage®f
this 3D voxel-basederrainmodel. The storagerequiremenfor a
3D voxel-basederrainis high, but memoriesare becominglarger
andrelatively inexpensie. If thereis no hardwaresupport,it usu-
ally takeslongertime to rendera 3D voxel-basederrainby ray-
castingthanto rendera surface-basednewith the hardwaresup-
portfor texture mapping.

3 3D Warp Without Keyframe

3.1 Keyframeless rendering

In a walk-throughor fly-through system,the viewpoint changes
gradually Thereis substantiakcoherenceén adjacentframes. A
straightforwardway to take advantageof this is to rendersome
keyframesby the ray-castingmethodandthenwarpthe keyframes
to getthe next frames. Whenthe erroris beyond a threshold the
keyframeis rerenderedBecausef the changeof viewpoint, some
new part of the sceneentersthe users view and someoccluded
partof thescenén thekeyframecanpopupin thenew frame.This
causesolesin theresultingimage. Theseholescanbefilled in by
ray casting.Figurel shavsthis method.

As we mentionedbefore, this keyframe methodhasthe disad-
vantageof unstableframeratesand nonuniformimagequalities.
This methodonly takesadvantageof the coherenceébetweenthe
keyframeandthe derived frame. Therearealsocoherence# the
derived frames. Let's takea look at Figure 1. Framel is the
keyframe generatedby using the ray-castingmethod. Frame2
to Framen are derived framesby warping Framel. Actually, at
every derived frame, exceptthe pixels warpedfrom the keyframe,
a certainamountof pixels have to be renderedby the ray-casting
methodbecausef the holesin the warpedimages. Thesepixels
have a highimagequality andlikely will appeaiin thenext frames
becausef the coherencen the adjacenterived frames.To make
a difference,we usethe term “high quality pixels” to referto the
pixels generatedby the ray-castingmethodin a derived frame
and“low quality pixels” to referto pixels reconstructedrom the
warpedimage. Traditionally, the keyframe methoddoesnot take
adwantageof this.

Therearetwo intuitive methodsthat cantake advantageof co-
herencesn derivedframes:
1) Warpingframem-1 to getframem. Imagequality degrades
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Figurel: A straightforwardkeyframetechnique.The keyframeis
renderedby the ray-castingmethod. Framesl-n arerenderedby
warping the keyframe. The holesin frames1-n arefilled in by
ray casting.Whenthe erroris beyond a threshold the keyframeis
rerendered.

Figure2: Offset buffer. The exact positionsof the warpedpixels
arerecordedvy anoffsetbuffer.

quickly after severalsuchwarpsbecausenostpixelsin framem-1
arefrom reconstructiorandhave low imagequality.

2) Warpingthehigh quality pixelsfrom thepreviousm-1frames
to getframem. Then,the Z-buffer hasto be usedto resole the
occlusion. We have to warp scatteregointsin m-1 frames. The
adwvantageof theincrementabomputatiordoesnot exist.

We try to designanimage-basedenderingtechniquewhich ex-
ploitsthe coherence the multi-frameswhich meetthe following
requirements
1) Only high quality pixelscanbewarped.We do notwarpthe pix-
elsfrom reconstruction.

2) No z-buffer is neededo resohe the occlusionproblem
3) Presere theadwantageof incrementatomputation.
4) No keyframeis needed.

As shavnin Figure2, whenapixel is warpedfrom thekeyframe
to frame 1, the centerof the pixel generallydoesnot fall exactly
on thegrid of the derived frame. Thusa reconstructiorprocesss
needed. However, if we storethe exact position of the centerof
this pixel in frame 1, warpingthis pixel from frame 1 to frame2
will have the sameeffect as warpingthe original pixel from the
keyframeto frame2.

Intermediate Warp Intermediate Warp Intermediate
—_—

| i | i+1 | i+2
mage i Update mage i Update mage i
Partially Partially
Reconstruct Recopstruct Reconstruct
Displayed Displayed Displayed
Image i Image i+1 Image i+2

Figure3: The keyframelesdBR method. The intermediatémage
i+1 is renderedy warpingtheintermediatémagei. The exactpo-

sitionsof warpedpixelsin theintermediatémagei+1 arerecorded
by the offset buffer. After that,the intermediatémagei+1 is par

tially updatedy ray castingaccordingo theagesf thepixels. The
displayedimagei+1 is reconstructedrom the intermediateémage
i+1. Thefirstintermediatémageis renderedy ray casting.

