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ABSTRA CT

Light elds and Lumigraphs have recertly received a lot of attention in the computer graphics
community, sincethey allow to render scenesfrom a database of imagesvery e cien tly. While
warping basedapproacesare still too slow to achieve truly interactive frame rates, Lumigraph
rendering can easily achieve tens of frames per secondin full screenon a contemporary graphics
workstation. On the down side, high resolution Lumigraphs require large amournts of storageand
are expensiwe to acquire, while low resolutionsyield low quality imageswith lots of blurring.

In this paper, we proposeto re ne an initial sparseLumigraph through the use of a specialized
warping algorithm. This algorithm increasesthe resolution of the Lumigraph by inserting new
views, which can then be usedto generate higher quality imagesthrough normal quadri-linear
interpolation. This way, storagerequiremerts and acquisition costsremain low, but image quality

is increaseddrastically.
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1 Intro duction

The light eld [LH96] and Lumigraph [GGSC9q
approachesto image based rendering are based
on a dense sampling of the plenoptic func-
tion [AB91], which describesthe ow of light in
a scene. The advantage of this approacd is that
images of the scenefrom new camera positions
can simply be computed by interpolating radi-
ancevaluesin 4 dimensions. This is a very inex-
pensiwe operation that can be further accelerated
through the use of OpenGL-compliant graphics
hardware, as has beenshown in [GGSC94.

The disadvantage of this method is that the image
quality is only good aslong asthe sampling den-
sity is extremely high, which, of course, means
large memory requiremerts, and, for transmis-
sion, the need for extremely large bandwidths.
A Lumigraph of moderate resolution can easily
have a size of multiple Gigabytes.

One approacdh for solving this problem is to com-
press the Lumigraph, for example using vector
quarntization, like in [LH96]. This does reduce
the amount of memory required for nal storage,

but the initial memory consumption before com-
pressionis not changed.

Furthermore, the acquisition of large amounts of

imagesis expensive and time consuming. For ex-

ample, if a light eld is to be generated from

a globally illuminated synthetic scene,the ren-

dering time per frame can easily exceedse\eral

hours, especially if specular e ects areto be simu-

lated. The acquisition costsfor real world scenes
also strongly depend on the number of images.
Either a photo camerahasto be carefully posi-
tioned for eat image, asin [LH96], or the images
are generatedthrough rebinning the information

from video streams[GGSC94. In the latter case
longer video streams are required for higher res-
olutions, and the computational e ort for rebin-

ning grows drastically.

An alternativ e approach to image-basedrender-
ing are warping methods that only use a few
initial images. Prominent examples for this
classof algorithms are view interpolation [CW93],
plenoptic modeling [MB95, McM97] and post ren-
dering 3D warping [MMB97]. These methods
both solve the acquisition problems and reduce



the storagecost. They are, however, generally not
fast enoughfor truly interactive purposesat the
momert. Moreover, most of these methods ex-
hibit sewere artifacts such as visibilit y problems
and gaps resulting from undersampling. These
problems can only be avoided in very specic
casesput not for arbitrary cameramovemerts.

With this paper we bridge the gap betweenhigh-
performancealgorithms basedon densesampling,
and low-performance warping algorithms that
only use a handful of images. Starting with a
sparseLumigraph, we increasethe number of im-
agescortained in it by applying a warping algo-
rithm. As we will show, the special geometry of
a Lumigraph not only allows for a fast, e cien t
warping, but also reducesthe number of warping
artifacts. After enoughwarped imageshave been
inserted, the new, higher resolution Lumigraph
can be rendered using the fast quadri-linear in-
terpolation algorithm. Even graphics hardware
can be employed just as before.

