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Course Targets and Goals

ADuring the course, students will become familiar with the fundamental principles
of 3D computer graphics using the C++ programming language and the OpenGL
graphics API (optionalyulkan, and will gain practical experience wghader
programming in GLSL. They will progress through the steps from loading a 3D
model to its visualization, including working with cameras, transforming objects
and entire scenes, setting up lighting, working with textures, normal maps,
shadows, skybox creation, and more.

AYou will have handsn experience with implementation of the here described
methods and algorithms.



Course Prerequisites

ABasics of programming (C++)

APrevious courses:
ANA

ATo be familiar with basic concepts of mathematical analysis, linear
algebra and vector calculus



Main Topics

A Introduction Computer Graphics. Raster and vector graphics (point, vector, line, curve, etc.). Interpolation.
A Graphics hardware. Introduction to standard rendering pipeline (OpenGL).

A I%BXC))bjeCt representation in CG (polygonal, CSG, procedural, etc.), object topology. Model formats (OBJ,

A Transformations in CG (move, rotation, scale), projective space.
A Projections (perspective vs. orthogonal projection), camera, clipping, rasterization.
A Colors, human eye, lighpgintlight, spotlight, directional light, area light). Color mixing (blending).

A Lighting, local lighting models (Lambéd?hong, global lighting models, BRégliosity ray-tracing, ambient
occlusion, shading.

A Textures in OpenGL texture units, Texel. UV mapping.

A Visible surface algorithms-twiffer, painter's algorithm). Skybaskydome
A Bump mapping, normal mapping. Displacement mapping.

A Shadows in CG, shadow algorithm, shadow maps.

A Curves (Bezier curve) .



Organization of Semester and Grading

AEach lecture will discuss one main topic
AGiven topic will be practically realized during the following exercises

AThe individual tasks from the exercise will be scored (during the last
week of the semester)

AYou can earn a total of up to 45 points. The minimum number of
points is 20

AThe final combined (written and oral) exam covers topics from the
previous slide.

AYou can earn up to 55 points from the final exam. The minimum
number of points is 10



Chat GPT/Copilot Al Policy

AFeel free to use them to prepare your project

AYou are good enough to pass the class if you are good enough to
verify their outputs. In other words, you need to be able to justify
your code

ABeware, their outputs are sometimes completely wrong and they
won't let you know.



Study Materials

A[1] Segal, M., Akeley, KIhe OpenGL Graphics Syste2022, 850 pages.

2] Gregory, J.Game engine architecturdK Peters/CRC Press, 2018

3] Michael, A.: Graphics Programming Black BG@akiolis Group, Ames
owa, 2001.

4] AkenineMoller, T., Haines, E., Hoffman, RealTime Rendering-ourth
Edition, AK Peters/CRC Press 2018 1178 pages, ISBRN3IBB27000.

5] https://open.gl/introduction
6] https://learnopengl.com
/] https:// www.opengitutorial.org

Do o Do Do o D
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https://open.gl/introduction
https://learnopengl.com/
https://www.opengl-tutorial.org/

Study Materials

A Other free and downloadable materials are at https://www.realtimerendering.com

These are books that are FREE ONLINE, ordered by publication date. Do not be fooled by the price; all but one were published as physical books and each has valuable information.

for free

Download
for free

Download
for free

Download
for free

Read
for free

Download
for free

Download
for free

Download
for free

A

Fall 2025

Download

Ray Tracing Gems II: Next Generation Real-Time Rendering with DXR, Vulkan, and OptiX, edited by Adam Marrs, Peter Shirley, and Ingo Wald, Apress, August 4, 2021 (Book's website).
Developing Graphics Frameworks with Python and OpenGL, by Lee Stemkoski and Michael Pascale, CRC Press, July 7, 2021 (Publisher's website).

Learn OpenGL - Graphics Programming: Learn modern OpenGL graphics programming in a step-by-step fashion, by Joey de Vries, Kendall & Welling, June 2020 (Book's website, with fr
Ray Tracing Gems, edited by Eric Haines and Tomas Akenine-Mdller, Apress, March 2019 (Book's website, publisher's page, Amazon), download for free.

Physically Based Rendering, Third Edition: from Theory to Implementation, by Matt Pharr, Wenzel Jakob, and Greg Humphreys, Morgan Kaufmann, November 2016 (more information), Pat
Ray Tracing in One Weekend, by Peter Shirley, January 2016 (Code, tweet, blog), download for free, read (corrected version) for free.

Ray Tracing: the Next Week, by Peter Shirley, March 2016 (Code, tweet, blog), download for free, read (corrected version) for free.

Ray Tracing: The Rest Of Your Life, by Peter Shirley, March 2016 (Code, tweet, blog), download for free, read (corrected version) for free.

large list of graphics books is also at https://www.realtimerendering.com/books.html
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Types of Graphics

ANon-photorealistic graphlcs/rendern
A Artistic styles ol
A Scientific and engineering visualizatio . §
AData Visualization course 4

APhotorealistic graphics/rendering
A Simulate the image formation process as precisely as pOSSIb|e
APhysically plausible light transport through the scer
ATopic of this course

Fall 2025 Fundamentals of Computer Graphics

10



Photorealistic Image Synthesis

AYou will be asked to create an realistically looking image based on a
mathematical representation of a real or an artificial world

Real world or Mathematical Mathematical
your =) representation of the ) description of light ) Artificial image
imagination scene behaviour
(light sources geometry materials
camers

Fall 2025 Fundamentals of Computer Graphics 11



Application Areas

AFilm industryc special effects or entire scenes/ films

AHigh quality rendering for commercials, prints, etc. (CG product
Images)

AVideo game industrg ray tracing has recently entered this area
(earlier e.g. prebaked lights)

AArchitecture and design, virtual prototyping
AVR and AR (remote assistance and collaboration, conferencing)

AVarious kind of simulations (lighting, sound propagation, collision
detection, creating artificial datasets, etc.)



Knowledge Base

APhysics
ARadiometry and photometry
AMaodels of light interaction with various materials
ATheory of light transport (mainly laws of geometrical optics)

AMathematics
ALinear algebra

Alnformatics
A Software engineering
AProgramming

AVisual perception and Art



| evels of Realism

Surface color Diffuse shading, point
light, hard shadows

|
Diffuse shading, point Diffuse shading, area light Diffuse interreflections,
light, no shadows source, soft shadows area light source
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Direct vs. Global lllumination

ADirect illumination

AA surface point illumination is computed directly from all light sources by the
direct illumination model

AGlobal illumination

AA surface point illumination is given by the complex light rays interaction with
the entire scene



Basic Math Operations

AL2norm ||

Unit vectors-

i

% andit holdsthat |||

1A



Basic Operators

ADot product

T T

G6  IHIHA T O

where| Is an angle clamped between both vectors

[ TT
&

T T

A
T O | lw
0 T |lo

Not commutative follows therigﬁt handrule, it also holds that
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Basic Operators

A (Vectol) projection of msOn A

‘" AN AN N
D O fuak =y II-%IAA (mnf A) A mﬁﬁ N nn ln]
r o r o y r]
nn nn n 1 .,
Matrix notation may be useful for repeated projections
A
AScalar projection Gi=On A -
OBO jmk wy  [lmf =5 = g —

et || &l || Al



Basic Operators

A(Vector) projection of medN A

|l AT © wmfa
il O E+  [lmm Al
A



Basic Math Operations

AOtherusefulformulas

All+

ALagrange's identity}

i
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4

T
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Rotations

A Counterclockwise rotation in 2D about the origin by angle

a:=45 deg

=|= Q E T ATl O,H: R==[§?§(($)) | =

AElementary counterclockwise rotations in 3D

p T T ATIO 1 OET
m AllO O[—L(j,'Y n p Tw|Y

nm OBET ATlC OET m AT

/5,1' 0 O E,T Tt
OEl AIllO T
T T D

Y

Arbitrary rotation may be decomposed into three components (3 Euler angles), non
commutativec order of rotations matters (complicated interpolation, gimbal lock)



