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Abstract

Light fielel rendeting is an image-ha;secl rendering method first explicitly clescritred

in 1996. The light flelcl fuuction cleterrnines the r,acliance,, or colour, seen a,long

any raiy into or out of a Eicene. It is a ftrnction over a 4D space of dircrted lines.
lvvith sonre restrictions on the placemcnt of tlrc evepoint. a}nost any view of the
riceile eraru be rer:retrted bv sarnpling the liglrt field fiurctiorr frrr even' rav thztt goes

tlrlough ttre cyepoint ilu<I tlre scene. In prnctiee, the liglrt -fiel<l furrctiott cortsists

of dircrete saunples obtainetl either plrotographi<:ar,llv usiug tr ealiLra,ted c4.utera

setup, or fi,oul courputer-generate"d hnagery. Liglrt fiel<.I rerxlering is a purely
ilna,ge-ber,sed rerrrleriug tochrriclue. No georrretric inforrnzrtion nllout tlte st:ene is

reqrtired or'<lerivecl in the process.
,Although potentialll" capable crf creating photoreallstie renderings qtrickly,

light field r,endering ha^s seen little use in either the resealch eommuuity, or the
wider graphics world. 'Ihe reasonrs may be traeed to a mrrnber of weaknesses and
limitatious in the methocl, which rna.ke its use impractical.

'I'his thesis explores ancl irnproves llpon several tutpec'ts of light fielcl renrlering,
with the ainr of rnaking it a mor.e practical me&ns of irnage-basecl rencleting. The
main contributiorrg are:

o Better 'interpoltrtion using a focal distance for irnprovccl rcnclcring qualir.r*.

r lncorporrr.ting clepth in-formation in the light fiekt.

o A light field parameterisation which ellcompasscs the entire light fiold seene

within a singlc structure,

r Creation ancl renclering of eompressecl liglrt fields using the standiud NIPEG
video encoding scheme.

r Usc of lig'trrt fields as & sccne clerncnt in combiuation with polygon rcndering.

T he rnost important contribution of this thesis is thc u$e of light field rendering
in combintr,tiou with auother rendering raethod, namely polygon rendering. A
scene ca,n bc, composcd using both polygon ob;iects and light fields. Light fields
can intersect with other liglrt lields or with polvgonal otrjects. aud still be rerulered
in a clrlsi^sterrt rnanner frour all view dir:ectiorrs. This de.tronstrate$r for the first
tirue, that Iight fielcls celn be used aH parrt of a geueral rencieriug systern iu r.l

practicar,l rnailner.



Vt



Thanks

First of ,all I thauk ruy supervisor Dr. Richarcl Lolrtr, I'rt sure this thesis has

takeu quite al bit lorrger thaur any of ns arrticipntxl, so I"ur gratefnl you let tue do
ury thiug witlnrut getting ou my track too much.

i\Iaruy thanks also go out to all the ureuilrers of the Gr*Jrhics Grorrp paot and
preseiltr. Not onlv hal'e the.y giverl rne dift'e.rrcnt insights into nrv o*-rr wtrrk, bnt
have alqo exposed me ter mary cliffetent corners in the weirel ancl wonclerful won*ld

of eomputer graphics.
I thank the Internet fur being an enclless sortree of inf'ormation. I also cruse

the Internet. for lring an endless sollrce nf infbrmation.
N1[y parents, of course. are due an infinite amount of gr*titurles for thpit

unbouudecl lovc and support,
Lastty I like to tharrk myself, {br sticking wit}l it, eveu when thc task lookecl

nCver-ertreling.

vu



Viii



Abstract

Thanks

Contents

List of Figures

List of Tables

Contents

xlx

vu

tx

Introduction
1.1 P'riuritirr+s
7.2 Pol,vgon \Ioelelling and Reurlering . ; . . .