We referto thefinal reconstructe@mageasthedisplayedmage,
andreferto thewarpedimagebeforereconstructiorastheinterme-
diateimage. The exact positionsof warpedpixelsin theinterme-
diateimagearerecordedby an offset buffer which representshe
offset of the centerof the pixels from their nearesheighborhood.
The pixels in the intermediatedmageare all first renderedby ray
castingin a previous frame andthenwarpedinto the intermediate
imageat the currentviewpoint andview direction.

At the beginning, thefirst frameis generatedy the ray-casting
method. Thus, the intermediateimage is exactly the sameas
the displayedimage. The offsetsof all pixels at the intermediate
imageare0. Then,we warpthe intermediatémageto getthe next
intermediatdmage. The offsetsof warpedpixels arerecordedby
an offset buffer. Now thereare someholesin the intermediate
image. We fill in theseholesby the ray-castingmethod. The
displayedimage is reconstructedrom this intermediateimage.
Then,we warpthisintermediatémageto getthe next intermediate
image and reconstructthe next displayedimage from the next
intermediatémage,andsoon.

Therefore atary intermediatémagesomepixelsarenewly ren-
deredby theray-castingnethod.Somepixels arewarpedfrom the
previousintermediatémage.In orderto makeadifferencebetween
thesetwo typesof pixels,we useanagebuffer to recordthe ageof
apixel. If apixel is justrenderedn this imageby the ray-casting
method,its ageis 0. If a pixel is warpedfrom the previousinter
mediateéimageandis still visible atthe currentintermediatémage,
thenits ageis incrementedy 1. By usingthe agebuffer, we know
exactly how mary timesa pixel hasbeenwarpedfrom the inter
mediateémagewherethis pixel is first generatedby theray-casting
methodo thecurrentintermediatémage.Theolderthepixel isand
thelongerthe pixel staysin theintermediatémage themorelikely
it will disappeain the next frame, and more important,the more
likely the imagequality aroundthis pixel will be degraded.Thus,
theageof a pixel is anice criteriafor theimagequality aroundthis
pixel.

In orderto guaranteghe imagequality, we seta thresholdfor
the agesof the pixelsin the intermediatemage. If the ageof a
pixel is older thanthis threshold,thenwe do not warp this pixel.
Thisprobablycause$olesin thenext intermediatémageandthese
holesarefilled by theray-castingnethod.

Thereforethepixelsin theintermediatémageareall high qual-
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Figure 4: Warp order of the intermediateimage for a negative
epipole.

ity pixels. By usingthe offset buffer to recordthe exact positions
of thesepixels, warpingthesepixels from the intermediateémage
hasthe sameeffect aswarpingthe original pixels from the image
wherethesepixels werefirst generatedy the ray-castingmethod.
By usingthe agebuffer, we cancontroltheimagequality by setting
a thresholdfor agesof pixelsin theintermediatedmage. Figure 3
shaws our keyframelesdBR method.

Pleasenotethat Popesctet al. [13] have usedthe offset buffer
for a different purpose.They usedthe offset buffer to resohe the
visibility of thepixels. We usethe offsetbuffer to recordtheprecise
positionsof the pixelsin the intermediatdmagefor furtherwarp-

ing.

3.2 Warping the intermediate image

The pixelsin the intermediateémageno longerfall in the regular
rectangulagrid. However, asshown in Figure4, the intermediate
image can still be warpedby McMillan and Bishop’s ordering
algorithm.As we mentionecefore therearetwo propertieof the
occlusion-compatiblerder([8]: (1) therelatve warporderfor two
reference-imag@oints on different reference-imagepipolarline
doesnot matter;(2) the pointson asinglereference-imagepipolar
line mustbe warpedin a particularorder Eventhoughthe scan
line in theintermediatémageis no longera straightline, thesetwo
propertiesaresstill presered. The formal proof of McMillan [11]
applies,sotheorderingalgorithmstill works.

Oneadwantageof McMillan andBishop’s 3D warpalgorithmis
the incrementalcomputation. We usethe notationof the pinhole
cameramodeladoptedcby McMillan [11]. Thenthe3D warpequa-
tionis [8] :
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The vectorsa, b, ¢ arethe basisvectorsfor the cameracoordinate
system. P andC representhe pinhole cameraviewing parameter
andcenterof projectionrespectiely for theimages.Thety , U, are

theimagecoordinate®f thereferencdrameandthederivedframe.
71 andz, arethereferencdrameandderived framedepthvalues.