Rotations

A Counterclockwise rotation of poiﬁ|t= around arbitrary unit axirby anglé
(Rodriguesrotation formula)

+= (p AT(O)EF¢mw» AT(OF OEI(» F

0.707]

1
] a::{[)] (l—cos(a))-(a-r)-r+cos(oz)-a+sin(a) (rxa):lO.TOT
0 0

For further reference see http://ksuweb.kennesaw.edu/~plaval/math4490/rotgen.pdf



Topology is the mathematical study of the properties th
are preserved through deformationsyistings and
stretchingsof objects. Tearing, however, is not allowed.

Vertices

AA point (corner or node) where two edges (lines) meet ()P) Mug
AThe connectedness between the vertices defines a mesh's topolog

] A

Graph embedding

L N —) / / @ Torus

Topology Geometry Topological equivalence
Connectivity/neighborhood Position of vertices (homeomorphismhomotopy)

ABeside the position, vertices may have other attributes: color, normal (tangent,
bitangen), texture coordinates, etc.
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Edges

vertex
A Connection of two vertices
ABoundary (1 incident face)

ARegular (2 incident faces)

A Singular (3 or more incident faces)

edge

vertex



Faces

AThe flat surface on a shape or a solid is known as its face

Fall 2025 Fundamentals of Computer Graphics
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Manifold

AA ¢ -dimensionamanifoldis a topological space that locatssembles
(homeomorphig € -dimensionaEuclidearspace near eacpoint

A 1-manifoldsincludelines andcircles(not alemniscateor H)

A2-manifold 6urface includeplane,sphere(genus 0), torus (genus 1), Kléioitle
(not orientable),a | 0 /stdpgclosedand notorientable), real projectiveplane
(closed nonorientable), triangle smoothmanifoldwith boundary)

ATheorem
A Everyorientableand closedsurfaceis homeomorphido a connectedsumof tori
A Everysurfaceis homeomorphido a connected sum of todnd/or projective planes




Geometric continuity requires that "O “‘ 0O \\‘ 0O “‘

the parametric derivatives of the two .
S m OOth n eSS segments be proportional to each ‘ g .
other, not equal — S —
' i . .

Geometric continuity examples, source: Autodesk Alias Workbenc

AReminder: dunctioniscalledd® continuousif A (i€ Xtdorder derivativeis
continuouseverywhere

A Parametriccontinuity examples

A Not continuous /\/@\/\
A Positioncontinuity 6 /\/@\/\

A Position and tangent continuity 6
N ./

A Position, tangent, and curvatugontinuity 6 w




Manifold Meshes (with Boundaries)

ANo singular edges
ANo singular vertices

Singular edge

A Simples data structure

APolygon soup list of faces formed by-tuple of vertices
ANo (explicit) information about adjacency (can be stored in adjacency list)

O @)

APossible extension with indexing (loweemotyreq.) o

0O 0 Face orientation (CW or CCW)
O 0,0 is given by the order in which
o "0 the vertices are listed

(note that shared vertices must have saatabutes)

Fall 2025
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OBJ Format

14.363998 -19.782551 78.445435
14.106861 -19.928997 78.699089
13.828163 -19.789648 78.457726
14.051285 -19.662575 78.237625
14953951 -19.069986 77.211243
14.877973 -19.261126 77.542297

< < < < < <

vn -0.111118 0.910786 0.397570
vn 0.132542 0.566302 -0.813439
vn 0.192175 0.622958 -0.758245

f /11 2//2 3//3
f4//1 5//2 6//3



WingedEdge

A Structure is also valid for nesrientable manifolds
A A



Haltedge Data Structure (DCEL)

A Structure is valid only for orientable manifolds

vertex
next

face A twin

(previous)



The Eulet 2 A yfarmNERlescribes the
relationship of the number of vertices, the
number of edges and the number of faces of

E u I e rC h araCte “Stl C . a manifold. It has been generalized to include

potholes and holes that penetrate the solid.

A SimplifiedEuler'sformulafor anyconvexpolyhedron'ssurface

w O O c(y .. W PC @ Gp
AGeneralizedormulaallowingholes

(b ‘O "O i-‘) C “Y "O rf\
N .l |66 00pPT O CPp P
Vi !
L__/7_I_;2__
L X numberof holesin faces(innerloops N
‘OX numberof holespassinghroughthe whole solid (genus) A homeomorphism is a

“YX numberof disjontcomponentgshells solidg bijection that is continuous

and its inverse is also
continuous.



Similartriangles All the corresponding
sides have lengths in the same ratio.

Pinhole Camera Model -

Aldealizedmodel for the optics of @amera defining thgeometryof
perspective projection
EACA AT A IAEDAGIT A
A AB 1 Hdeerof projection)
a

1D OEAZE O

’ ‘(X imagepoint coordinates
¢EX 202500 LRAyO C



Primary Ray Generation in Camera Space

ray (d = 0,3304; 0,9439)

sensor height = 18 mm / |
| sensor element height = 1,5 mm ‘ ‘
| | 2/ 1 0
A\
\ image heig
\ e
A\ £
N S
A o
1]
" e % Knowncameraparameters
S N\ fov_y =k, % 0, “Ywidth 0, height'Q"Q¢ v
Tl® P p& C & O x| 2
1L : »n "
@] @ [ \ Q Q e(px)
] | N 7 W/ rl N
q Image/sensor plane camera origin
c® yc [mm]
0]
zc [mm]



Result of First Exercise

8 PG1 Raytracer -

¥ Image

BuEtton counkter

Application average 97,759 ms/frame (10,2 FPS)
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Representation of Direction in 3D

A Cartesian coordinates x 0, 9)
" (afi). [ o

=

A Spherical coordinates (physics and ISO convention)

A ()
X
X T A A Q OEJWAITO
APolar angldétheta)— AT OQ N ardt G Q OEBE
AAzimuthal angléphi)e OAT—nN i “ Q Ai-©
¢ Q m

In C/C++, we can computiee azimuthal angleas A OA (@ B ) i BEAOXEOGA



Affine and Projective Spaces

AAffine space
A Setw of vectors and seb of points
A Affine transformations can be represented b§B3natrix

AProjective space
AHomogeneous coordinatesy(® 4, U )
AAIl lines intersect (space contains infinighuhdh))

AProjective transformationsan be represented b§P4 matrix (inc. translation
and perspective projection)

A Cartesian to homogeneous coordinatéau) © (Ghudaip)

AHomogeneous to Cartesian coordinatésttoh) 1) © (60 hedfd hoifo)



Combination of Points

[ N d

A Let have an aﬁlpe spa(cBmodeIed on a vector spaeg pointsOh N 0, and vector®h) N @
and axiom®) 0N @andd 0N O

A Suppose we want to define a combination of points like this
|0 | 0O E | U
A At first glance, that doesn't make senseoints cant be added directly. So we can fix one point
(say P) as a reference. Then, each point can be expressed as

