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T
he R

endering P
ipeline

T
he R

endering P
ipeline

G
eom

etry
D

atabase
G

eom
etry

G
eom

etry
D

atabase
D

atabase
M

odel/V
iew

T
ransform

.
M

odel/V
iew

M
odel/V

iew
T

ransform
.

T
ransform

.
Lighting
Lighting
Lighting

P
erspective

T
ransform

.
P

erspective
P

erspective
T

ransform
.

T
ransform

.
C

lipping
C

lipping
C

lipping

S
can

C
onversion

S
can

S
can

C
onversion

C
onversion

D
epth

T
est

D
epth

D
epth

T
est

T
est

T
exturing

T
exturing

T
exturing

B
lending

B
lending

B
lending

F
ram

e-
buffer

F
ram

e
F

ram
e

- -
buffer
buffer

G
eom

etry P
rocessing

G
eom

etry P
rocessing

R
asterization

R
asterization

F
ragm

ent P
rocessing

F
ragm

ent P
rocessing
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T
exture M

apping
T

exture M
apping

• •
R

eal life objects have 
R

eal life objects have 
nonuniform

 
nonuniform

 colors, 
colors, 

norm
als

norm
als

• •
T

o generate realistic 
T

o generate realistic 
objects, reproduce 
objects, reproduce 
coloring &

 norm
al 

coloring &
 norm

al 
variations =

 
variations =

 texture
texture

• •
C

an often replace 
C

an often replace 
com

plex geom
etric 

com
plex geom

etric 
details
details
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T
exture M

apping
T

exture M
apping

Introduced to increase realism
Introduced to increase realism

• •
Lighting/shading m

odels not enough
Lighting/shading m

odels not enough

H
ide geom

etric sim
plicity

H
ide geom

etric sim
plicity

• •
Im

ages convey illusion of geom
etry

Im
ages convey illusion of geom

etry

• •
M

ap a brick w
all texture on a flat polygon

M
ap a brick w

all texture on a flat polygon

• •
C

reate bum
py effect on surface

C
reate bum

py effect on surface

A
ssociate 2D

 inform
ation w

ith 3D
 surface

A
ssociate 2D

 inform
ation w

ith 3D
 surface

• •
P

oint on surface corresponds to a point in texture
P

oint on surface corresponds to a point in texture

• •
“P

aint” im
age onto polygon

“P
aint” im

age onto polygon
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C
olor T

exture M
apping

C
olor T

exture M
apping

D
efine color (R

G
B

)  for each pt on surface
D

efine color (R
G

B
)  for each pt on surface

T
w

o approaches
T

w
o approaches

• •
S

urface texture m
ap

S
urface texture m

ap

• •
V

olum
etric texture

V
olum

etric texture
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T
exture C

oordinates
T

exture C
oordinates

T
exture im

age: 2D
 array of color values (

T
exture im

age: 2D
 array of color values (

texels
texels

) )
A

ssigning 
A

ssigning 
texture coordinates
texture coordinates

(s,t) at vertex w
ith 

(s,t) at vertex w
ith 

object coordinates (x,y,z,w
) 

object coordinates (x,y,z,w
) 

• •
U

se interpolated (s,t) for 
U

se interpolated (s,t) for texel 
texel lookup at each pixel

lookup at each pixel

• •
U

se value to m
odify a polygon’s color

U
se value to m

odify a polygon’s color

– –
O

r other surface property
O

r other surface property

• •
S

pecified by program
m

er or artist
S

pecified by program
m

er or artist
glT

exC
oord2f(s,t)

glV
ertexf(x,y,z,w

)
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T
exture M

apping
T

exture M
apping

T
extures of other dim

ensions
T

extures of other dim
ensions

• •
1D

:  represent isovalues
1D

:  represent isovalues

– –
e.g.:  contour lines, tem

p, ...
e.g.:  contour lines, tem

p, ...
glT

exC
oord1f(s)

glT
exC

oord1f(s)
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T
exture M

apping E
xam

ple
T

exture M
apping E

xam
ple

+
=
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E
xam

ple T
exture M

ap
E

xam
ple T

exture M
ap

glT
exC

oord2d(0,0);
glV

ertex3d (0, -2, -2);

glT
exC

oord2d(1,1);
glV

ertex3d (0, 2, 2);
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F
ractional T

exture C
oordinates

F
ractional T

exture C
oordinates

(0,0)
(1,0)