To computethe warpedposition of the next pixel alonga scan
line, incrementatomputatiorcanbeused:
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For an intermediateimage, the next pixel coordinatesat the
imagespacealonga scanline is (u+ 1+ of fseu,v+ of fsev, 1)
insteadof (u+ 1,v,1) . The incrementalcomputationcannotbe
directly used.

As mentionedefore we setathresholdor theageof thepixels
in theintermediatémages.Thatmeanghe numberof timesapixel
canbewarpedis boundedby athreshold.We canusea fixed point
insteadof afloat point to improve the efficiency. We canquantize
theoffsetof pixelsinto levels. Let's supposatimagespaceheone
pixel distancas quantizednto L levels. At everyframe thewarped
pixel positionerror introducedby the quantizationis 0.5 x (1/L).
Thus,thetotal possibleerrorintroducedy the quantizatiorafterm
warpsis boundedy ¢ x mx (1/L), with c asa constant.

Because the offset is quantized, we can precompute
Py1P.[ offseu,0,0 ] and P;'Py.[ 0,0ffsev,0 ] for all
possiblelevels of the offset and storethemin two lookup tables
table, andtable,. Beforerenderingeachnew image,we usethe
new camerainformationto precomputevaluesfor all lookuptable
indices. Then, McMillan and Bishop's incrementalcomputation
methodcanbe adaptedby addingtwo itemsto compensatéor the
offsetof the pixelsfrom theregulargrid:
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3.3 Filling in holes

Theholesin theintermediatémagearefilled in by the ray-casting
method. It can be done efficiently by exploiting the coherence
betweenrays. For example, we shav how to fill in holesin a
voxel-basederrain renderingsystem. We fill in the holesin the
warpedimage column by column. In eachcolumn, we castone
ray througheachhole pixel bottomup, in orderto speedup ray
traversal, by exploiting the specific vertical ray coherencd5, 3]
in terrain scenes. As shawn in Figure 5, the basicidea of ray
coherences thatfor two viewing raysfrom the samecamerathat
project onto the sameline on the baseplane of the terrain, the
higherray hits the terrain surfaceat a position fartheraway from
the viewpoint. By exploiting this ray coherenceray castingcan
be dramaticallyacceleratedy skipping mostof the empty space
abovetheterrainsurface.
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Figure5: Theraytofill in ahole canemanatdrom the hit point of
thepixel just below it

During our hole filling procedure ray castingfor eachimage
columnis completedn the following steps:first, find the location
of the lowesthole pixel andthe depthof the pixel just below this
pixel fromthecurrentintermediatémagebuffer. Castaraythrough
this pixel andusethe correspondinglepthto skip the emptyspace
alongtheray. In a specialcasewhenthe lowesthole pixel is atthe
bottomof the column,we have to traversetheray from the image
without ary spaceleaping. Oncethe hit positionis found along
theray, save thenew depthvalue. Secondmove upwardalongthe
columnto the next hole pixel andcasta ray throughit. If its lower
pixel is a ray-castingpixel, we useits lower pixel depthfor space
leaping; otherwise,its lower pixel is a warpedpixel, and we use
the lower pixel depthfrom warpingfor spacdeaping. Third, save
thenew depthoncethehit pointis found. Fourth,repeathesecond
step,until nohole pixelsareleft or thecurrentray doesnotintersect
with the terrainsurface.Finally, searchupwardalongthe column
for all remainingray-castingpixels,anddirectly assigrtheir colors
to bebackgroundolor. No ray castingis performedthroughthese
pixels, sincethey have no chanceof intersectingwith the terrain
surface.

3.4 Balancing the workload

At every viewpoint, we needto warpthe intermediatémageat the
previousviewpointandfill in theholes.Thetimeto warpanimage
is independenof the scenecompleity andalmosta constant.The
time to fill in the holesby ray castingdependon the numberof

holes, which can vary from frame to frame. As we mentioned
before the holesarecausedy :

1) Someregion of terrainjust entershe currentview.

2) Someregion of terrainoccludedn the previousframenow pops
up.

3) Theagesof somepixelsattheintermediatémageareolderthan
athreshold sowe do notwarpthesepixels.