~ ~ ~ ~ ~ ~

L U U U ,wherev0 0 N ®
A Plugging this into the comb~|nat|on above yields 3 o
0 E | 0 O @ o) E | (0 @ 0)

A After simplification we get N . i} v .
¢ E [ ) | @O 0) E | (b V)

~
>

A Iff B pt 0 | (O 0) E | (0 0V)isoka®y 0 N wandd OND

See mrl.cs.vsb.cz/peoplabian zpgrcs.pdf for examples



(Model) Transformation Matrix

AWith homogeneous coordinates

N1  where
- 2% < n 'Y~ Y {{o) group
U o ) O N "YQo Liegroup
n (differentablemanifold)
nm 1 1 pllN 1l <=

AVector «epresents translation
AMatrix 'Y represents rotation or scaling or shear or their combinations

i T T D T
Y moi T,y [npn]

T 0 m T P




View Matrix

A We can simply setup the view matrix as follows [
m < ) on T
° . ande > e P

I A I ol

where the vectoggrepresents position of the camera (eyeds the target position and 1
Ad Iy FdzEAEAFNE GSOU2Z2ZNI YFENJAY3TI adzldd RA NBC

We can arrange the final transformation matrix

é é é €

, o q D
w 5 & & g' (transforms vectors from eye space to world space)
T T TP

A wtransformsvectors fromworld space teeyespace (and that's what we need now)




Different Coordinate Systems

(>~ COORDINATE_SYSTEM_RIGHT_HANDED_Z_LP_X_FWD R O S

~~— COORDINATE_SYSTEM_LEFT_HANDED_Z_LP U nre al

IR
40 3 4
SR
=N

T —— cocromate svsTem mace () p enCVv

X ) {
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Projection Matrix 1/4

A From similar triangles we get
U ‘ L .U
— t U UV — E—
U U (near) plane
whereg is a (positive) distance of (near) projection plane o

This transformation can be performed the following homogenous
matrix

. After perspective €
€ TT TU T 8 U | division we gefe ___]
) m € T Tt .~[© eV
O ; O[ ] T } O : ‘
m T & T P AV £ — e o
TT TT p TU ¥ & All vertices have W

the same depth

Note that this perspective transformatlon dlscards information about ~ *¢
vertex depth and we will not be able to remove hidden surfaces later



Projection Matrix 2/4

pseudodepth
A To fix the deptHosswe may incorporate pseudodepth such thafar plane 0
points on the near plane will be given a depth gd and points on .
the far plane will be at p O¢ ©
A We just need to solvé  —— for (and dwhat gives us a set §F2" plane °ov
two equations as follows - o 0
P — P — .
Solution® —,® — for'Q & andQ¢ myields the new form
of projective transformation matrix N
R 1 S 1 S 1 L € — , eye
: m e T Tt o 4V ‘ &)
~ - 5 E—
O Inn o d).’olp] ul)‘oo-* © i
T p T v Note that projected points are in LHS (compare

Instead of a linear transformation of (i.e.cv0 )
we can usea more general affinransformation
(.e.C1) @) to solvethe problem with the
same depth of vertices ia singldine of sight

the orientation ofa and pseudodepth



Projection Matrix 3/4

Note that the pseudo depth is
already normalized
A Normalization transformation to NDC
We needto normalizethe actualwidth of

(9 T T T0 the nearplanev intgtherangeof( php)
5 T crQ 1 /T
n nm (pm -1 1
T m T P
whereo ¢ 80 ADE F)andQ ¢ OADE U) OTHI 1 QOO |\ "0t :
Q€ U
"Q€ U

Qe U



Projection Matrix 4/4

(9L m T m[E nm 1
Ab 0O n CFQ m mm & T n Use when the clip control origin
Tt m  p T . W o is lower left and; when upper left
T n mn pllm m p
XA 17Q¢ iiC U T T
Tt PAA 1™ Qe g 1 Tt
1 T W )
T ] p TU
where®d —andw —. Also note thapf@ 1°Q¢ ¥ &1 n NAOIGQE Fc or

pTA1T°Q¢ g  pF @i 1) 'Ad®eé iUc)



Perspective Projection

Note that the near plane is the projection plane
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Orthographic Projection Matrix

L0 m T T[p T 1 T
AS 0O Tt cfQ mm m|m p T T
1 m p T T 0
T n 71 pllm m m Pl

Alsonote that 0 and™Qare justthe physical
dimensionf both nearand farplanes

where® —andw —.

Solvethe setof two equations

P W &£
for and

ap ® Q o

m T
cfQ m
T
m 1T

© &4 4




Example

[1.6]
vi= _U B input vertex in eye-space coordinates (m) Normalization transformation
! w::?-n-tan(foz_m]:dl h=:2-n-ta.n(‘foz_y]:3 h:=w-aspect ' =3
Camera (viewing frustum) parameters [ o
g =000l :
aspect i=— aspect ratio of the front face of the frustum w L L UL
3 NZDE{](}:D 0.667 0 0
fov_z:= 67.38 deg horizontal field of view h 00 10
0010 0 0 01
fov_y:=2.atan [aspect_lotan [fcr;_:r)] =53.13 deg vertical field of view (0 0 0 1)
n:=3 f:=5 distances of near plane and far plane Perspective projection matrix
Projection transformation (1]'5 g g g 3'4
P=N.M= P.v= vertex in 4D clip space coordinates
P i) po 2:fm 0 0—4—15 1
n—f n—f 0 0-1 0 1 1., and after perspective division we get ...
n0 0 0] [30 0 o 1.2 :I[U.G]I
On 0O O 03 0 0 M.v 0 P.v 0 . .
.E'l‘f-': = _ = = -
00 a b 00 —4 -15 (M.v}s 0.25 ) (P-v]g {0_25‘ output vertex in 3D NDC coordinates (-)
00-10] [00-1 0 1 M should be D matrix here h
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Review of Coordinate Systems

Fall 2025

Model (local, object) space
Model matrix0

World space
View matrixw
View (eye, camera) space
Projection matrix)
Clip space
Perspective division

Normalizeddevicecoordinates
Viewport transform

Screen space

Fundamentals of Computer Graphics
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Normal Vectors Transformation

AWe cannot multiply 6 matrix and normals as we do with vertices
matrix contains translation part which will clearly affect (damage) the normal
ANormal vector  has to be transformed in a different way, by matrix

matrix WQ@® € QQa
e.g.o 0

ModelView normaimatrix- 6 (((oo Q@D ¢ QQa) )
e.g.n -6 =



Normal Vectors Transformation

Alf Is orthonormal (rotation and translation only, no nomiform scale or
shear), then 6 = mat3{( 6©) (no inversaranspose needepd

A Derivation(for model matrix0 ): For a tangent vector and a normak we must
preserve the orthogonalitgondition= go 11 With positions transformed by :

o 0o, « go mforl oD= go TI.

We want= (0 o) Tmtwhenevers o Tt This implies
U = o =10 U = .

SO




Dothe Perspectivdivisionin VSor FS?

