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Networking for 3D Games 
Artificial Intelligence for 3D Games 
Game 3D Rendering Techniques 
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This lecture and the next
To learn more, see courses:
 GID – Grafica & Immagini Digitali




covers the basis of 3D Modelling and Rendering

RTGP – Real-Time Graphics Programming


advanced algorithms
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Lighting
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Local lighting

LIGHT

reflection
(BRDF)

OBJECT
EYE
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Local lighting
Material
parameters

(data modelling
the «material»)

LOCAL
LIGHTING

Illuminant

(data modelling
the Lighting
Environment)

final
R, G, B

Geometric data
(e.g. normal,
tangent dirs,
pos viewer)

the lighting
equation
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Lighting equations


Different equations can be employed…











Lambertian
the basic model, historically used in games for decades
Blinn-Phong
Beckmann
Heidrich–Seidel
Cook–Torrance
Ward (anisotropic)
…
+ additional Fresnel effect

with a varying levels of



computational complexity
realism





some are physically based, most are… just tricks

material parameters required
richness of simulated effects
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Geometric Data
Material
properties

(data modelling
the «material»)

LOCAL
LIGHTING

Illuminant

(data modelling
the Lighting
Environment)

final
R, G, B

Geometric data
(e.g. normal,
tangent dirs,
posofviewer)
pos
viewer)

the lighting
equation
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Reminder: normals


Per vertex attribute of meshes,
or stored
in
normal
maps

9

Local lighting
Material
parameters

(data modelling
the «material»)

LOCAL
LIGHTING

Illuminant

(data modelling
the Lighting
Environment)

final
R, G, B

Geometric data
(e.g. normal,
tangent dirs,
pos viewer)

( the lighting
equation )
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Materials
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⚠ Terminology:
«material» has 2 different meanings


in CG: the material model






a set of parameters describing the optical behavior
of a physical substance (such as plastic or wood)
a part of the input of the (local) lighting equation
for example, its diffusive color or its level of shininess

in game engines: the material asset


an asset which combines:







a set of textures (e.g., diffuse + specular + normal map)
a set of shaders (e.g., vertex + fragment)
a set of global parameters (e.g., glossiness, ambient factors…)
a set of rendering settings, such as…
back-face culling ON/OFF; values to influence the rendering order

basically, it corresponds to the status of the rendering engine
when a mesh is drawn
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Material Asset = status of renderer
To render a mesh…
 Load…


make sure all data is stored in GPU RAM









Geometry + Attributes
Connectivity
Textures
Shaders
Material Glob. Param.
Rendering Settings

THE MESH ASSET

THE MATERIAL

ASSET

…and Fire!


issue the draw call (the command: “do it!”)
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Material Model:
which parameters?



Q: which set of parameters is a «material»?
A: it is determined by the chosen lighting equation
material



=

the arguments of the lighting equation
accounting for the physical substance
that the surface is made of

regardless of the answer,
each parameter in the set can be stored:




per Material Assets, as a global parameter, or
per Vertex of a Mesh, as attributes, or
per Texel of a texture sheet (maximal freedom)

Uniform mat
Non-uniform
material
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The simplest choice for
Material-model & lighting-equation:



see: “OpenGL material”, or OBJ material (MTL files)
This Lighting Equation is the sum of 4 simple terms:




Ambient + Diffuse + Specular + Emission

The material is… a color multiplier for each term,
therefore:
separate multiplier for R, G and B






“Ambient” color (RGB)
“Diffuse” color (aka “Base Color”, aka “Albedo”)
“Specular” color (RGB)
“Emission” factor (RGB)
(only for stuff emitting light – otherwise 0,0,0 )
plus, one “Specular Exponent”, aka “glossiness” or “shininess”
(≥ 1, <128)
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A very basic lighting equation

(basic or «Phong» lighting equation)


Sum of 3 terms:

ambient

+

diffuse

(or “Labertian”)

+

specular

(or “Phong”)

=

final

(a constant additional term (“emission”) is added only for objects emitting light)
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A very basic lighting equation:
diffuse term («Lambertian»)


In formulas:
component-wise
product

dot product
but zero if negative!

𝑛
surface normal

𝐿

𝑑
𝑑
𝑑

𝑙𝐿
⊗ 𝑙𝐿
𝑙𝐿

light direction

light-color
diffuse-color

material parameter
light parameter

See CG course!
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geometry

A very basic lighting equation:
diffuse term (aka «Lambertian»)


info:






it’s physically based
exhibited by dull materials
(e.g., plasters, untreated wood)
still used in any lighting equation

material parameters used:



base color, (albedo, when grayscale),
aka diffuse color, Lambertian color, or sometimes just color
with non uniform materials,
the texture used to specify it is called diffuse-map
or color map or just RGB map

implementation note: (applies to all formulas)
the versors in the dot-product must be in the same space! -- e.g., object space or world space
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A very basic lighting equation:
specular term (aka «Blinn-Phong»)


In formulas:
component-wise
product

specular exponent
dot product
but zero if negative!