1.3 Enhancement through ima,ges

1.4 Luage-based rpoclellirr,g and r:eudering . .

1,5 Plenoptic Nlodelling
1.6 Light Fields
7.7 Other'work ou Light Fielcls

L.7.L Light slab mathe,ruaties
L.7,2 Changing illunrination of light fielels

1.7.3 Alt<;rnative ptuaureterisatiorrs
L.7.4 Ilhrmination with liglrt fielcls

1

I
1

2

2

b

6

I
8

8

l.7.tt Editiug of hg
1.7.6 Sur{ac'e light

ht fields
fiekls

I
l0
11

t2
L21.8 Aborrt. the thesis

Light Field Rendering
2.1 Introduetion
2"2 Accluired and gcnerated light fields
2.3 Tlre light slab paraureterisertiou
2.4 Light fielcl clata stnrctrue

15
15

15

l6
L7

lx



Car,utents

2.5 Crcating a light slab 19

2.6 Light field rendering approaches . . . . 23

2.6.1 Light ficld rendering througlr raytraclng , ! . . 23

2.6-2 Textureruapped liglrt field renderin€ . 24

2.6.3 Light field rende.ring by post-processing 25

28
28

2.7 ResaruJrliug the light field
Neighhrour resampling
(u, o), 1s6*upolation

i.s, t) irfe.rpolation
2:7.4 Ul,' versus ,9T resolution

?.8 Concltuiorr

Focusing in Light Fields 35
3.1 i\I<ltir,'atiorr . 35

3.2 Focns,in light fields . , . ., . 35

3,.3 UVtl clepth deteruni.urltion

3t.4 Resrilts ,i.!;.,. 38
3.5 tight fielcls and,opties

J.5.1 'I'hin convex lenses

3.5.2 Dcpth of field 45

3.6 Corrclusion . 46

2,7.I Nearest
2.V.2 Bilihear
2..7.3 Bilinear

un-age Flow in Ligh-t Fields
4,1 lilotivation. .!.r
4.2 Ptobleurs &nd a,ppr.oa;ch .

4.3 Re,la,tecl work
4.4 Image flow in light fields
4,.5 Light fleld rcnd.ering using image flow .

4.5.1 lrnage flsw for interpolation
4.5.2 Scanbackward r. i ..; ..
4.5.3 Flow forrrard
4.5.4 Tearing

4.6 Iurplernentation
4.6.1 Recorr.stmction
4-6.2 Scan backward implementation issues
,1.6.3 Flow forwar:<l imple.rnentation issues . . , . .