A If the transformation we perform in VS is nbinear (i.e,, it includesperspectivedistortion), we must
defer perspective divisiomo FSsothat OpenGlcanperform perspectivecorrectinterpolation.
Otherwise we canpassvec3directlyfrom VS to FS teavesomebandwidthand computational
resourcesbecausew coordinateis alwaysequalto 1

A Vertexshader

layout ( location =0) in vec4d in_position_ms ;
layout ( location = 1) in vec3 in_normal_ms ;

uniform mat4 mvp
uniform mat3 mw;

out vec4 position_cs ;
out vec3 normal ws;

void main(void ) { _ N
position _cs = m\p * in_position_ms ;
normal_wS = mvn * in_normal_ms
A Fragmentshader
void main( void ) {
vec3 p osition = position _cs.xyz / position _cs.w;

}



Camera Movement

Aln case of our camera model, all we know are vectors view from and view at
(other parameters like field of view or resolution are unimportant here)

AWe may use two angles (yaw and pitch) to describe the rotation of our camera
around the point view from (our eye). We will not allow camera roll

a
yawo | dzN& K ig §26SyNO To avoid gimbal lock and

, . _ . _unwanted view flipping, we
ollo y 02 0 SY Bhguld restrict the range of pitch

N o angle,e.g. ¢y
g Piicho a1t 2ykad2ddd yNO

W



Camera Movement

AThe question is how to initialize these two angles from known view from and
view at vectors

AlIf we assume our "zero" rotation position heading towardxys, we may
compute yaw and pitch angle as follows

yaw = atan2f(  view _diry , view dirx ) Z M _PIl 2;
pitch= acosf( -view dir.z ) Z M _PIl 2;

ANote that theview_diris normalized viewing direction vector.



Camera Movement

A After change of any angle, we need to update view at vector.

ATo do so, we pitch our initial "zero" rotation vector arounrdxis and then we
apply yaw around-axis

AUpdating the view at vector is straightforward and the whole process can be
summarized as follows

Vector3 new view dir = Rz yaw ) * Rx( pitch) * Vector3( 0, 1, 0);
new_view_dir.Normalize ();
view _at = view from + new view dir ;



Mouse and Keyboard Inputs in GLFW

AGLFW provides many kinds of input.

AAIl input callbacks receive a window handle allowing us to reference user pointer
(e.g. our class Rasterizer) from callbacks

glfwSetWindowUserPointer / glfwGetWindowUserPointer

ANote that the key press event is reported only once and the repeat event occurs
after a while what induces a delay.

AUse raw mouse motion (as well as hidden cursor) for better control of the camera
rotation

AFor further reference, see https://www.glfw.org/docs/3.3/input_guide.html|



OpenGL

AOpen Graphics Library for rendering 2D and 3D vector graphics

AModern GPUs accelerate almost all OpenGL operations to achievimeal
framerates

AAPI released by SGI (OpenGL Architecture Review Board ARB) in 1992
A Since 2006 managed by the consortium Khronos Group

AMultiplatform, crosslanguage, clienserver (same or different address space or
computer)

AHW vendor extensions are possible

A Current version is 4.6 (core profile, compatibility profile, shading language GLSL
4.60)

Ahttps://www.khronos.org/registry/OpenGL/index_gl.php



OpenGL

A1.0 (1992 first release A3.1 (2009Y instancing, TBO, UBO
A1.1 (1997) texture objects A 3.2 (2009 geometryshader

A1.2 (1998) 3D textures, BGRA A3.3 (2010)

A1.2.1 (1998% ARB extension conceptA4.0 (2010) tessellation

A1.3 (2001) multitexturing A4.1 (2010)

A1.4 (2002); depth textures A4.2 (2011) atomic counters

A 1.5 (2003Y; vertex buffer objects A4.3 (2012); debug output*

A2.0 (2004); shaderobjects (GLSL) A4.4 (2013) bindless textures
A2.1 (2006) pixel buffer objects, SRGB\4.5 (2014); additional clip control
A 3.0 (2008Y; frame buffer objects A4.6 (2017 SPIRV language

For further reference see https://www.khronos.org/opengl/wiki/History of OpenGL
(*) https://www.khronos.org/openghwiki/Debug_Output



Other Graphics APIs

ASGI IRIS GL, 3dfx GJiNticrosoft DirectX 12, Apple Metal 8)VID
Mantle, Vulkan 1.2 (initially released in 2016)
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OpenGL vs Vulkan

Vulkan Explicit GPU Control

QrenGLES. ‘
GeenoL. QWiikan.

Complex drivers lead to driver Application Application Simpler drivers for low-overhead
overhead and cross vendor responsible for efficiency and cross vendor
unpredictability » memory portability
Traditional allocation and
E . _graphics thread Layered architecture so validation
rror management is drivers include management to and debug layers can be unloaded
always active significant generate when not needed
context, memory command buffers
and error _ :
- Driver processes full management Direct GPU Run-time only has to ingest SPIR-V
o= shading language source Control intermediate language
(o]
2 Separate APIs for desktop Unified API for mobile, desktop,
and mobile markets GPU GPU

console and embedded platforms

Vulkan delivers the maximized performance and cross platform
portability needed by sophisticated engines, middleware and apps
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OpenGL vs Vulkan

Ground-up Explicit APl Redesign

\
penGL. Wikan
™
Originally architected for graphics workstations Matches architecture of modern platforms
with direct renderers and split memory including mobile platforms with unified memory, tiled rendering
Driver does lots of work: state validation, dependency tracking, Explicit APl - the application has direct, predictable control
error checking. Limits and randomizes performance over the operation of the GPU
Threading model doesn’t enable generation of graphics Multi-core friendly with multiple command buffers
commands in parallel to command execution that can be created in parallel
E
- Syntax evolved over twenty years — complex API choices can Removing legacy requirements simplifies API design,
00 obscure optimal performance path reduces specification size and enables clear usage guidance
; Shader language compiler built into driver. SPIR-V as compiler target simplifies driver and enables front-end
Z Only GLSL supported. Have to ship shader source language flexibility and reliability
O Despite conformance testing developers must often handle Simpler API, common language front-ends, more rigorous
implementation variability between vendors testing increase cross vendor functional/performance portability
(a4
-
=2

© Copyright Khronos Group 2015 - Page 14

Fall 2025 Fundamentals of Computer Graphics



OpenGL

AOpenGL is a pipeline concerned with processing data in GPU memory
Aprogrammable stages
Astate driven fixeefunction stages

AOpenGL ES (subsets of OpenGL + some specific functionality) is afregalty

crossplatform API for fulfunction 2D and 3D graphics on embedded systems
such as mobile phones, game consoles, and vehicles

AWebGL is a crogdatform, royaltyfree web standard for a losevel 3D graphics
API based on OpenGL ES

ASPIRV is a binary intermediate language for representing grapisicatier stages
and compute kernels for multiple Khronos APIs, such as OpenCL, OpenGL, and

Vulkan



OpenGL

AOpenCL is an open, royaftge standard for crosplatform, general purpose
parallel programming of processors found in personal computers, servers, and
mobile devices, including GPUs.