𝑛

𝐻

surface normal

l𝑠
l𝑠
l𝑠

𝑙𝐿
⊗ 𝑙𝐿
𝑙𝐿
light-color

“half-way” versor:
𝐻 = nlerp( 𝑉 , 𝐿 , 0.5)

specular-color

light direction
view direction
(toward the light)

material parameter
light parameter
geometry
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A very basic lighting equation:
specular term (aka «Blinn-Phong»)


info:






material parameters used:






not physically based
(not even energy conserving)
basically, just a trick
add simulated reflections (highlights)
specular color
determines the intensity and color of the highlight
sometimes: diffuse color x a constant
often > 1 – oversaturated highlight
specular exponent (or “glossiness”)
determines the SIZE of the highlight
larger numbers  smaller highlight

textures:



specular map and glossiness map
e.g., in a 4-channel texture: RGB + glossiness
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A very basic lighting equation:
ambient term


In formulas:
component-wise
product

l𝑎
l𝑎
l𝑎

𝑙𝐴
⊗ 𝑙𝐴
𝑙𝐴
ambient light-color
ambientcolor

material parameter
light parameter
geometry
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A very basic lighting equation:
ambient term: info


info:







additional material parameters:






it’s based on the assumption: a bit of light
reaches the object from every direction
(e.g., from light bounces, or unmodelled
light sources)
it’s necessary for realism: without it, things
not directly lit by lights are black!
Very simple to compute, so why not
ambient color
or, ambient factor, ambient-color = diffuse-color * ambient-factor
this small factor “occludes” (negates) the ambient light
and is therefore called the Ambient Occlusion factor (AO)

textures:



AO map (texels stores AO terms)
other common solutions: store AO in vertices, and SSAO (see later)
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Baking AO map for a model
Exposed
high AO-factor

Hidden:
low AO factor
(dark)

AO map (baked)
NOTE: requires UV unwrapping (injective),
like most baked textures
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A very basic lighting equation:
emission term


In formulas:

l𝑒
l𝑒
l𝑒

most objects have
no emission term

emission-color

material parameter
light parameter
geometry
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A very basic lighting equation emission term: info








it models light emitted
from an object, that reaches
the eye (or the camera)
directly
useful for, e.g., small led lights,
zero, in this case
that are visible in the dark
for any other object (i.e, most of them), it is zero
note: the emitted light not illuminate other objects!
(for this, you need to add lights to the scene)
the texture storing it can be called emission map
you might want to use HDR values (i.e.,l 𝑒 , , > 1 )
to get a glow effect (see next lecture)
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A very basic lighting equation:
the entire equation
only once

repeat for each light source

specular
term

diffuse
term

𝑛

𝐿

𝑑
𝑑
𝑑

𝑙𝐿
⊗ 𝑙𝐿
𝑙𝐿

+

𝑛

𝐻

l𝑠
l𝑠
l𝑠

emission
term

ambient
term

𝑙𝐿
⊗ 𝑙𝐿
𝑙𝐿

half-way vector
nlerp( 𝑉 , 𝐿 , 0.5)

+

l𝑎
l𝑎
l𝑎

𝑙𝐴
⊗ 𝑙𝐴
𝑙𝐴

l𝑒
+ l𝑒

l𝑒

material parameter
light parameter
geometry
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Lighting equation: some remarks


Lighting is additive: the Diffuse and Specular components…








The Specular factor is nowadays too crude for the quality
expected from modern games





must be added for each light in the scene
(for discrete lights – see later)
must be integrated on the light environment
(for continuous light environment – see later)
The Ambient Light and Emission components are added once

The other factors are still used, as they are realistic
See later for the improvements

The geometric vector used can be expressed in any space


but it must be the same space! (see later)
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Applying the Lighting equation


It’s computed in the fragment shader (see later)





most game engines support a good set of choices of different
lighting equations
custom new equations can be programmed in fragment shaders

Material + geometry parameters stored :





in textures (for highest-frequency variations inside 1 obj)
in vertex attributes (smooth variations inside 1 obj)
as material asset parameters (no variation for 1 obj)
for example, where are





diffuse color
specular color
normals
tangent dirs

typically stored?
28
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View-dependent lightings.
Anisotropic lighting.