(0,1)
(1,1)

(0,0)
(.25,0)

(0,.5)
(.25,.5)

texture
im

age
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T
exture Lookup: T

iling and 
T

exture Lookup: T
iling and 

C
lam

ping
C

lam
ping

W
hat if s or t is outside the interval 

W
hat if s or t is outside the interval 

[0…
1]?

[0…
1]?

M
ultiple choices

M
ultiple choices

• •
U

se fractional part of texture 
U

se fractional part of texture 
coordinates
coordinates

– –
C

yclic repetition 
C

yclic repetition 
glT

exP
aram

eteri
glT

exP
aram

eteri( …
, G

L_T
E

X
T

U
R

E
_W

R
A

P
_S

, 
( …

, G
L_T

E
X

T
U

R
E

_W
R

A
P

_S
, 

G
L_R

E
P

E
A

T
, G

L_T
E

X
T

U
R

E
_W

R
A

P
_T

, 
G

L_R
E

P
E

A
T

, G
L_T

E
X

T
U

R
E

_W
R

A
P

_T
, 

G
L_R

E
P

E
A

T
, ... )

G
L_R

E
P

E
A

T
, ... )

• •
C

lam
p every com

ponent to range [0…
1]

C
lam

p every com
ponent to range [0…

1]

– –
R

e
R

e
- -use color values from

 texture 
use color values from

 texture 
im

age border 
im

age border glT
exP

aram
eteri

glT
exP

aram
eteri( …

, 
( …

, 
G

L_T
E

X
T

U
R

E
_W

R
A

P
_S

, G
L_C

LA
M

P
, 

G
L_T

E
X

T
U

R
E

_W
R

A
P

_S
, G

L_C
LA

M
P

, 
G

L_T
E

X
T

U
R

E
_W

R
A

P
_T

, G
L_C

LA
M

P
, ... )

G
L_T

E
X

T
U

R
E

_W
R

A
P

_T
, G

L_C
LA

M
P

, ... )
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glT
exC

oord2d(1, 1);
glV

ertex3d (x, y, z);

(1,0)

(0,0)
(0,1)

(1,1)
T

iled T
exture M

ap
T

iled T
exture M

ap

glT
exC

oord2d(4, 4);
glV

ertex3d (x, y, z);

(4,4)
(4,0)

(0,4)
(0,0)
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T
exture C

oordinate T
ransform

ation
T

exture C
oordinate T

ransform
ation

M
otivation

M
otivation

• •
C

hange scale, orientation of texture on an object
C

hange scale, orientation of texture on an object

A
pproach

A
pproach

• •
T

exture m
atrix stack

T
exture m

atrix stack

• •
T

ransform
s specified (or generated) 

T
ransform

s specified (or generated) tex coords
tex coords

glM
atrixM

ode
glM

atrixM
ode

( G
L_T

E
X

T
U

R
E

 );
( G

L_T
E

X
T

U
R

E
 );

glLoadIdentity
glLoadIdentity

();
();

glR
otate

glR
otate

();
();

… …

• •
M

ore flexible than changing (s,t) coordinates  
M

ore flexible than changing (s,t) coordinates  
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T
exture F

unctions
T

exture F
unctions

W
ays of applying texture colour:

W
ays of applying texture colour:

• •
G

L_R
E

P
LA

C
E

G
L_R

E
P

LA
C

E

– –
D

irectly use as surface color; no lighting effects
D

irectly use as surface color; no lighting effects

• •
G

L_M
O

D
U

LA
T

E
G

L_M
O

D
U

LA
T

E

– –
M

odulate surface color: m
M

odulate surface color: m
ultiply old color by new

 value
ultiply old color by new

 value

– –
T

exturing happens after lighting, not relit
T

exturing happens after lighting, not relit

• •
G

L_D
E

C
A

L
G

L_D
E

C
A

L

– –
Like replace, but m

odulate alpha to support transparency
Like replace, but m

odulate alpha to support transparency

• •
G

L_B
LE

N
D

G
L_B

LE
N

D

– –
B

lend surface color w
ith existing on

B
lend surface color w

ith existing on
- -screen colour
screen colour

glT
exE

nvi(G
L_T

E
X

T
U

R
E

_E
N

V
, G

L_T
E

X
T

U
R

E
_E

N
V

_M
O

D
E

, <
m

od
e>

)
glT

exE
nvi(G

L_T
E

X
T

U
R

E
_E

N
V

, G
L_T

E
X

T
U

R
E

_E
N

V
_M

O
D

E
, <

m
od

e>
)
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T
exture P

ipeline
T

exture P
ipeline

T
exel color

(0.9,0.8,0.7)

(s, t)

P
aram

eter space

(0.32, 0.29)

T
exel space

(81, 74)

(s’, t’)

T
ransform

ed 
param

eter space

(0.52, 0.49)

F
inal color

(0.45,0.4,0.35)

O
bject color

(0.5,0.5,0.5)
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T
exture O

bjects and B
inding

T
exture O

bjects and B
inding

T
exture object

T
exture object

• •
A

n O
penG

L data type that keeps textures resident in m
em

ory 
A

n O
penG

L data type that keeps textures resident in m
em

ory 
and provides identifiers to easily access them
and provides identifiers to easily access them

• •
P

rovides efficiency gains over having to repeatedly load and 
P

rovides efficiency gains over having to repeatedly load and 
reload a texture
reload a texture

• •
Y

ou can prioritize textures to keep in m
em

ory
Y

ou can prioritize textures to keep in m
em

ory

• •
O

penG
L uses least recently used (LR

U
) if no priority is 

O
penG

L uses least recently used (LR
U

) if no priority is 
assigned
assigned

T
exture binding

T
exture binding

• •
W

hich texture to use right now
W

hich texture to use right now

• •
S

w
itch betw

een preloaded textures
S

w
itch betw

een preloaded textures
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B
asic O

penG
L T

exturing
B

asic O
penG

L T
exturing

C
reate a texture object and fill it w

ith texture da
ta:

C
reate a texture object and fill it w

ith texture da
ta:

• •
glG

enT
extures

glG
enT

extures
(num

, &
indices)

(num
, &

indices)
to get identifiers for 
to get identifiers for 

the objects
the objects

• •
glB

indT
exture

glB
indT

exture
(G

L_T
E

X
T

U
R

E
_2D

, identifier) 
(G

L_T
E

X
T

U
R

E
_2D

, identifier) 
to 
to 

bind
bind

– –
F

ollow
ing texture com

m
ands refer to the bound texture

F
ollow

ing texture com
m

ands refer to the bound texture

• •
glT

exP
aram

eteri
glT

exP
aram

eteri
(G

L_T
E

X
T

U
R

E
_2D

, …
, …

)
(G

L_T
E

X
T

U
R

E
_2D

, …
, …

)
to specify 
to specify 

param
eters for use w

hen applying the texture
param

eters for use w
hen applying the texture

• •
glT

exIm
age2D

(G
L_T

E
X

T
U

R
E

_2D
, …

.)
glT

exIm
age2D

(G
L_T

E
X

T
U

R
E

_2D
, …

.)
to specify the 
to specify the 

texture data (the im
age itself)

texture data (the im
age itself)
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B
asic 

B
asic O

penG
LT

exturing 
O

penG
LT

exturing 
(cont.)
(cont.)