Our warping method is in a sensesimilar to

the work on view interpolation [CW93], except
that we do not establish explicit correspondences
between pixels in the respective source images.
Moreover, we warp every pixel separatelyinstead
of using a quadtree-basedapproach which can
warp whole blocks of approximately equal depth

pixels. This givesthe view morphing algorithm a
performance advantage, but intro duces warping

artifacts, which, depending on the prescribed er-

ror tolerance, can vary betweensubpixel sizeand

seweral pixels. For textured objects, these arti-

facts are quite visible. Moreover, the quadtree
subdivision into blocks only works for sceneswith

highly coherert depth images.

The remainder of this paper is organized as fol-
lows. Section 2 briey reviewsthe work on light
elds and Lumigraphs. Section 3 discussesthe
warping algorithm we have developed for the re-
nement of Lumigraphs, beforewe presen results
in Section4 and concludein Section5.

2 Light Fields and Lumigraphs

Our work builds strongly on the light eld [LH96],
and the Lumigraph [GGSC94. A light eld is
a densesampling of the 5-dimensional plenoptic
function [AB91], which describesthe radiance at
every point in spacein every direction. Sinceradi-
ancedoesnot changealong a ray in empty space,
the dimensionality can be reduced by one, if an
appropriate parameterization is found, that re-
ects this property.

The so-calledtwo-plane parameterization usedby
the light eld represenation ful lls this require-
ment. It represens a ray via its intersection
points with two parallel planes. Since eat of
these points is characterized by two parameters
in the plane, this results in a 4-dimensionalfunc-
tion that is sampled through a regular grid on
ead plane (seeFigure 1).
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Figure 1: A light eld is a 2-dimensional
array of imagestaken from a regular grid
of eye points on the (s;t)-plane through a
window on the (u; v)-plane. The two planes
are parallel, and the window is the samefor
all eye points.

One useful property of the two-plane parameteri-
zation is that all the rays passingthrough a single
point on the (s;t)-plane form a perspective im-
age of the scene,with the (s;t) point being the
certer of projection. Thus, a light eld can be
considereda 2-dimensional array of imageswith
eye points regularly spacedon the (s;t)-plane.

Moreover, since we assumethat the sampling is
dense, the radiance along an arbitrary ray pass-
ing through the two planes can be interpolated
from the known radiance values in nearby grid
points. Each sud ray passesthrough one of the
grid cellson the (s;t)-plane and oneon the (u; v)-
plane. These are bounded by four grid points on
the respective plane, and the radiance from any
of the (u;v)-points to any of the (s;t)-points is
stored in the data structure. This makesfor a to-
tal of 16 radiancevalues,from which the radiance
along the ray can be interpolated quadri-linearly.
As shown in [GGSC96], this can also be done in
hardware.

This method works well aslong asthe resolution
of the light eld is high. For low resolutions, the
interpolation only yields a sharpimagefor objects
in the (u;v)-plane. The further away points are



from this plane, the more blurred they appear in
the interpolated image.

The Lumigraph extends the concept of a light
eld by adding somegeometricinformation which
helps compensating for this problem. A coarse
polygon meshis stored together with the images.
The meshis usedto rst nd the approximate
depth along the ray to be reconstructed, and this
depth is usedto correct the weights for the inter-
polation.
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Figure 2: In this paper the geometry is
stored as a z value for eah samplein the
Lumigraph. This is a linear function of the
distance from the two planes.

In this paper we also use geometric information,

but in a format that is dierent from the origi-
nal Lumigraph work. Instead of storing a poly-
gon mesh, we store the depth of eah samplein
the Lumigraph asthe z coordinate in eye space,
which is a linear function of the distancefrom the
two light eld planes (see Figure 2). Note that
the two represenations for geometry can easily
be transformed into ead other: ray-castingyields
the depth valuesfrom the polygon mesh, and on
the other hand, it is easyto generatean initial

ne mesh from the depth values, and then ap-
ply one of the well-known meshdecimation algo-
rithms (for example [Hop96]) to reducethe com-
plexity.

3 Lumigraph W arping

In this section, we introduce a warping algo-
rithm that is speci cally tailored towards re ning
a Lumigraph by inserting imagesfrom new view
points. Becausethis is a very speci ¢ geometric
setting, the complexity of the warping equations
is signi cantly reduced, and the warping is very
fast.