A view-dependent lighting equation (or material)
is one which uses the view direction 𝑉







Consequence: its results cannot be backed! (why?)
Which terms of the lighting equations above
are view-dependent”?
Otherwise, it’s view-independent

An anisotropic lighting equation (or material)
is one which uses the tangent directions




Simulates real-world materials such as: satin, velvet, fabric
Otherwise, it’s isotropic
The basic equation above is isotropic

29

Tangent directions are used
for anisotropic materials
normal mapping
(tangent space):
requires tangent dirs

«anisotropic»
material:
requires tantent dir
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Local lighting
Material
parameters

(data modelling
the «material»)

LOCAL
LIGHTING

Illuminant

(data modelling
the Lighting
Environment)

final
R, G, B

Geometric data
(e.g. normal,
tangent dirs,
pos viewer)

( the lighting
equation )
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Choice of material models:
Chapter 1 (’90s)

not very expressive 
Still used (sometimes).
MTL files (OBJ file format) is basically this.
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Chapter 2 (’00s)


more terms are added

It feeds on more material parameters…




Main reasons:
1. more GPU processing power
affords us more realism.
2. Programmable shaders.
3. More GPU RAM to store
textures for parameters

The Lighting Equation becomes more complex




2021-05-25

Factors for: Fresnel effect, Anisotropic effect,
Reflectivity – with environment maps, …

the task of
the “material artist”

Authoring materials
becomes an increasingly complex, and ad-hoc, task


Difficult to port one material ...




…from one engine to another, …from one game to another,
…from one asset to another

Difficult to guess the right parameters for a given object


especially if it has to look good
under widely different lighting conditions
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Problem with the
basic material model




Not very expressive
Made-up (exp specular component)
Not realistic
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Much wider expressiveness is needd

36

Material models improving

indie 2006

indie 2010
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Material models are improving

Triple A – 2015 (PBM!)

38

Choice of material models:
Chapter 3 (’10s)


Physically Based Materials (PBM)




an ongoing trend!

General characteristics and objectives:


increased intuitiveness:





increased standardization:




makes materials more cross-engine / portable (almost)

increased generality:




provide Material Artist with a higher-level material description
eases the Material Authoring task

accommodates for most established, modern lighting eq. terms,
and lighting environment description (e.g. env maps)

increased realism / quality:




more faithful, physically justified model of real-world materials
result: material can even be captured from real-world samples
result: good-looking results under widely different lighting env
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«Physically Based Materials»
(PBM)
Current popular choice of parameters:




Base color (rgb – or “diffuse”, same as old school)
Specularity (scalar – or rgb sometimes)
“Metallicity” (scalar)
0.0

Roughness (scalar)

METAL=1

METAL=0



1.0

0.0

1.0

images: unreal engine 4
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«Physically Based Lighting»
(PBL)


A lighting model accepting, as input, a PBM




note: this can be achieved with different equations

Also, a lighting model taking fewer shortcuts than
otherwise typical


Before PBM this shortcut was common. Instead of:





Use one texture:





diffuse color: one texture
baked AO: a separate texture
diffuse color × baked AO : one texture (cheaper!)

Objectives: same as PBM (exp. under “realism”)
Warning: PBM & PBL are, basically, buzzwords 
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Uniform and non-uniform materials


Uniform materials:
the parameters are shared by the entire mesh




Non-uniform Material:
the parameters are different in each part of the mesh





They are stored as variables as a part of
the material asset parameters
They can be stored as vertex attributes
(for smooth, low-frequency variations)
They can be stored as textures
(for highest-frequency variations)

This choice is done for each material parameter separately



and also for the normal and other parameters
for example, where are
(1) diffuse color, (2) specular color, (3) normal (3) tangent dirs
typically stored?
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Next: modelling
the Light environment
Material
parameters

(data modelling
the «material»)

LOCAL
LIGHTING

Illuminant

(data modelling
thelighting
Lighting
environment)
Environment)

final
R, G, B

Geometric data
(e.g. normal,
tangent dirs,
pos viewer)

( the lighting
equation )
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Illumination environments:
types


Discrete




Densely sampled




a finite set of individual light sources
(plus, a global ambient factor)
environment maps:
textures sampling incoming light

Basis functions


a spherical function stored as
spherical harmonics coefficients

Also used jointly!
44

Illumination environments:
discrete


a finite set of individual “light sources”…





few of them (usually 1-16)

each one sitting in a node
of the scene-graph
each of a type:


point light sources



spot-lights






have: position,
orientation, wideness (angle)

directional light sources




have: position

have: orientation only

extra per light attributes:




color / intensity
fall-off function (with distance)
max range, and more
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Illumination environments:
discrete



a finite set of “light sources”…
...plus, one global “ambient light” factor


models other minor light sources + bounces





light incoming from every direction at every position

multiplier of the ambient term
of the lighting equation
examples:


in an overcast outdoor scene: high





(dim shadows, flat looking lighting:
every photographs’ favorite for portraits!)

in realistic outer space: zero
in any other scenes : something in between
(e.g. sunny day, or torch lit cave)
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Illumination environments:
discrete