E
nable texturing:

E
nable texturing:

• •
glE

nable
glE

nable
(G

L_T
E

X
T

U
R

E
_2D

)
(G

L_T
E

X
T

U
R

E
_2D

)

S
tate how

 the texture w
ill be used

S
tate how

 the texture w
ill be used

: :

• •
glT

exE
nvf

glT
exE

nvf
(…

)
(…

)

S
pecify texture coordinates for the polygon:

S
pecify texture coordinates for the polygon:

• •
U

se 
U

se glT
exC

oord2f(s,t)
glT

exC
oord2f(s,t)

before each vertex:
before each vertex:

– –
glT

exC
oord2f(0,0); 

glT
exC

oord2f(0,0); 
glV

ertex3f(x,y,z); 
glV

ertex3f(x,y,z); 
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Low
Low

- -Level D
etails

Level D
etails

Large range of functions for controlling layout of 
texture 

Large range of functions for controlling layout of 
texture 

data
data

• •
S

tate how
 the data in your im

age is arranged
S

tate how
 the data in your im

age is arranged

• •
e.g.: 
e.g.: glP

ixelS
torei

glP
ixelS

torei
(G

L_U
N

P
A

C
K

_A
LIG

N
M

E
N

T
, 1)

(G
L_U

N
P

A
C

K
_A

LIG
N

M
E

N
T

, 1)
tells 
tells 

O
penG

L not to skip bytes at the end of a row
O

penG
L not to skip bytes at the end of a row

• •
Y

ou m
ust state how

 you w
ant the texture to be put in m

em
ory: how

Y
ou m

ust state how
 you w

ant the texture to be put in m
em

ory: how
m

any bits per “pixel”, w
hich channels,…

m
any bits per “pixel”, w

hich channels,…

T
extures m

ust have a 
T

extures m
ust have a 

size 
size of pow

er of 2
of pow

er of 2

• •
C

om
m

on sizes are 32x32, 64x64, 256x256
C

om
m

on sizes are 32x32, 64x64, 256x256

• •
B

ut don’t need to be square, i.e. 32x64 is fine
B

ut don’t need to be square, i.e. 32x64 is fine

• •
S

m
aller uses less m

em
ory, and there is a finite am

ount of textur
S

m
aller uses less m

em
ory, and there is a finite am

ount of texture 
e 

m
em

ory on graphics cards
m

em
ory on graphics cards
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T
exture M

apping
T

exture M
apping

T
exture coordinate interpolation

T
exture coordinate interpolation

• •
P

erspective foreshortening problem
P

erspective foreshortening problem
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Interpolation: S
creen 

Interpolation: S
creen 

vs vs
. W

orld 
. W

orld 
S

pace
S

pace
S

creen space interpolation incorrect
S

creen space interpolation incorrect
• •

P
roblem

 ignored w
ith shading, but artifacts m

ore 
P

roblem
 ignored w

ith shading, but artifacts m
ore 

visible w
ith texturing 

visible w
ith texturing 

P
1 (x,y,z)

V
0 (x’,y’)

V
1 (x’,y’)

P
0 (x,y,z)
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T
exture C

oordinate Interpolation
T

exture C
oordinate Interpolation

P
erspective correct interpolation

P
erspective correct interpolation

• •
aa aa aa aa

, , bb bb bb bb, , gg gg gg gg
: :

– –
B

arycentric 
B

arycentric coordinates of a point 
coordinates of a point P P

in a triangle
in a triangle

• •
s0 s0, , s1 s1, , s2 s2

:   
:   

– –
T

exture coordinates of vertices
T

exture coordinates of vertices

• •
w

0
w

0
, , w

1
w

1
, ,w

2
w

2
: : 

– –
H

om
ogeneous coordinates of vertices

H
om

ogeneous coordinates of vertices

2
1

0

2
2

1
1

0
0

/
/

/
/

/
/

w
w

w
w

s
w

s
w

s
s

g
b

a
g

b
a

+
+

×
+

×
+

×
=

(s1,t1)

(s0,t0)

(s2,t2)

(x1,y1,z1,w
1)

(x0,y0,z0,w
0)

(x2,y2,z2,w
2)

(a,b,g)
(a,b,g)
(a,b,g)
(a,b,g)

(s,t)?
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R
econstruction

R
econstruction

(im
age courtesy of 

(im
age courtesy of 

K
iriakos K

utulakos
K

iriakos K
utulakos

, U
 R

ochester)
, U

 R
ochester)
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R
econstruction

R
econstruction

• •
H

ow
 to deal w

ith:
H

ow
 to deal w

ith:

– –
P

ixels
P

ixels
that are m

uch larger than 
that are m

uch larger than texels
texels? ?