The total numberof thesepixels shouldbe controlled by our
computationalability. We also hopethat the numbersof pixels
neededo be rerenderedy ray castingat every frame are almost
the same. We cannotcontrol the numberof holescausedby (1)
(2). However, we cancontrolthe numberof holescausedy (3) by
adjustingthe threshold.The way to balancethe workloadat every
frameis to dynamicallyadjustthe numberof pixelscausedy (3).

We seta thresholdfor the total numberof pixels we canafford
to rerendelby ray casting. Then,at every frame,afterwarpingthe
intermediatdmage,we countthe numberof holes. If the number
is beyondour threshold we cando nothingelseexceptfill in these
holes.However, if the numberis below our thresholdwe compute
thedifferenceof thethresholdandthe numberof our currentholes.

Figure6: CameraPath.

Then we can selectthat numberof pixels from the pixels which
arethe oldestin the intermediatdmageandrerenderthemby ray
casting.In thiswaywe canbalanceheworkloadandguarante¢he
imagequality atthe sametime.

3.5 Reconstruction

Reconstructionis a difficult problemin image-basedendering
techniques.Changet al.[1] usea bilinear kernel. Four LDI pixels
are updatedfor eachpixel of a referenceémage. Shadeet al.[15]

use a rough approximationto the footprint evaluation optimized
for speed. The image size is approximatedby using a lookup
table. The four splatsizesthey usedhave 1 x 1,3x 3,5 x 5, and
7 x 7 pixel footprints. The alphavaluesareroundedto 1, 1/2, or

1/4. Therefore the alphablendingcanbe donewith integer shifts
and adds. Mark et al.[7] use a techniqueto treat the reference
frameasa mesh. The 3D warp perturbsthe verticesof the mesh.
Reconstructioroccursby renderingthe perturbedmeshtriangles
into the derivedframe.

For simplicity, we useonepixel-wide reconstructiorkernel. We
just write a single pixel in the intermediateimagein the nearest
neighborpositionof thederivedimage.

4 Experimental Results

Our method was implementedon a Silicon Graphics OnyX
(1024MB RAM, four R1000 processors)with Infinite Reality
graphics. However, we did not exploit its parallel processing
capabilityin ourimplementationOnly oneprocessowasused.

We demonstratedur methodwith a voxel-basedenderingsys-
tem[16]. Ourterrainmodelconsistsof a 3D terrainvolumewith a
resolutionof 512 x 512 x 64anda correspondingegisteredaerial
photo. Figures7 give the experimentresultsof our algorithmfor
a camerapath shavn at Figure 6 which producesmore than 300
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Figure7: Timeto rendereachframeby the keyframelBR method.
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Figure 8: Time to rendereachframe by our keyframelessIBR
method.

frameimages. Theimagesizeis 500 x 400. Theray-castingren-
deringmethodusedin this paperis basedon our earlierwork[16].

Figures7 and8 shav the amountof time requiredto rendereach
frame. We comparedour algorithmwith the keyframe algorithm.
Figure 7 shows the result of the keyframe method. We rendered
thekeyframeby theray-castingnethodon the voxel terrainmodel.
Tenderived framesweregottenby warpingonekeyframe.We can
seethatthetimeto renderkeyframesis abouttwo timeslongerthan
the time to renderthe derived frames. Eventhe time to renderde-
rived framescan be quite different. Figure 8 shows the result of
our method.Thethresholdfor the ageof pixelsis 10. Thenumber
of pixels neededo be rerendereds about14 percentof the total
numberof pixelsin theintermediatémage.ComparingFigure? to
Figure 8, we canseethat our methodcangeta more stableframe
ratethanthe keyframemethod.

Figuresll and12 shaw aview of theterrain(FrameNo. 100).
Figure 11 shaws the terrain renderedby the ray-castingmethod.
Figure 12 shaws the terrain renderedby our keyframelessIBR
method. Figure 13 givesthe absolutevalue of the differencebe-
tweenthesewo images.We quantizedheoffsetof pixelsinto 1024
levels. Becausehe thresholdfor the ageof pixelsis 10, we think
thatthe positionerrorsof pixelsin the intermediatémagecaused
by quantizatiorandatmost10 consecutrewarpingsarenegligible.
Theimagequality of our algorithmdependon the reconstruction
method.We usedonepixel-wide reconstructiorkernelandgot sat-
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Figure9: Time to rendereachframeby the keyframelBR method.
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Figure 10: Time to rendereachframe by our keyframelessiBR
method.

isfying results.If moreprecisereconstructionmethodsareusedthe
imagequality canbefurtherimproved.