As merntioned above, the Lumigraph consists of
a number of imagestaken from a regular grid of
eye points on one plane, the (s;t)-plane, through
a rectangular region on a second,parallel plane,

the (u;v)- or viewing-plane. This implies that
the images are shearedperspective views of the
scene,which share a common viewing direction
perpendicular to the two planes.

In the following, let this viewing direction be the
negative z-axis. Furthermore, let 0, the origin,
be located on the viewing plane. This meansthat
any point on the (u; v)-plane is givenasp = 0 +
u x+ v y, and any point on the (s;t)-plane as
g=0+s x+t y+d z wheredis the distance
of the two planes. This situation is depicted in
Figure 3.
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Figure 3: Geometry for warping a Lumi-
graph image located at (s;t) to a new view
point (s%19).

Suppose a point at (x;;yi;z)" is to be warped
from an imagewith a view point at q:= (s;t; d)T
to a new view point located at q° := (s%t%d)T.
The corresponding pixel positions u;, vi, u®, and
vP are related via the following two equations:

Xi S _ U
d z d and
xi s2 u? °

d z d

u:

V4
d Zi d Zi
s; (1)

where s:= s sis the translation of the view
point in s-direction. Similarly, we get v0 = v;
z=(d z) twith t:=1t% t.

This meansthat for this speci ¢ setting the warp-
ing equation only dependson the pixel's distance



from the (s;t)-plane and on the baselinebetween
old and new cameraposition. This is much sim-
pler than the warping equation for generalcamera
transformations [MB95, McM97].

In particular, it is possibleto precompute and
store zi=(d z) for ead pixel. The warping of
one pixel then only requires two multiplications
and two sums (one ead for u?, and the samefor

vO).

3.1 Eye Points at Innit y

One interesting variation of the basic two-plane
parameterization are light elds and Lumigraphs
where the eye points are located at in nit y. This
setting allowsfor a strict separationof spatial and
directional resolution, which is not possiblewith
the normal two-plane parameterization. In this
case,the imagesare shearedorthographic views
of the scene,and the eye points are givenin ho-
mogeneouscoordinates asq = [s;t; 1;0]" .

Figure 4: Geometry for warping ortho-
graphic imagesfrom Lumigraphs wherethe
(s;t)-plane is at in nit y.

The warping equation for this caseis slightly dif-
ferent, but no more complicated. We get

Xji =uj+s z and
xi =u’+ s° z;

which results in

W=ui+z s z s°

=u 7z s )
3.2 Gap Filling and Warping from Multi-
ple Images

When warping only a single original image to a
new viewing position, the parallax will inevitably

uncover someareasthat have previously beenoc-
cluded. Theseregionsshow up as visibilit y gaps
in the destination image, sinceno pixels from the
sourceare projected into theseareas. Thesegaps
can be seenas problems arising from the extrap-
olation of view points.

Luckily, the new eye points inserted into the Lu-
migraph are located within a rectangle of four
original eye points. Therefore, the new image
can be formed by interpolation similar to [CW93]
if the information from all four sourceimagesis
used. Furthermore, we can assumethat the orig-
inal Lumigraph is a ne enoughsampling of the
ervironment, sothat ead point visible from any
position on the (s;t)-plane is alsoseenby at least
one of the original eye points.

The other kind of holes that often occurs in
warped imagesis due to the dierence in solid
angle under which a surfaceis seen. If the solid
angle in the destination image is larger than in
the sourceimage, then the warped pixels will not
cover the whole area in the destination image,
which results in holes. Theseholesare causedby
the undersampling of the object. The solid angle
increasesif either the new view point is closerto
the object, or if it seesthe surfaceunder a more
perpendicular angle than the old view point.