4.7 Results

4.7"I Scau trruckw'arcl

4,.7.2 Flow forward
4.7.3 Specular highlights

29

30

30

st

4T
47

48

48
49

5l
51

51

52
ED

56
56

58

58

61

61

62

62

634.8 Couchmion



Cortter,fia

Canonical View Encoding 67
5.1 Nlotivation ;r.. ...i: 67

5.2 Probleurs,a,nclapproach e. .. 68

5.3 Re,latcdworlc .: .. i !.i 6E

5.4 The Canonical View 69

5.,1J Constrtrctitg the canonical view 69

5.4.2 Generatiug a new view . 70

5.5 Rendering issues

5.5,.1 Rerxxrstructi,nr 7L

5.5.2 0cclusion 72

5.5.3 Progresrsive lcndering . 73

Cauronical view r:ornpre-.ssiou 73

5.6,1 Reclundaney.. 73

5.6.2 ilble-r:ance regiou-s

5.6.3 The compressionproblem .., i V4

5.6.4 Corulrressiontrlgoriithrn$i i . ,. T6

Results :... 76

5.7.L Comparison between greecly ancl FCFS 76

5.7.2 Effectiveness of rourptession 78

5.8 Conclusion . 82

The Spiral Sphere-Plane Patam,eterisation 83
6.1 l\Iotivirtion 83

6.2 Problenre a,ncl tr,pproach . 84

6.3 Tlre sphere-pkr,ne parnrneteristr,tiou 85

6.4 Creatiug sphere-plane light fielcls 86

6.5 Sampling strategy 86

6.5.1 The Gerreralised Spiral Set . . 87

ti.5.2 Distributionof GSSpoints , .. . i i 87

6.6 Render:ing with the sphere.'plane pararneteri.sation , 89

6.6.f Construetingenewview. ...... 89

6.6.2 lUatheur,atics of splrere-plane liglrt field terrdering 90

6,7 hmpleru*eutation .!.,.!r.,... 92

6.7.I Using nearest sample* gz

6.7.2 Determiifug nearest santples gB

6.7.3 Interpolatic,rn .!.; 94

6.7.4 Redrrcing computationnl cost 94

6.7;6 Orthograpilric rendet:ing 98

6.8 Re.sults 98

6.9 Coneltrsion 98

)il

7L

o.o

f).7



xii Gonftert*s

MPEG-Encoded Light Fields L01
7.I Motivn&ion i!.! 101
7.2 Probleurs and approach. . l-01

7.3 Related wotk . 102
7.4 I\IPEG video eonrpression: a primer

7.4.t Ahierarchl'of layers: .. r i . r.L. ..; . r

7.4.2 lvfacroblocks . .

7.4.3 DCT cocling aucl quantisation
7.4.4 DC component differ:eucing
V.4.5 RLA arrd Variotr.le'leugth encoding
7.4.6 Nlotionestimation
7.4.7 'Ilpes of franres 106

7.5 Encoding light fiekls as ITIPEG vic{eo 106
7.5..1 Solvirtg the acress problem
7.5.2' Placing restrictlotrs
7-5.3 Nlacrobtrock inclet aud quantiser scale tables 108
7.5.4 DC eonrponent differential 108

7.6 Usingl\IPEc<:ompressedliglrtfi.elds . . . . . . i . 108
7.7 tarmpareucy 1()g

7.7.1, Lurnirranee \rersus alpha 111

7.8 Implernentation 1L2

7.9 Results 113
7,l0Conclu"slon r....ri 116

103

103

103

104

10,5

105

105

8 Conrbining Llght Field and Polygon Rend.ering
8.1 l\Iotivation
8.2 Probleum and approach . ,

8-B Light ffelds iu pol.ygon sceuc$

8.4 Br,rckgroucl rerrurval

8.5 Impostors
8"6 Inter,se.cting Light Fields

8.6.1 Nlicro-surfaccs - .

E.tt.z Intersecting liglrt fields w:ith uricro-surfaces
8.6.3 Some sirr,rple enamples i . . i

8.6.4 An approximat{on to light field inte.r ecrt,ion

8.7 Implementation
S.7.1 Light field intersection irnpleruentation
8.7.2 Renderiug the ligtrt fieid slices

8.7.3 $hadows
8.7.+ Light fields intersecting with terrain
8.7,5 N,lulti-pass rendering algorithfir

8.8 Erroranalysis ... i

E.8.1 Statistieal error analysis

119
1r_9

120

120
L?L
122
L22
123

r27
132

137
13V

138

141

143

L44
145

146

150



('otttt tr,ts

E.9 Rcsrtlts
ti.l0 ('on<'ltisiotr

Clonchsions

When is orthographic good enough?
A.l Irrtlorlrrctir)ll
A.2 Lirniterl testttt'r, t'esolttt iutt
A.3 [,irrrirecl <lislrlilv t'esoltttirttt
A.l Lirrrit.rrl lisht ti('l(l n'solrttiorr
A.5 Sutttutirrr

Bibliography

xltl

152

l5-t

ll:7

163
It),j

l(i.l
I (itt

107

i69

777



xiv Cort"tert,t.s



Li,st of Fi,gures

Inrage flcrw clue to earnera uroverueut
The orclering of points .4 ancl B as sccn ftonr the catncf,& is dcter-
.m-incd b5r their relative position,as pr:o.iected on tho source cylinder 6

l.r
it_.2

2.1
2.2
?.3

2.1
2.5

2.6
2.7

2,8
2.9

2.10
2,LL

2,12
2.13

2,L4
2.15

?.16

2,I7

trght slab representation of a light field .