We alsodemonstratea@ur methodon anotherterrain. The ter-
rain sizeis 468 x 693 x 64. Figures9 and 10 shav the amountof
timerequiredto rendereachframe.Figure9 shonstheresultof the
keyframemethod.Figure 10 shaws the resultof our method. Fig-
ure 14 shawsthe terrainrendereddy the ray-castingmethod. Fig-
urel5shavstheterrainrenderedy ourkeyframelessBR method.
Figure 16 shows the differencebetweenthesetwo images. From
thesefigureswe got the following obsenations: our methodgeta
more stableframeratethanthe keyframe method. The quality of
the imagesgeneratedy our methodis comparableto that of ray
castingandcanbe sustainedt thatlevel.

5 Conclusions and Future Work

We have presented novel image-basedenderingtechniqueused
in voxel-basedscenamodeling.Our contributionsare:

1) We designeda keyframelessmage-basedenderingtechnique
which combinesthe advantage®of the 3D warp algorithmandthe

ray-castingnethod. The 3D imagewarp algorithmis usedto gain

ahigh framerate,andtheray-castingnethodis usedto fill in holes
andto selectvely rerendepartof theimageto guarante¢heimage
quality.



2) An offsetbuffer is usedto recordthe precisepositionof a pixel,
so pixels canbe consecutiely warpedfrom a singleintermediate
image without loss of accurag. McMillan and Bishop's warp
algorithmis adaptedo warptheintermediatémage.By quantizing
the offset,we canpresere theincrementatomputation.

3) An agebuffer is usedto recordtheageof a pixel. This provides
anicecriteriafor imagequality. By slightly adjustingthe threshold
for theagesof pixelsin theintermediatémage,we canbalancehe
workloadat every frame. Our methodindeedobtainsmore stable
frameratesandmoreuniformimagequalities.

We demonstrateur methodwith a voxel-basederrainrender
ing system. However, our methodcan be appliedto mary other
applications.lt is especiallyusefulin the applicationswhich have
thefollowing features
1) The keyframeshave to be renderedon the fly andthe time to
renderonekeyframeis muchhigherthanthe time to generatene
derivedframe.

2) Ray castingcanbe usedasarenderingmethod.

There are also some limitations to our method. First, the
irregular distribution of pixelsin theintermediatémagecancause
extradifficulty for reconstructionlf thenearesnheighboiis usedas
thereconstructiormethod we foundthatwarpingtheintermediate
imagecan causemore holesthanwarpingthe keyframe. Second,
like other image-basedrendering methodsthe performanceof
our method dependson the frame-to-framecoherence. If there
is nice frame-to-framecoherencesuchasin the terrain dataset,
our methodcan give pretty stableframe ratesand uniform image
qualities. If the frame-to-framecoherences not that good, such
asin a datasetwith a very complicatedbackgroundscenerythen
it is possiblethat the numberof holes per frame can be vary
substantiallyandthe ray castingmay takelongerthanexpectedto
fill in theseholes.This mayleadto inconsistenframerates.

Somework needto be donein the future. We wantto find a
moreaccurateandfastreconstructiormethodfor our intermediate
image. We plan to usea splatting methodinsteadof the current
nearesheighbormethod,sothe numberof holescanbe decreased
andtheimagequality canbeimproved. We alsoplanto parallelize
our methodto achieve higherframerates.
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Figurell: A Californiaterrain(size: 512x 512x 64) renderecby Figure14: A Los Angelesterrain(size: 468 x 693 x 64)rendered
theray-castingnethod.(SeealsoColor Plate.) by theray-castingnethod.(SeealsoColor Plate.)

Figure12: A Californiaterrain(size: 512x 512x 64) renderecby Figure15: A Los Angelesterrain(size: 468 x 693 x 64)rendered
our keyframelesdBR method.(SeealsoColor Plate.) by ourkeyframelesdBR method.(SeealsoColor Plate.)

Figure 13: The differencebetweenFigure 11 andFigure 12. (See Figure 16: The differencebetweerFigure 14 andFigure 15. (See
alsoColorPlate.) alsoColor Plate.)