Ainterop methods to share OpenCL memory and image objects with
corresponding OpenGL buffer and texture objects



O p e n G L CO nteXt Window system provided (default framebuffer) or

application created (framebuffer objectsFBOs)

Internal global state owning OpenGL

objects (textures, buffers, shaders) Framebuffers

Context
State interaction

Shaders

API calls changaurrent context
draw Processed independently, in

Command order, and in the same way

Primitives

Vertices

Position, color, normal,
texture coords. etc.
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OpenGL Context

AOpenGL is a state machine (collection of variables)
ALOGWE OdzNNByYyd aidlridS Aa NBEFSNNBR (2
AGlibrary API consist of statehanging functions

struct Object {
int option_1;
float option_2;

h

struct OpenGLContext {
ObjectName * object_Target = 0;

} opengl_context, OpenGL allows binding to several buffers at once
GLuint object id = 0; as long as they have a different type/target

glGenObject( 1, &object_id );
gIBindObject( GL_TARGET, object_id ); // bind before usage

glSetObjectOption( GL_TARGET, GL_OPTION_1, 123);
glSetObjectOption( GL_TARGET, GL_OPTION_2, 3.14);
glBindObject( GL_TARGET, 0);

glDelete( 1, &object_id );

Q)¢



OpenGL Pipeline

Transforms 3D coordinates into

different 3D coordinates and allows

some basic processing on the
vertex attributes

Assembles all the points in the
primitive shape (e.g. point, line,
triangle)

Emmits new vertices to generate

List of all availablshadertypes:
GL_VERTEX_SHADER, GL_TESS_CONTROL_SHADER,
GL_TESS_EVALUATION_SHADER, GL_GEOMETRY_SHADER,

GL_FRAGMENT_SHADER, GL_COMPUTE_SHADER

From Application

.................................................. v

Vertex Puller

A 4

From Application

v
Dispatch

v

Vertex Shader

v

Tessellation Control Shader

A 4

—»]| Tessellation Primitive Gen.

v

Tessellation Eval. Shader

A 4

new primitives

D

Maps the resulting primitives to th

Geometry Shader

v
Transform Feedback ‘ 1

corresponding pixels and performs
clipping

Calculate the final color of a pixe

Alpha test and blending stage

Fall 2025

Compute Shader

-+

From Application

\ 4

Pixel Assembly

e el > Rasterization
| Fixed Function Stage | v
_»i Fragment Shader
| FmgmmW'— \ 4

M wr Tovwernase: |

Pixel Operations

= |yl Per-Fragment Operations
\ 4 |

Fundamentals of Computer Graphics
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General Pipeline @&hadeModel 4.0

Fall 2025

RESOURCES PIPELINE STAGES

RENDER STATES

Vertex buffer Input Assembler 1.

input slreammg

% ~| Input layout

Instance buffer

vertex ddfd instance data

v

Constant buffers
and fextures ||| :
/. v

processed vertex data

Vertex Shader 4—|

r-f--[ Shader program J
[ —

= --lUnlforrn pa(arﬂ eters

| ¥

Index buffer . Input Assembler Il.
: primitive setup
' ¥

Constant buffers . primitive data
and textures . —V- ~
i Geometry Shader [¢—1

|

4__ — Primitive type J
~- Shader program
! e

ta— ~| Uniform param etersw
N J

‘—v_

@i primitive strip data i —_—
¥ = Cull mode \

Rasterizer :
face culling - Depth bias |
depth bias adjustment — R <:
clipping | = Viewport |
homogenous division | ——
viewport transformation I‘i Fill mode |
output filtering | >—\
| Filtering |

fragments with interpolated data

Constant buffers

and textures 'ﬁ—-"@;’“ Shader
Render

targets

fragment color and depfh
Frame buffer

Texturef, Qutput merger
stencil test
depth test

i | blending

I Shader program

1

|

1= Unliurm p ar mlelers

-| Depth Jlemcw\ state

I-—I Blending state |
R |

Texture

Fundamentals of Computer Graphics

Source: SZIRMAYALOY, + &Tl €{s%;

[ } & BEERMateu. GPWased
techniques for global illumination
effects.Synthesis Lectures on Computer
Graphics and Animatiqr2008
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Coordinates Transform Pipeline

Model

Spaces
Model

Transform

Fall 2025

World Camera
Space Space
View
Transform

-

Wertex Processing

After this point, only the
vertices/fragments inside the
range <1.0, 1.0> (NDC) on all
three axis will be visible

Clipping-Volume Screen Display
Space Space
Projection Viewport .
Transform Transform
-
______ - Ve
Rasterizer

Fundamentals of Computer Graphics
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Phong Reflection Model

ADesigned by Bui Tuong Phong in 1975
ABaseline shading method for many rendering applications

Ambient + Diffuse Specular = Phong Reflection

lllustration of the components of the Phong reflection model (Ambient, Diffuse and Specular reflection)
Source: Brad Smith



Phong Reflection Model

A Originaldefinition x
| /l

= ko B LD (¢ kO (o¢gm) where
m (- gme m

For a white sourcesek k£ (phphp). You canalsoextendthe model with attenuation based on
distance from the source.
Thematerialdefinition includesambient, diffuse, andspecular colors and arealvaluel calledshininess



Reflection

Fall 2025
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Result of Second Exercise

¥ Image

¥ Ray Tracer Params

float

Buktton cou

P,ppl 1cation rerage 16,662 ms/frame (60,0 FPS)
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Normal Shader

—_——

AWe can easily see that normal cannot be represented in RGB space directly

7~ \\

" -~ N
. «hO // \\ _
. * (pipip) /' RGB color space Space of possible
C / ~0lor Sp \ aO2t 2NAT SR
L ,.@T't cube) . (sphere with unit
Space of possible normals -~ ‘V/ IENPA ; diameter and centered
(unit sphere) / N N / at(0.5, 0.5, 0.5))
// " \\ \\ /I //
/ RN X /
m | pv H \\ N // \\ -7
| R b
P T 1P ahY
\ /
\\ //
\ /
Note that the zaxis, resp. the blue color axis, Y 7
are omitted for the sake of brevity N -7



RGB vs sRGB Color Spaces

ARGRcolor space is any additive color space based on RGB color model that
employs RGB primaries (i.e. red, green, and blue chromacities)

APrivmary colors are defined by their CIE 1931 color space chromacity coordinates
oo

A Specification of any RGB color space also includes definition of white point and
transfer function

AsRGB is one of many (but by far the most commonly used) color spaces for
computer displays

AOur renderer will produce sRGBages



Specifications of RGB color spaces

Primaries Transfer function parameters
White
Color space Standard Year Gamut - Red Green Blue a B <] Bd
poin y
XR YR XG yG XB YB a+1 Kolp = E¢ P Ko
1SO RGB Limited
floating floating
Extended ISO RGB Unlimited
scRGB IEC 61966-2-2 2003 (signed)
I SRGB IEC 61966-2-1 1990, 1996 D65 0.64 033 p30 o060 0.15 0.06 1.055 |0.0031308 ‘—52 12.92 | 0.04045 I
20
HDTV ITU-R BT.709 1999 . b 1.098 |0.004 5 |45 0.018
064 033 (030 060 ;.5 006 g
Adobe RGB 98 1998 021 071 1 0 21 o
EBU 3213-E, ITU-R 2o 14
PAL /| SECAM 1970 0.29 0.60 1 0 5 |1 0
BT.470/601 (B/G)
CRT
Apple RGB 0.625 0.28
SMPTE RP 145 (C), 20
NTSC 1987 0.34 0.595 |0.155 | 0.07 1.1115 | 0.0057 T 4 0.0228
170M, 240M 063 0.31
NTSC-J 1987 D93
NTSC (FCC) ITU-R BT.470/601 (M) 1953 ] 1 0 % 1 0
1999 (v1) 067 033 |021 (071 |014 008
eciRGB 1SO 22028-4 ' D50 1.16 0.008856 3 9.033 | 0.08
2007, 2012
DCI-P3 SMPTE RP 431-2 2011 Theater
0.68 0.32 0.265 0.69 0.15 0.06 1.065 | 0.0031308 12 12.92 | 0.04045
Display P3 SMPTE EG 432-1 2010 5
D65
UHDTV ITU-R BT.2020, BT.2100 2012, 2016 0.708 0.292 |0.170 0.797 | 0.131 ' 0.046 | 1.0993  0.018054 4.5 0.081243
Adobe Wide Gamut Wide 563
0.735 0.265 |0.115 |0.826 |0.157 | 0.018 |1 0 555 | 1 0
RGB
RIMM 1SO 22028-3 2006, 2012 D50 1.099 | 0.0018 % 5.5 0.099
ROMM RGE, 0.1596 | 0.8404 | 0.0366 | 0.0001 7
1SO 22028-2 2006, 2013 0.7347 | 0.2653 1 0.001953125 | 16 0.031248
ProPhoto RGB
CIE RGB 1931 0.2738  0.7174 | 0.1666  0.0089
E
CIE XYZ 1931 Unlimited 1 0 0 1 0 0 1 0 1 1 0