Pros:


simple to position / reorient individual light sources



quite faithfully model of certain illuminants, e.g.











both at design phase, or dynamically (at game exec)
explosions (positional lights)
car lights (spot-lights lights)
sun direction (directional light)

main illuminants
of the scene!

relatively easy to compute (hard, soft) shadows for them

Cons:


each discrete light requires extra processing … for each pixel!





see
shadow
map
later

therefore: hard limit on their number. Prioritize
therefore: are often given a (physically unjustified) radius of effect

the don’t model well:



area light sources (e.g. from back-lit clouds)
reflections on (metal) objects
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Lighting env in the scene graph
world
T0

B
T3

E
T7

T4

F

T2

T1

D

C
T5

G

T6
view
space

L

headlight
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Illumination environments:
densely sampled



A light intensity / color from each direction d
Asset to store that:
“Environment map” texture
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𝑦

Illumination environments:
densely sampled


d

𝜃

Latitude/longitude format
(of a unit vector d )
𝜃

𝜑

𝑧

𝑥

90°

-180°

180°

𝜑

-90°
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Illumination environments:
densely sampled


Also “sky-map” texture



when it’s only / predominantly the sky to be featured
doubles as textures for “sky boxes”
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Illumination environments:
densely sampled


Environment map: (asset)
a texture with a texel t for each direction d




texel t stores the light coming from direction d

Q: how to find 𝑢, 𝑣 position of t for a given d ?




unit vector

i.e. how to parametrize (flatten) the unit sphere

Different answers are possible…

latitude/longitude format

mirror sphere format

cube-map format
(ad hoc HW support!)
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Environment map (asset)


A texture with a texel t for each direction d





texel t stores the light coming from direction d
Used to compute reflections (on curved objects)

Pro:


realistic, complex, detailed, hi-freq, light environments






best result for mirroring (e.g. shiny metal, glass, water) materials

can be captured from reality

Con:


expensive




storage cost, lighting computation cost

hard for the engine to dynamically change


easy, for static environments only
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Lighting env in the scene graph
world
T0

E

D

C

T4

T6

T5

F

T7

T2

T1

B
T3

Env map

H

G

L
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Illumination environments:
the Basis Functions way


set of all unit vectors

Lighting environment:

(i.e. surface of the unit sphere)

a continuous function




𝑓(𝑣 ) = amount of (rgb) light
coming from direction 𝑣

or R3 if RGB

colored light

Store 𝑓 through basis functions
fixed spherical “basis” functions (always the same ones)

𝑓 𝑣 ≅𝑎

,

𝑓, 𝑣 +𝑎

,

𝑓,

𝑣 +𝑎

,

𝑓, 𝑣 +𝑎

,

𝑓,

𝑣 +⋯

a few scalar values to be stored, in order to represent (an approx. of) 𝑓
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Spherical Harmonics (SpH)
as basis functions
𝑏
−4

−3

−2

−1

0

+1

+2

+3

+4
+1.0

0

𝑓

,

𝑣

1

𝑎

0
−1.0

2
3

4
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Illumination environments:
with basis functions


Spherical Harmonics (SPH) in brief:




Pros:






store Illumination Env as a small number (1,4,9,16…) of scalar
weights of as many fixed
spherical basis functions.
very compact representation
it models continuous functions well:
good for smooth lighting environments
it allows for efficient computation of the Lighting equation

Cons:


continuous functions ONLY





bad for hi-freq details: for example, no hard lights
not sudden variations (unless very many coefficient used)

Often good for background lights
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Spherical Harmonics (SPH):
the good choice for the basis functions




Spherical Harmonics is a good set of basis functions
for spherical functions
the degree
Each basis function in the set has two indices 𝑎, 𝑏
𝑓



𝑓 , 𝑣 = 1 a constant function
(so, scalar 𝑎 , represent the total amount of light)
all other basis function sum up to 0 so, they control the distribution,
not the quantity, of light
(i.e., their integral over Ω is zero)
they are designed to have useful mathematical properties
(e.g., orthogonality – this is beyond this course)
all these functions are easy to compute!







,

𝑣

with 𝑎 ≥ 0 , −𝑎 ≤ 𝑏 ≤ +𝑎
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Light probes
(position-dependent lighting env)




A light probe == a (precomputed) lighting env.
to be used around a given 3D position of the scene
Light Probe lighting:


preprocessing: disseminate the scene with light probes





Store them as… low-res environment maps
…or, with SPH (the standard solution)

at rendering time, for an object currently in pos (xyz),
use an interpolation of near-by “light probes”



note: two (or more) SPH function can be interpolated!
easy: just interpolate the weights
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Light probes
(position-dependent lighting env)
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Light probes
(position-dependent lighting env)
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