L+gtt slab e:amern arrd scene spaees

1'he field of view of n light slab
Aeqriiring a light fielcl .

Algorit,hmic or,'erv'iew of crreating a light slab .

Gererating a light fielcl r.r"sing a sheared perspective . i . .

Algorithmic ovewi,em o'f creating a light slab with,sheaLrecl per$peo-

tive .

Renclering a view of a light slab ,

Light fi.e.lcl rendeling tusing a pcr-st-processing urethod
Algorithnr tor light fieltl render:ing through post-processiug
Ne,arpst Neighbour
Biline.aruv . .. r i

'I'he mosaic effect of nearest neighlrotu resaurpling
Bilinear' [ry, UB x 128,9?'resolntiorr .

Bilinear [/V and S'?. 128 x 128 $'?'rescrhrtioll

Quantisation during resa:rrplling ean cftnse apparert scan dire.ctio-n
to e,hange
'I'lre effects of wing clifferent UV and 517'resolutions

t7
L7

18

2A

2l
22

23
24

26

2T

29

29
w
30

30

31

32

36

37

39
40

3.2

3.3
3.4
3.5

3.1 Simple bilir.lear iuterpolation causes the lays associated with ttre
knowu neighboru light field samples to diverge
'I'he effect of diffe.rent focns clistances d

-Renderings of fuht fields focrused with miniurum disparihy"

Dynarnie ch.auge of fc,rcrm a.s vieNr move,s,finm near to far object
An icleal thin convex lens focuses paralleJ rays to a point at a given
focal length I fro-m the lens

xv

42



xvl List at Figures.

A thin eonvex lens as a light field
Relatiouship betweelr coordiuates of two light fields separated by
a di^sta,rrce cl

The relation between flow ancl depth of a point P in the scene
Thc relation bcffeen UV and ^97light field intersection points for
sorne eamera position

4.3 With tearing, shown iu gre..en

4.4 No tearing visible, using reconstnretion
4.5 Scan backward pseudo-codc
4.6 Flowfor:wardpseudecode r .. i ..
4,7 OpenGL rendering of the tricycle- seene

4.8 Light field rcnderecl using q;r.tadrilinear colour interpolation
4.9 Result of the scan backward ruethod
4.10 Result oJ the scan tiackwarcl rnethod wtth hole filling
4.11 Rcsult of the florv forw,arcl rnethod
4,12 Flow forn'ard, using |tlr of the sanrplesi

4.13 Rendering from a teapot liglrt fielcl with specular highlights - .

5.1 Example of tenring for a view with a camera off the LIV plane
5-2 Sce.ne rendered using tlre rec,onstruction method, with fi.lter size

conectecl for tenriug
5.3 So,me samples and their a"ssociated tolerance regions plottecl in

paramet-er Bpace

5.4 Cornparison bctrveen Greecly and FCFS compression for the tricy-
cle sceue sanrplecl trt 4 x 4 x 256 x 256

5.5 Tricycle rmrdel, rerrrdered usirrg OperiGL
f.6 A view of the tricycle c,ornputeel frorn a canonieall viex encocled

light field
5.7 Latticc model
5,8 A view of the lattice eotr:lputed frour a canouical view errcodecl liglrt

field
59 Nur,nber

in tIV
of cornpressed sampXes vel sll^s the mrn:rttrer of sample points

5.10 Compross,ion ratio is linea.r,ly relateel to the nurnber af UV sample
points

6.1 Geouretry' of the sphere-pla,ue pnrermeteribtrtion

6.2 GSS rrersrm subdivision comparisou
6.3 Camera parameters used for spherc-plane light fields
6,4 Cornputing the arc-tangeut using ar, lookrrp table curtaining one

octant
6.5 Renderinge of a sphere-plane parameterised light fielcl of a tre.e .