Source: https://en.wikipedia.org/wiki/RGB_color_space
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Color Gamut

AA color gamut is defined as a range of colors that a CIE 1931 XY2 color space

particular device is capable of displaying or recording’] . eropoto ree

ALG dzadz- € €& FLIISEFNRBR Fa |
a chromaticity diagram. The missing dimension is the']

0.61

brightness, which is perpendicular to the screen or _,
paper 7
AColor gamut is displayed as a triangular area enclosec
by color coordinates corresponding to the red, green
and blue color 01; |

0 T Z
00 01 02 03 04 05 06 07 08

X

NIN



Color Gamut

AsRGB by far the most commonly used color space for computer displays
ANTSG: standard for analog television

AAdobe RGB (1998kencompass most of the colors achievable on CMYK color
printers, but by using RGB primary colors on a device such as a computer display

ADCIP3¢ space for digital movie projection from the American film industry
AEBUc European colospace surpassing tHeAL standard

ARec. 709 shares the SRGB primaries, used in HDTVs

ARec. 2025, 4K or 8K resolution at 10 or 12 bits per channel

ARemember that 72% NTSC is not SRGB (which is often clalmed%. Matching the
ratios of the color gamut areas does not necessarllel guarantee the ability to
achieve the same image (the degree of overlap of the triangles is imporfant and
not the ratio of their areas).



Linear sSRGB and Gamma Compressed sRGE

Almages displayed on monitors are encodedadmlinear SRGB color space to
compensate the transformation of brightness the monitor does

AOur render has to work in linear space as we are using linear operations with
colors

A Everytexel and material color have to lpgocessedn linear SRGB color model

AOnly the final color values stored in framebuffer are converted bagk tasgamma
compensated sRGB values

Alssue with blending two sRGB colors in {liaear color space:
F | = p | | doesn work well 1

F | = p I | correct

Note the'undesirable dark
silhouettes when mixing two
colors directly in SRGB space
(created in paint.net)

F Y “Y‘Y(]O('SY&’: Y@ ) (p 1)°YE YD )) correct



Gamma Correction

AThe human visual system response is logarithmic, not linear, resulting in the
ability to perceive an incredible brightness range of over 10 decades

AGamma characterizes the reproduction of tone scale in an imaging system.
Gamma summarizes, in a single numerical parameter, the nonlinear relationship

between code valuéin an 8bit system, from O through 255) and luminance.
Nearly all image coding systems are nonlinear, and so involve values of gamma

different from unity

AThe main purpose of gamma correction is to code luminance into a perceptually
uniform domain, so as optimize perceptual performance of a limited number of

bits in each channel

Source: POYNTON, Charles A. The rehabilitation of gamma, 2000.



sSRGB Transfer Functions

A Function returns gammaxpanded (or linear)
SRGB values from gamrtampressed (or non
linear) SRGB values

float c_linear( float c_srgb, float gamma = 2.4f)

{
if (c_srgb <= 0.0f) return 0.0f;

else if ( c_srgb >= 1.0f) return 1.0f;

assert( (c_srgbh >=0.0f) && (c_srgb <=1.0f));
if (c_srgb <=0.04045f)

} return c_srgb / 12.92f;

else

const float a = 0.055f;
return powf( (c_srgb+a)/(1.0f + a), gamma);

A Function returns gammaompressed (or non
linear) sSRGB values from gamagpanded (or
linear) sRGB values

float c_srgb( float c_linear, float gamma = 2.4f)

if (c_linear <= 0.0f) return 0.0f;
else if ( c_linear >= 1.0f ) return 1.0f;

assert( ( c_linear >= 0.0f ) && ( c_linear <= 1.0f) );
if (c_linear <= 0.0031308f)

return 12.92f * ¢_linear;

}

else

const float a = 0.055f;
return ( 1.0f + a )*powf( c_linear, 1.0f / gamma )

}
}



Tonemapping

AAprocess which maps an input image of high dynamange (HDRp a limited
low dynamiaange (LDR)

ATypicaloutput devices such as L@ionitors have LDR (i.e. accept values with a
very narrow range ofrip))

AA ray tracer produces linear HDR outputs with a potentially unlimited range of
n |V

AWe need to scale down these HDR values into LDR somehow
AWe can use various (ton@)apping operators (or functions) to do so



Background (Environment) Images

ACube mayx six square texture§ ¢h oh @}
AFirstly, select the one of the six maps

oY +1 (3,1.5,0.9)

+1

Based on the index of largest compone i
in absolute value of directional vect®
= select the one of the six square maps.

ASecondly, computé and 0 coordinates

L =1~ Source: http://www.humus.name
o " . . : : 8
/ " } From similar triangles we can easily see that Y and after the
1 > >2
1 dxf x
\/F normalization ofdo we get6 ——. The same holds far
- w=o coordinate.
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Textures Bilinear Interpolation

AColors (or other values) obtained from textures should be interpolated using
bilinear interpolation at least

Nearest neighbor interpolation Bilinear interpolation

1 sppat pixel center 1 randomspp 1 sppat pixel center
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Bilinear Interpolation

ANumber of required samples
ANearest neighbor: 1 sample
A2D bilinear interpolation: 22=4 samples
A2Db|cublcmterpolat|on PA=16 samples

{ . { {
‘ T ] 11y
: Pt Linear Cubic

_ ‘ Zr%i’;%%rgﬁrt' Bilinear Bicubic
Nearest neighbor B|I|near BICUbIC

Source: https://en.wikipedia.org/wiki/Bilinear _interpolation
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Bilinear Interpolation

AFor more detailed explanation refer to the link below

_____ Qr (R 0
AT
- Io — T r — 21 | : |
flz,y1) = x2—:c1f(Q11)+:1:2—x1 f(Qa1) | |
- g — & r — I
f(z,y2) = P—— f(Qi2) + P f(Q22)
flesy) e 2 )+ S w) yofoeo @GR $22
- ( fQu)+ Z2piom)) + LU (22 g+ Zo T ign)) e x
yz—y L2 — 1 Y2 —Hh \T2 — 1 T2 — I
1

P — (F(Qu)(z2 — ) (y2 —v) + f(Qa1)(z — 1) (32 — y) + F(Qu2)(z2 — ) (y — 1) + F(Qa2)(x — 1) (y — y1))

This is the resulting value of interpolated quantity at the paint

Source: https://en.wikipedia.org/wiki/Bilinear _interpolation



Composition

Aln the case of the image from the previous slide, the cgidrom "@h hit point
on opaque dielectric surface is computed as follows

FoF FYE
where Color of the light source, e.6pfpip)

- -(D T(-EI)(D (wg) O (mwgo) ))

Visibility function between the hit point
==aNd the positiorm of an omni light

F Is color returned byhe reflected ray, andYis Schlick'spproximation of hit
point reflectivity



