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Abstract

A mmber of techniques have been proposed for flving
throush scenes by redisplaying previouzly rendersd or dimtzed
viewz. Techmque: have also been proposed for imterpolstne
beraeen viens by warping input imass: uzing depth mformation
or comespondences betoeen multiple imams:z. In this paper, we
describe 3 simple and robust method for senerating new views
from arbitran camers positions without depth infonmation or faa-
Ture matching. amply v combinms and resampling the available
mnaze:. The kev to thiz techmgue lies in interpreting the impnut
mmagsz as 10 slices of a 4D function - the light fisld This func-
tion completaly characterize: the flow of hoht throush umob-
structed space I a static scene with fixed illumimation.

We describe a sampled reprezentation for Lizht fields that
allows for both efficient crestion and display of imward and out-
ward looking views. e have creatsd bzht field: from larze
arravs of both rendersd and dizitized mmazes. The labter are
acquired usmg a video camera mounted on 3 computer-conirollad
gamirv. Omce a lizht field has been reated, new views may be
constructed m real time by exiracting slices in appropreate direc-
tions. Since the success of the method depend: on having a high
sample rate we describe a compression svstem that is able to
compress the lght fialds we have genarated by mmore than a factor
of 1001 wath very lttle boss of fidaline. We also addrez: the issues
of antizliazing during creation, and rezampling dunne =lice extrac-
ton
CE Categories: 1532 [Comyputer Graphics]: Picture Tmage CGener-
ation — DXpitming and scavpeng, Fewmg algoriions; 14.2 [Com-
puter Graphicz]: Compreszion — 4roroximare method:
Additional keywords: masze-bazed rendennaz, hzht field, hobo-
graphic steraparam vector quantization, epipolar analyvsiz

1. Introduction

Tradittionally the mput to a 3D sraphics sy=tam i a scene
consisting of geornetric primitives composed of different matarials
and a zet of light:. Based on thiz mput specification, the rendaring
sviem compates and outpuis an image. Facently a new approach
to rendering has emerged: mmage-bared renderiig. Image-bazed
renderime svztems penerate different views of an emviromment
from 2 et of pre-acquired imagery. There are several advantases
to this approach:
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» Ths display zlzomthem: for image-bacsed rendering require
modest comypnrtational respurces and are ts surtable for real-
time mplamentaton on workstatons and perzonal Ccomyputers.

* Ths cost of mteractively viewing the zcane is independant of
scens compleraiy,

* Ths zource of the pre-acquired fmass: can be from 2 real or
virmal amviromment Le from digitized photosraphs or from
renderad models. In fact the two can be mixed togethar

The forenmner to thes techniques is the use of emviron-
ment maps 0 caphme the mcomung lisht m a3 tovure map
[BElmn74, CreensiS). An emviromment map records the meoident
lght anrmms from all directions at a point. The onginal we of
amironment maps was to efficiently approximate reflections of
the amwirommant on a surface. However, smvironment maps also
may b= usad to guickhy display amy ouwtward looking view of the
emvircrmment from 3 fived location bt af a vanable onentation
This is the hazis of the Apple QuickTimeVE svotem [Chen05]. In
thiz syztem emviromment maps are created at key locations in the
scene. The user iz able to navigate discretely from locabion to
bocation, and wihile at each location contmuously chanzs the view-
ing directi

The major imitation of rendaring systems based on ami-
ronment maps is that the viewpoint iz fixed Ome way to ralax this
fixed position constraimt is to use view imfarpolstion [Chen03,
Creene®d. Fuche04, Mchhllan®3a Mchbllan®5h, MNaravanan03].
Delost of these methods require a depth value for each pixel m the
emiromment map. which 1= easihv provided if the emviromment
map:s are synthetic images. Given the depth value it =2 pozable to
reprojact points i the emvironment map from differsmt vantaga
points to warp betneen nmiltple images. The kev challenze in
thiz warping approach iz to "fill m the zaps" when previously
occhaded areas becotne vizible.

Another approach to imberpolating betwesn  acquired
mage: i to find comresponding peint: m the towo [Laveauld,
BIchhllanQ5h, Seizd5). If the posittoms of the camers:z are
Inoom, this iz egquivalent to finding the depth valoe: of the corre-
sponding pomis. Autormatically findime comrespondences between
pairs of imamas is the Claz:ic problem of sterao viston, and anfor-
fairhy frazile and mav not always find the comect comrespon-
dances.

In this paper we proposs a new technique that 1= robust and
allons pmich more freedom i the range of poszible views. The
major idea behind the technigue is a representation of the lgfr
Jfield the radiance az a funchon of positon and direction in
regiomns of space free of occluders (free space). In free space, the
light field & a2 4D, not a 3D fiunction. An image is a o dimen-
zional zlice of the 4D light field. Creating 2 lisht fi2ld from a st
of itages corresponds to meerting sach 21 slice into the 410 light
field reprezemfation.  Similariy, generating new views Correspomnds
1o exiracting and resamplms a shca.