3.6

3.7

4.1

4.2

43

44

50

53

57
o(
59

60

61

61

62
62
63

63
64

72

72

/l)

tt
78

78

79

79

80

81

85

88
90

97

99



List of Fig'ures xvll

V.l Ovcrview of creating and usiug I\IPEG enc:oded light ficlds Lg2
7.2 Ba,sic strr,lctrue of a,rr IWPEG vidEo strearn . . , : . 104
7.3 Algoritlrur for decoding hIPEG encorle<l liglrt fiekls 110

7.4 A novel view of the Buddha, clntaset courpr:essetl nt wu'irrus bit-rateis 114

7.5 Sorrte views geuer,ated fi'orn tlre I\,IPEG corupressed fish tia,truet . . [17
7.6 Tree wit:h p*rtial tra,nsptrrencies 118

7.7 Closeup renelering of tree 118

8.1 Problerus with intersectiug liglrt fieirls
8.2 Nlicro-srrfaces can be thought of a.s a partial ernss-section split

into pieces

124

8.3
8.4
8.5
8.6
8,7
8.8
8.9

8,10

8,11
8.12
8.13
8.14
8.15

.A,.1

4.2

A.3

A.4

Sche,matic of a beam pausing throlrgh two light fields
A light field i.s rendererl es a nrurber of reetangular slices
Each stack of slices is oriented parallel to the image plane
Regions of spacc rcprcscntecl by slices
Two light fielcl instances intcrsecting using slices .

Addiqg cont,r'ibutions of slices may rcsult in missotl segmcnts
.A.pplying a shadow visurrlly anchors an objcct such as a troe to a
plaee in a scerre,$uch as a terrair
i\ftrlti-pass rendering stages to combine polygon ancl light fie]el ren-
tlerilrg
Corttour plot of rnaxiuuun error iu fi.nal alplrn
Contttur plots of error iu ct>ntributioll
Contour plots of errr:r iu eolour contributir)u
Error d,istribution ,ftrr ra,udoru l,ight fields coufigura,tiorrs ,

Island fly'over irnages

Difference between projection of a point within a ligtri fieJd rrsing
peJsp:ective ancl orthographic ureth<.:ds, texture resolution lirnited ,

Differ,ence hetween projection of a poi,nt, within a light field u.sing
per,spe{tive and orthogr:nphic methods, drsplay resolrrfinn lirnitecl .

Differ:ence bet'ween projeeticm of a point within a light field usitrg
perspective ald orthographic rnethocls, light field resolution limitecl
rl,1,,o* for a tvpical liglrt ficld rcndcring uncler various lilniting con-
clitiorx

r25
127

r38
138

130

140

141

143

147

148

149

151

153

155

164

r66

168

169



xvlll List af Fi.ctulcs



Li,st of Tables

5.1 Compudson betweerr the greeclv and FCFS metltods for variorw
vtr,lues: of global toleraurce rr . . . 7'5

5.2 Comprrrison betrn'een geerly aucl FCF$ with siniiLu compression
rntios 77

7,L Sizes s,rd ertror uleewurelrentu for tlrc Bucltlha liglrt field at valious
ttr,rget,bit-rates .. .. 114

7.2 Courpai.r'ison b.etweeu il,IPEG urd l'ector quanti^sation coruJrressiou 115

7.3 Averaged rendering times and cache hits for viewing of l\tPEG
ecrrnpressed light fieldn 115

8.1 Con'trasts between light fielel a.s sc€ne ancl e^s sc€ne eomponent 120

8'2 Cache setlrp ;used 143

8.3 Range of ranclonr light field pararneters , , . i . 150

xlx



L'ist o.f Tultk:s