Composition

newmtl white_phong
Ns 20
Ni 1.460
Ka 0.01 0.01 0.01
Kd 0.95 0.95 0.95
Ks0.80.80.8
shader 3

newmtl black_phong
Ns 20
Ni 1.460
Ka 0.01 0.01 0.01
Kd 0.10.10.1
Ks0.80.80.8
shader 3

newmtl white_phong_4150p04
Ns 20
Ni 1.460
Ka 0.01 0.01 0.01
Kd 0.95 0.95 0.95
Ks0.80.80.8
map_Kd4150p04.jpg
shader 3

newmtl white_phong_3069bp13
Ns 20
Ni 1.460
Ka 0.01 0.01 0.01
Kd 0.95 0.95 0.95
Ks0.80.80.8
map_Kd 3069bp13.jpg
shader 3

newmtl green_glass
Tf 0.40.0010.4
Ni 1.5
shader 4

Fall 2025

Notes:

Ka Kd andKsare treated as RGB
values stored isRGRjamma
compressed space to match values
stored in texture files

Tf(in case okhader4 - glass) is
treated as RGB value representing
attenuation coefficient

Recursion depth is set to 10
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Diffuse Material

Alncident ray is scattered at many angles
Aldeal diffuse material is said to ambertiar= equal luminance (radiance) when
OASESR TNRY |ttt RANBOUAZYa teAyd Ay

AGood examples of solid diffuse reflectors are plaster, paper, or polycrystalline
materials (exhibit subsurface scattering mechanism caused by internal
subdivisions)

AFew materials do not cause diffuse reflection: metals (do not allow light to enter),
gases, liquids, glass, and transparent plastics



| ocal Reference Frame

AHemisphere samples generated in RS must be (at some point in the ray tracing
pipeline) transformed to WS

. Inthe case of isotropiBRDFghe rotation of vectors
= and= around the normat doesnot matter y
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| ocal Reference Frame

ASSNA GBS GGNIYVATF2NNIFGAZ2Y YIFEOGNAE ow{ TIb 2{0

A Vector= andany nonparallelvector=|=define a plane (we assuntlkat the plane is
passing through the origin)

A This plane has normal such thate = =and by definition, the vector is
perpendicular to- . The remaining question is how to construct such a ve#ﬁ)r

inline  Vector3 orthogonal( const &n) ° Where=|= Tlh—[hD : Where=|= ph-[h-[

{
return ( abs(nx )>abs( nz ))? ( ny, -nx,0.0f): ( 0.0f, nz, -ny )

}

A The remaining third axis can be computedas - = yelding vector
perpendicular to botlr and=

A Now we can construct a changé-basis matriXY o  that transforms vector in the
reference (local) space (RS) to the world space (WS)

'.F



| ocal Reference Frame

é €& €
éE €& ¢
Alnverse transformation can be computed as follows
Y o Yo

AMoreover, the matriXY o  belongs to a special orthogonal grodo , also
called the 3D rotation group (matrices of orthonormal basis) for which holds that
00 "Gor everyd N "Y(¢ . Also note that for any nonsingulér 66 0O

AThisproperty allows us to calculate the inversion of the transformation matrix
usingsimpler (and faster) transposition

Y o Y o Yo



TangenBitangentNormal

Side note: Texture coordinates are interpolated linear!
(barycentricinterpolation) across the triangle. Hence,
the derivatives are all constant and we can calculate

- g/é 4 yb -H- tangentshitangentsper triangle.

m i and 1-H-are 3D row vectors

>
Ca C2
Ca CH
B

¢ gf
A

t '“<C
CJ

T

YU ) ) 0 " areo, resp.b, texture coordinatesf ‘@h vertex

X Iy Rant@étdsolve forend{X

A- ] [ ][ +] Transformation matrixYé 0o (
AJrﬂ [ ] ] vy v Y yS’l/)é S’}cf)U“:]

Z
O~
C
C

M. A >
== D>

()}
\_/

o>




TangenBitangentNormal

Alt is not necessarily true that the tangent vecto«snd-ﬂare
perpendicular to each other or to the normal vector

AWe may assume that these three vectors will be nearly orthogonal.
UseGramSchmidtorthogonalizatiorproces to fix that

ATo find the tangent vectors for a single vertex, we average the
tangents for all triangles sharing that vertex in a manner similar to the
way in which vertexiormalsare commonly calculated. In the case
that the neighboring triangles have discontinuous texture mapping,
vertices along the border are generally already duplicated since they
have different mapping coordinates anyway.



The GramSchmidt Process

AThe GramSchmidt process workss follows

u;
u; = Vv, €1 =
[ ]
. u?
Uz = V2 — Projy, (v2), € =
[z |
. . us
U3 = V3 — Projy, (v3) — Pro]y, (v3), €3 =
[[as |
. . . Uy
Wy = V4 — Proj,, (v4) — proj,, (v4) — proj,, (va), e4= g
4
k—1
. Uy
w, = vp — > proj,. (vi), er =
- [ |

whereb OJ(& (o ;1<>)<>

Source: https://en.wikipedia.org/wiki/Gram%E2%80%93Schmidt_process



TangenBitangentNormal

AUsingthis processoprthogonal(but stillunnormalized tangent
vectors «and++ are giverby

<« <« (<)
+ 4 ) g4«

and thenew YO umatrix takesthe form

e e e
“YO U o) | .
e @& &




Unified Normals

Vertexshaderfile

layout ( location =0) in vec 4 in_position_ms; (XY, z, 1.0f )
layout ( location = 1) in vec3 in_normal_ms;

uniform mat4 mvn; // Model View

uniform mat4 mvn; // Model View Normal

out vec3 unified_normal_es;

A

void main( void )

A

unified_normal_es = normalize(( mvn * vec4( in_normal_ms.xyz, 0.0f ) ).xyz);
vec4 hit_es = mv * in_position_ms; /I mv * vec4( in_position_ms.xyz, 1.0f)
vec3 omega_i_es = normalize( hit_es.xyz / hit_es.w );

if ( dot( unified_normal_es, omega_i_es) > 0.0f)

{

unified_normal_es *= -1.0f;

}
A
}

Fall 2025 Computer Graphics Il

Incorrect flip\d T A

¢ ¢ mirdp
Correct flip con
g Q) m

whereQ "QQ0




Vertex Buffer

glGenVertexArrays (1,& vao_);

glBindVertexArray ( vao_);

glGenBuffers (1,& vbo_);// generate vertex buffer object (one of OpenGL objects) and get the unique ID corresponding to that buffer
glBindBuffer ( GL_ARRAY_BUFFERybo ); // bind the newly created buffer to the GL_ARRAY_BUFFER target

glBufferData ( GL_ARRAY_BUFFERsizeof (Vertex)* no_vertices , vertices, GL_STATIC DRAW ); // copies the previously defined vertex data
into the buffer's memory

Il vertex position

glVertexAttribPointer (0, 3, GL_FLOAT, GL_FALSE, vertex_stride , (void*)( offsetof ( Vertex, position ) )); #pragma pack(push, 1)
glEnableVertexAttribArray (0); {struct vertex
Il vertex normal Vector3 position;
glVertexAttribPointer (1,3, GL_FLOAT, GL_FALSE, vertex_stride , (void*)( offsetof ( Vertex, normal))); Vector3 normal;
Vector3 color;
glEnableVertexAttribArray (1) Coord2f texture_coords;
A Vector3 tangent;
o int material_index{ 0 };
/I material index char pad[4]; // fill up to 64 B
glVertexAttrib [ Pointer (5, 1, GL_INT, vertex_stride , (void* )( offsetof ( Vertex, material_index ))); h
_ #pragma pack (pop)
glEnableVertexAttribArray (5);
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Bindless Textures

AClassical approach: bound texture to a texture unit (represented as an
uniform variable, e.g. sampler2D, in shaders)

AThe number of textures is limited to the number of texture units supported by
the OpenGL driver (at least 16)

A Spending time binding and unbinding textures between draw calls

Alf OpenGL reports support f@L_ARB_bindless_textynge can get
around these problems (Intel HD 630 with driver 23.20.16.4944+ )

AThis ext. allows us to get a handle for a texture and use that handle
directly in shaders to refer the underlying texture

Source: OpenGL SuperBible (7th edition)



Adding Extensions to OpenGL

Glad

Multi-Language GL/GLES/EGL/GLX/WGL Loader-Generator based on the official specs.