� �
A

pply filtering, “averaging”
A

pply filtering, “averaging”

– –
P

ixels
P

ixels
that are m

uch sm
aller than 

that are m
uch sm

aller than texels
texels

? ?
� �

Interpolate
Interpolate
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Interpolating T
extures

Interpolating T
extures

• •
N

earest neighbor
N

earest neighbor

• •
B

ilinear
B

ilinear

• •
H

erm
ite

H
erm

ite
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M
IP

m
apping

M
IP

m
apping

W
ithout M

IP
W

ithout M
IP

- -m
apping

m
apping

W
ith M

IP
W

ith M
IP

- -m
apping

m
apping

use 
use “ “im

age pyram
id

im
age pyram

id
” ”

to precom
pute

to precom
pute

averaged versions of the texture
averaged versions of the texture

store w
hole pyram

id in 
store w

hole pyram
id in 

single block of m
em

ory
single block of m

em
ory
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M
IP

m
aps

M
IP

m
aps

M
ultum

 
M

ultum
 in 
in parvo

parvo
-- --

m
any things in a sm

all place
m

any things in a sm
all place

• •
P

respecify 
P

respecify a series of 
a series of prefiltered 

prefiltered texture m
aps of decreasing 

texture m
aps of decreasing 

resolutions
resolutions

• •
R

equires m
ore texture storage

R
equires m

ore texture storage

• •
A

void shim
m

ering and flashing as objects m
ove

A
void shim

m
ering and flashing as objects m

ove

gluB
uild2D

M
ipm

aps 
gluB

uild2D
M

ipm
aps 

• •
A

utom
atically constructs a fam

ily of textures from
 original 

A
utom

atically constructs a fam
ily of textures from

 original 
texture size dow

n to 1x1
texture size dow

n to 1x1
w

ithout
w

ith
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M
IP

m
ap 

M
IP

m
ap storage

storage

only 1/3 m
ore space required

only 1/3 m
ore space required
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T
exture P

aram
eters

T
exture P

aram
eters

In addition to color can control other 
In addition to color can control other 

m
aterial/object properties

m
aterial/object properties

• •
S

urface norm
al (bum

p m
apping)

S
urface norm

al (bum
p m

apping)

• •
R

eflected color (environm
ent m

apping)
R

eflected color (environm
ent m

apping)
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B
um

p M
apping: 

B
um

p M
apping: 

N
orm

als 
N

orm
als 

A
s 

A
s 

T
exture

T
exture

O
bject surface often not sm

ooth 
O

bject surface often not sm
ooth 

– –
to recreate correctly 
to recreate correctly 

need com
plex geom

etry m
odel

need com
plex geom

etry m
odel

C
an control shape “effect” by locally perturbing su

rface 
C

an control shape “effect” by locally perturbing su
rface 

norm
al

norm
al

• •
R

andom
 perturbation

R
andom

 perturbation

• •
D

irectional change over region
D

irectional change over region
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D
isplacem

ent M
apping

D
isplacem

ent M
apping

B
um

p m
apping gets 

B
um

p m
apping gets 

silhouettes w
rong

silhouettes w
rong

• •
S

hadow
s w

rong too
S

hadow
s w

rong too

C
hange surface 

C
hange surface 

geom
etry instead

geom
etry instead

• •
N

eed to subdivide 
N

eed to subdivide 
surface
surface

G
P

U
 support

G
P

U
 support

• •
B

um
p and displacem

ent 
B

um
p and displacem

ent 
m

apping not directly 
m

apping not directly 
supported: require per
supported: require per- -
pixel lighting
pixel lighting