Crenerating 3 new mmage fromm 3 light field i= quite different
than previous view interpolation approaches. First the new imaze
iz generally formed from mamy different piece: of the orzmal
input imazs: and need not look like amyv of them Sacond no
modal infonmation such as depth values or mmage coaTespon-
dence:z iz needed to exiract the Image values, Third Dmags gener-
ation orohves only resampling. & simple linear process.

Thiz reprezentation of the light fisld iz similar to the epipo-
lar volames used in computer vision [Bolles87] and to horizomtal-
parallax-only holographic stersosrams [BemtonS3). An epipolar
volmms is formed from an amray of images created by ranslating a
camers in egqusl morements in 3 angle direction. Swch 3 reprezen-
taiion has recemtly been used to perform view imberpolation
[Eatayama®s]. A holosraphic sterepsram is formed v exposing
a piece of film to an array of images capturad by a camera moving
spdewavs. Halle has discuszzed how to set the camera apertore to
properhy aoguire imases for holosraphic stereperams [HalleD4],
and that theory iz applicable to thiz work. Gavin Miller has also
recognizad the potenmtial svnerey betivesm true 3D display tech-
nolomies and comypater sraphics alzorithons [WillerD5].

Thare are ssveral major challenzes to uzing the light fald
approach to view 3D zcemez on a graphice workstation First
there iz the choice of parameterizabion amd reprezentation of the
light field. Felated to this is the choice of zampling pattern for the
fiald. Second, thers iz the 13sue of how to generate or acquire the
lizht field. Third ther= iz the problem of fast generation of differ-
ent views. This requires that the slice representing ravs throush a
pomnt be eazily extracted. and that the shice be properly resamplad
to avoid artifacts in the final msss. Fourth the obvious dizadvan-
tage of this approach &= the larpe amount of data that mayv be
required Imburtvely one suzpects that the hight fisld iz coheramt
and that & mav be compreszzad sreaily. In the remaining zsctons
we dizmss theze izzmes and our proposed sohrtions.

2. Representation

Ve define the light field a= the radiance at a point in a
gnven direction. Mote that owr definibon 1= equisalent to the
plenopric flmction imtroduced by Adelzon and Barpen [Adsl-
son®]]. The phraze lisht fizld was coined by A Gershnm in hiz
classic paper dezmbing the radiometnic properies of Lizht in 2
space [Gershum34].” Mchillan and Bizshop [MchJillan®Sh] dis-
cuss the represemtation of 3D light field: a2 a et of panoramic
imsze: at different 3D locations.

However, the 5D reprezentation may be reduced to 4D in
free space (regions fres of occhaders). Thiz iz a conzaguenca of
the fact that the radiance dos: not change alonz 3 line unlass
blocked. 4D light field: mav be intarpreted 3= functions on the
spacs of orlented lines. The redundancy of the 3D reprasantation
iz undesirabls for two reasons: first, redundancy mcreaze: the mze
of the total datazet amd second, redundsncy complicates the
reconzimaction of the radiance fimcton from its samples. Thiz
reduction in dirmenzion has been uszed to smmplify the reprezenta-
tion of radiance smitted bv haminaires [LevinTl, Aszhdown93].
For the remainder of thiz paper we will be onhv concerned with
4D lizht fisld=.

' Fur thuse Familisr with Genhun’ paper, be sclually uses the loem light ficld w
mcun the irrsdeam:c voctor as 2 luncts
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Althoush restricting the validity of the representation to
fres space mayv zeam like 3 imitation, thers ars two COMERON Sim-
ations where tus assumption iz usefol First, most geometnic
models are boundsd. In thiz case fres space is the region outzida
the comvex hull of the object, and hence all viewsz of an object
from outzide itz comvex hull may be generated from a 400 light
field. Second, if we are moving throush an architeciural mods] or
an omutdoor scene we are uzually moving throush a rerion of free
space; therefore, amyv view frotn insids this region, of objects out-
zide the reston. may ba gensratad.

The major iz=ue in choodsims a representation of the 4D
lght field iz how to parameterize the space of onemted limes
There are zeveral izmues in choosing the parameterization-

Effvcent calkculation. The computation of the position of a line
from itz parameters should be fast Dore importanily, for the
purposas of calculating new visws, it should be easv to compute
the line paramsters siven the viewinz transfonmation and a
pixal location.

Control over the et of imex. The space of all lines 1z infinits
but only 2 fnite subszet of line space iz ever neaded. For exam-
ple, m the caze of viewing an object we need only lines imter-
2ecing the comvex mll of the object. Thns, there should be an
Inwitnve connecton between the actnal linss in 3-space and line
parameters.

Uniform samplmg. Gren equally spaced zamples i line
parameter space the pattem of lines i 3-zpace should also be
uriform. Inthis senze 3 uniform :ampling pattam is one whers
the wumber of lme: In misrvals betwsen samples is constant
everyivhere. MNote that the correct measure for munber of lnes
1= related to the form factor kemel [Shert®3].