In the Lumigraph setting, in which the eye points
move perpendicularly to the viewing direction,
the change of distance to an object is relatively
small, sothat the number of resulting gapsshould
be minimal. The secondcause,however, is possi-
ble, as depicted in Figure 5.
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Figure 5: Gaps resulting from undersam-
pling can be causedfrom the change of the
angle under which a surfaceis seen(circled
area). In the Lumigraph setting, however,
it is likely that one of the original images
seeghe surfaceunder a similar or even bet-
ter angle.

If only view q; wasto be usedas a sourceimage
for the new view point q° then many gapswould
occur in the destination image. However, in the



setting of a Lumigraph, one of the four neighbor-
ing original views, in this caseq,, usually seeghe
surface under a similar if not better angle than
the destination image. Thus, the number of gaps
from this causetypically is also smaller than in a
more general setting.

To Il any remaining gaps, we employ a hierar-
chical approadch. Instead of generating only one
imageat the nal resolution, we generatea whole
pyramid of images,where eat level has half the
resolution of the previous one. This pyramid re-
senbles a mipmap [Wil83] of the destination im-
age. Warping to such a mipmap is inexpensiwe:
let (u%v9) be the warped pixel position accord-
ing to Equation 1 or 2 for somepoint. Then the
pixel positions for the lower resolution imagesare
(u%=2; v®=2), (u®=4;v°=4), and so forth.

This way, ead of the four sourceimagescan be
warped into one such pyramid for the new view
point. These four pyramids are then combined
into one nal imageusingthe following algorithm:

mergelmages( src _img[4] )

foreach pixel i
f

dest z[i]= far plane distance
layer= lowest resolution layer
foreach image j

f

if(  jdest_z[i]-src [l j< )
f

dest _img[i]=
blend( dest _img]i],
src img[j]lil )
layer=min(layer,layer]j [|)]
g
else
if(  layer=="layer[j][i] )
f
if( dest_z[i] < src z[]li] )
dest _.img[i]= src img][j][i]
g
else
f

if(  layer > layer[j][i] )
f

dest .img[i]= src img|j][i]
layer=layer[j][i]

This algorithm performsthe following operations:
if the z values of the pixels from multiple pyra-
mids are almost identical, the color values are
blended to accommalate for changesin surface
color due to non-di use re ection characteristics.
If the depth valuesdier, but the pixel informa-
tion comesfrom the same layer in ead of the
pyramids, then the closestpixel is selected. This
correspondsto a normal z-bu er algorithm. Fi-
nally, if the layers dier, then the pixel color
is taken from the highest resolution layer avail-
able. The reasonfor this is that information from
higher resolution layers is more reliable than in-
formation from lower resolution layers, which are
only usedto Il gaps.

Although a z-bu er is required for this combina-
tion step, the warping algorithm for generating
the pyramids doesnot require a depth test if the
pixels are warped in the depth preserving order
preserted in [McM97]. In this case,the warping
only has to set the depth bu er for ead pixel,
but a depth test is not necessary

4 Results

For the purposeof evaluating the quality and per-
formanceof our algorithm, we have created Lumi-
graphsfrom two synthetic scenedepictedin Fig-
ure 6. The rst sceneconsistsof a little airplane
without textures. The secondscenecorntains an
elephart with a procedural wood shaderapplied.
The visibility of both scenesis rather complex,
and both areray-traced RenderMan objects. The
baseresolution Lumigraph contains 4 4 images
of size256 256.

Figure 6: The two scenesusedfor compari-
sonpurposes.A simple airplane, and a tex-
tured elephan, both with a rather complex
visibilit y.

The rst criterion for the quality of our warping
algorithm is the number of holesthat needto be
lled by the pyramid warping approach. This is
best depicted by showing the depth image of a
warped view where only the highest resolution
layers have beenused(Figure 7). The holesshow



up as small dots in the indicated regions. It can
be seenthat there are only very few holes, and
sincethey only consist of isolated pixels, they are
easily lled using the secondlevel of the image
pyramids. In the examplein Figure 7, the number
of pixels where this had to be done was sewen
for the airplane. Due to the increasedgeometric
complexity, the number of holesfor the elephart

lies between v e and twerty. Note that, although
parts of the elephart's badk are coveredby its ears
in two of the sourceimages,the other two source
imagesare ableto Il in this missinginformation.