• •
H

ow
ever: m

odern 
H

ow
ever: m

odern G
P

U
s 

G
P

U
s 

allow
 for program

m
ing 

allow
 for program

m
ing 

both yourself
both yourself
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E
nvironm

ent M
apping 

E
nvironm

ent M
apping 

C
heap w

ay to achieve reflective effect 
C

heap w
ay to achieve reflective effect 

• •
G

enerate im
age of surrounding

G
enerate im

age of surrounding

• •
M

ap to object as texture
M

ap to object as texture
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S
phere M

apping
S

phere M
apping

T
exture is distorted fish

T
exture is distorted fish

- -eye view
eye view

• •
P

oint cam
era at m

irrored sphere
P

oint cam
era at m

irrored sphere

• •
S

pherical texture m
apping creates texture coordinates that 

S
pherical texture m

apping creates texture coordinates that 
correctly index into this texture m

ap
correctly index into this texture m

ap



© ©
W

.
W

.
H

eidrich and M
. van de P

anne
H

eidrich and M
. van de P

anne

C
ube M

apping
C

ube M
apping

6 planar textures, sides of cube
6 planar textures, sides of cube
• •

P
oint cam

era in 6 different directions, facing out 
P

oint cam
era in 6 different directions, facing out 

from
 origin

from
 origin
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E
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C
ube M

apping
C

ube M
apping

D
irection of reflection vector 

D
irection of reflection vector 

r r selects the face of 
selects the face of 

the cube to be indexed
the cube to be indexed
• •

C
o

C
o

- -ordinate w
ith largest m

agnitude
ordinate w

ith largest m
agnitude

– –
e.g., the vector (
e.g., the vector (- -0.2, 0.5, 

0.2, 0.5, - -0.84) selects the 
0.84) selects the – –Z

 face
Z

 face

• •
R

em
aining tw

o coordinates (norm
alized by the 3

R
em

aining tw
o coordinates (norm

alized by the 3
rd rd

coordinate) 
coordinate) 

selects the pixel from
 the face.

selects the pixel from
 the face.

– –
E

.g., (
E

.g., (- -0.2, 0.5) gets m
apped to (0.38, 0.80).

0.2, 0.5) gets m
apped to (0.38, 0.80).

D
ifficulty in interpolating across faces

D
ifficulty in interpolating across faces
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V
olum

etric T
exture

V
olum

etric T
exture

D
efine texture pattern over 

D
efine texture pattern over 
3D

 dom
ain 

3D
 dom

ain 
- -

3D
 space 

3D
 space 

containing the object
containing the object
• •

T
exture function can be 

T
exture function can be 

digitized or 
digitized or procedural

procedural

• •
F

or each point on object 
F

or each point on object 
com

pute texture from
 point 

com
pute texture from

 point 
location in space
location in space

C
om

m
on for natural 

C
om

m
on for natural 

m
aterial/irregular textures 

m
aterial/irregular textures 

(stone, w
ood,etc…

)
(stone, w

ood,etc…
)
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M
arble
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P
rocedural T

extures
P

rocedural T
extures

G
enerate “im

age” on the fly, instead of 
G

enerate “im
age” on the fly, instead of 

loading from
 disk

loading from
 disk

• •
O

ften saves space
O

ften saves space

• •
A

llow
s arbitrary level of detail

A
llow

s arbitrary level of detail
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P
rocedural T
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S
everal good explanations

S
everal good explanations

• •
T

ext book S
ection 10.1

T
ext book S

ection 10.1
• •

http://w
w

w
.

http://w
w

w
.noisem

achine
noisem

achine
.com

/talk1
.com

/talk1

• •
http://
http://freespace

freespace
.virgin.net/
.virgin.net/hugo

hugo
. .elias
elias/m

odels/m
_

/m
odels/m

_
perlin
perlin

. .htm
htm

• •
http://w

w
w

.
http://w

w
w

.robo
robo

- -m
urito

m
urito

.net/code/
.net/code/perlin

perlin
- -noise
noise

- -m
ath

m
ath

- -faq
faq

.htm
l

.htm
l

http://m
rl.nyu.edu/~

perlin/planet/