The solufion we propose i to parameterize lmes by thedr
mierzections with towo planes in arbiirary pozition (see figure 1)
Bv comention, the coordinate systern on the first plans is {u, v)
and on the zecond plane 1= (5, 7). An onented line iz defined by
commacting a point on the w plane to 2 point on the =t plans. In
praciice we restrict ., v, 5, and ¢ to lie betovesn § and 1. and thus
points on each plane ars resiricted to lie within 3 comees quadrnilat-
eral e call thie reprezentation a figir slab Inhotoeely, a licht
zlab represents the beam of light entering one guadrilateral and
exiting ancther quadrilateral

A nice fosture of this representation iz that one of the
plans: mav be placed at infinity. Thiz is comenient zince then
lines may be pararmsterized by 2 point and a direction. The latter
will prove usaful for constructing lisht field: either from ortho-
graphic image: or mmages with a fixed fisld of view. Furthemmors,
if all calculations are perfonmed using bomogenecw: coordinates
the two cases mayv be handled at no additional coxt
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Figure 1: The light sl2b represemiation
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Figare I: Definition of the lins space we uss to visuzlize wats of Hight rns
Each onented e in Camzsian space {2t 1eff) 1= reprezented in lms spacs
(at right) by 2 point. To simplify the visoalizations, we show only ines in
1T, the extension to 3D is straishtfornard
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Figare 1: Usinz line spacs %0 visualize ray coveraze (2) shows 2 sinsls
Light slab.  Light rays (drawm i zray) coneect points on two definine lines
(Eraan in red and zreen) () shows an amansement of four rotated Coples
of (2). () and (d) show the comesponding line space visualizations For
arzy sat of limes in Cartesiam space the emelops fonmed by the commespond-
IE poipts m lme space indicates owr coverazs of positon and direction;
pdeally the coverass should be complete In & 2nd 25 wide a: possibla i .
As thesa fimures show; the sinsle :lab n (2} doss mot provide full coverzss
i &, but tha four-slab amansement in {C) doss. {C) is, bowsser, namos in
r. Such an amansement iz suitable for inward-looking views of 3 mall
object placed af the arizin It was ued to generate the lion Hght field in
fimare 14d

A big advantage of this representation is the efficiency of
geqtmetric caloulations. hiapping from (© v) to pomts on the plane
is 3 projectve map and miolves onby linear alpebra (pmlbhplying
bv a 53%3 matrid). More importantly, a2 will be dizcuzsed in sac-
tion 5, the merse mapping from an image pitel (x,¥) to
(L, v, 5, 1) iz also 3 projecinve map. Dlethods using spherical or
cvimdrical coprdinates reguire substantially more computation.
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Fizure 4: Using line snace to vismalize sampline woifmdty, (2) shoas a
light slab definad b two lines at rizhs angles () shows 2 light slab where
ore dafining line iz at nfmity Thiz arraneement senerates ay: passng
throush the other defining line with an ansle betneen -43° and H5°. (k)
and () show the comesponding line space visalizations, Ourwse of (r, 5)
to parameterize line space kas the propesty that aqual ars2s in line space
correspond to equally demze sampling of pesibon and orjentation in Carte-
gan spare; ideally the demsity of pointx in line spare shonld be mifeom
Az thesa fisures show, the sirsnlarits 2t the comer in {2) leads to a kighhy
neemmiform and therefore mefficient sampling pattern, indicatsd b dark
areas in () 2t ansle: of ( and -2, (L) senemtes 2 mars mifom et of
limes. Althoush (£ does not provide full coverage of 5, four rotaed
copies do. Such an arramzement iz oufable for outward-looking views by
an absamver stamdins near the onizin It was wsed to genemie the kallamy
lisht field im fizure 14c

Manmv properies of light field: are eazier to understand in
line space (fizure: 2 throush 4). In line space. sach omented lins
1= represanted by a point and each set of Imes by a remion. [n par-
ticular, the set of hnes represented by 2 lizht zlab and the sat of
lines mterzecting the comex kull of zn object are both resions in
line space. All views= of an object could be generated from one
Light slab if its 22t of lmes include all Ines interzacting the comeex
bull of the object. Unforbmately, thiz iz not poszible. Therefors,
it take: multiple light zlabs to represent all poszible views of an
object. We therefore tle line space with a collechon of light
zlabe. as shown in figore 3.

An important sue related to the parameterization iz the
sampling pattem. Azsaming that all views are aqually likely to be
generated. then amy Ime iz equally liksly to be nesded. Thus all
regions of ne space zhould have an equal demerhy of zamplas.
Figure 4 shows the demerty of samples in line space for differsmt
arrangements of slabs. MNote that no zlab arransement 1= perfect:
arrangements with a simgalarny zuch a2 oo polyeons jommed at a
cormer (4a) are bad and should b= avoided, whersas slabs fommed