Figure 7: Top: combined depth image of a
warped view where only the highest resolu-
tion layersof the pyramids have beenused.
Holesare markedwith black circles. Certer
and bottom: sourceimagesused for warp-
ing the elephart.

In order to evaluate the quality of the warpedim-
ages,we comparethem to both ray-traced images
and imagesgeneratedusing the quadri-linear in-
terpolation (Figure 8). Due to the large parallax
betweenthe sourceimages, the interpolated im-
agesexhibit strong blurring and ghosting e ects,
while the warped version is almost indistinguish-
able from the ray-traced image.

The warping of these256 256 imagesproceeds
at more than 8 images/sec. on an R10000 SGl
02, while the quadri-linear interpolation using

Figure 8: Top: imagesgenerated through
guadri-linear interpolation from four source
images. Cernter: ray-traced images. Bot-
tom: imagesgeneratedby our warping al-
gorithm.

the graphics hardware on the same machine is
morethan 3times asfast ( 30frames/sec.). Ray-
tracing takesseweral minutes for ead of the two
scenes.These numbers show that our warping as
a stand-alone method is almost fast enough for
interactive viewing, with an image quality that
is very much comparableto ray-tracing. On the
other hand, the location of the view points is of
courselimited with our method.

The nal criterion for the evaluation of our ap-
proach is the improvemert of image quality when
quadri-linear interpolation is applied to a re ned
Lumigraph. A comparisonis depictedin Figure 9.
It showvsimagesreconstructedfrom the 4 4 Lu-
migraph of the elephart, and from a re ned ver-
sionwith 13 13images,aswell asa sequenceof
resolutions for the airplane 2 2,4 4,7 7,
and 13 13images). As canbe seen,the ghosting
and blurring artifacts are dramatically reduced
with increasing Lumigraph resolution. Indepen-
dent of the Lumigraph size, theseimagescan be
rendered at full screenresolution at roughly 20
frames/secondon an SGI O2.



5 Conclusions and Future Work

In this paper we have proposeda warping algo-
rithm that is tailored towards re ning the resolu-
tion of Lumigraphs. Due to the special geomet-
ric structure of this setting, this warper is able
to generate new, high quality imagesat seweral
frames per second. The re nement of the Lumi-
graph drastically improvesthe quality whenusing
the e cien t quadri-linear interpolation for gener-
ating imagesfrom arbitrary view points.

Using morphing to re ne a Lumigraph has two
important advantages over generating a higher
resolution Lumigraph to begin with. First, the
requiremerts for storage spaceand transmission
bandwidths are minimized, and in many caseghe
loading of the data set proceedsfaster (warping
an image is often faster than loading an uncom-
pressedimage of the same resolution over Fast
Ethernet). Secondly the acquisition of lower res-
olution Lumigraphs is lesspainful and time con-
suming than the acquisition of higher resolution
ones.

At the momen, the warping is only used as a
preprocessingstep to increasethe resolution of
a Lumigraph to a xed size during the loading
from disk. The new eye points are always placed
on a uniform grid. In the future, we would like
to adaptively re ne the Lumigraph in those areas
which are particularly important for the current
user interaction. A cache of the warped images
will make sure that locally even higher resolu-
tions will be possiblewithout requiring excessie
amounts of memory. We also plan to investigate
compressionissues,especially the compressionof
the depth values.
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Figure 9: Top: quadri-linear reconstruction from a4 4 and a 13 13 Lumigraph. Center and
bottom: quadri-linear reconstruction from 2 2,4 4,7 7,and 13 13Lumigraphs. The 7 7
and 13 13 Lumigraphs have been generatedvia our re nement algorithm from their respective

4 4 versions.