Language
C/C#+
API
gl Version 4.6
gles1 None
glesz2 None
glsc2 None
Extensions

UL_ARD_LoZ_LUllipauiuLy
GL_ARB_ES3_1_compatibility
GL_ARB_ES3_2_compatibility
GL_ARB_ES3_compatibility
GL_ARB_arrays_of_arrays
GL_ARB_base_instance

GL_ARB_blend_func_extended

GL_ARB_buffer_storage
GL_ARB_cl_event

Fall 2025

Specification

OpenGL

Profile

Core

| GL_ARB_bindless_texture

=

Visit https://glad.davld.de and fill it accroding the
left image

Download the generated glad.zip

Replace all files in libs/glad directory

Rename glad.c to glad.cpp in libs/glad/src
Replace all includes in glad.cpp

akown

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <glad/glad.h>

with the following single line

#include "pch.h"
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Bindless Textures

void CreateBindlessTexture ( GLuint & texture, GLuint64 & handle, const int width, const int height, const GLvoid * data )

{

glGenTextures( 1, &texture );

glBindTexture( GL_TEXTURE_2D, texture ); // bind empty texture object to the target

/I set the texture wrapping/filtering options

glTexParameteri( GL_ TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_REPEAT);

glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_REPEAT);

glTexParameteri( GL_ TEXTURE_2D, GL_TEXTURE_MIN_FILTER);

glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER GL_LINEAR_MIPMAP_LINEARGL_LINEAR );
Il copy data from the host buffer

glTeximage2D( GL_TEXTURE_2D, 0, GL SRGB width , height ,0, GL RSB GL_UNSIGNED BY,data); Il replace GL _SRGBwith
GL_RGBor (linear ) normal maps

glGenerateMipmap( GL_TEXTURE_2D );
glBindTexture( GL_TEXTURE_2D, 0); // unbind the newly created texture from the target
handle = glGetTextureHandleARB( texture ); I/ produces a handle representing the texture in a shader function

glMakeTextureHandleResidentARB( handle ); ) ) . .
Details on https://www.khronos.org/registry/OpenGL/extensions/NV/NV _bindless_texture.txt

}
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Materials as SSBO with Bindless Textures

GLMaterial * gl _materials  =new |GLMaterial [ materials_.size  ()];
int m=0;
for ( const auto & material : materials_ )

{

}

GLuint ssbo_materials

auto tex_diffuse = material.second - >texture( Map:: kDiffuse );

if ( tex_diffuse )
GLuint id=0;
CreateBindlessTexture (id, gl_materials [m]. tex_diffuse_handle , tex_diffuse
gl_materials [m].diffuse = Color3f( { 1.0f, 1.0f, 1.0f } ); // white diffuse color
}
else
GLuint id=0;
GLubyte data[] = { 255, 255, 255, 255 }; // opaque white
CreateBindlessTexture (id, gl _materials [m]. tex_diffuse_handle , 1,1, data);

gl_materials kDiffuse );

}

m++;

[m].diffuse = material - >value( Map::

:O;

glGenBuffers (1, & ssbo_materials );

glBindBuffer (GL_SHADER_STORAGE_BUFFESho materials );
const GLsizeiptr  gl_materials_size = sizeof ( GLMaterial )* materials_.size ();
glBufferData (GL_SHADER_STORAGE_BUFFBRmaterials_size , gl _materials

glBindBufferBase ( GL_SHADER_STORAGE_BUFFER,ssbo_materials );

glBindBuffer

( GL_SHADER_STORAGE_BUFFER, 0);

- >width),

MTL file:

newmtlwhite_plastic
Pr0.5
Kd1.01.01.0
map_Kdscuffedplasticéalb.png
map_RMAplastic_02_rma.png
norm scuffedplasticnormal.png

tex_diffuse - >height(), tex_diffuse ->data() );

#pragma pack( push, 1) // 1 B alignment
struct GLMaterial
{
Color3f diffuse; // 3 * 4B
GLbyte padO[4]; //+4B=16B
GLuint64 tex_diffuse_handle{0};/1*8B
GLbyte pad1[8];//+8B=16B
J¥
#pragma pack( pop)

see http://www.catb.org/esr/structurepacking/

, GL_STATIC_DRAW );



Materials as SSBO with Bindless Textures

Vertex Shader Fragment Shader
#version 450 core #version 460 core
Il vertex attributes #extension GL_ARB_bindless_texture : require
layout ( location =0 ) in vec4 in_position_ms ; #extension GL_ARB_gpu_shader_int64 : require
layout ( location = 1) in vec3 in_normal_ms ; /l inputs from previous stage
layout ( location = 2) in vec2 in_texcoord ; invec3 unified_normal_es ; : :
layout ( location = 3) in vec3 in_tangent ; invec2 texcoord ; From the previous slide
X

I/ uniform variables giBindBufferBase( GL_SHADER_STORAGE_BUFFER,
uniform mat4  mvp // Model View Projection 0, ssho_materials );
uniform mat4  mvn // Model View Normal (must be orthonormal) A
I/l output variables
outvec3 unified_normal_es ;
out vec2 texcoord ; 0
void main( void )

/l model -space ->clip -space

gl _Position = mvp* in_position_ms ; I/l outputs

/I normal vector transformations outvec4 FragColor ;

vecd tmp = mvn *vec4( in_normal_ms.xyz , 1.0f); void main( void )

unified_normal_es  =normalize( tmp.xyz / tmp.w );

// 3ds max related fix of texture coordinates FragColor = vec4(

texcoord =vec2( in_texcoord.x ,1.0f - in_texcoordy );

, 1.0f);



PBR Materials as SSBO with Bindless Texture

Rasterizer::InitMaterials Fragment Shader

#pragma pack( push, 1) // 1 B alignment struct Material
struct GLMaterial {
{ vec3 diffuse; // (1,1,1) or albedo

Color3f diffuse; // 3*4 B uint64_t tex_diffuse; // albedo texture

GLbyte padO[4]; //+ 4B =16 B

GLuint64 tex_diffuse_handle{0}; /1 *8 B vec3 rma; // (1,1,1) or (roughness, metalness, 1) <—

GLbyte padl[8];//+ 8B =16B uint64_t tex_rma; // rma texture

Color3frma; //3*4 B vec3 normal; // (1,1,1) or (0,0,1)

GLbyte pad2[4]; //+ 4B =16B uint64_t tex_normal; // bump texture

GLuint64 tex_rma_handle{0};/1*8B b

GLbyte pad3[8];//+ 8B =16B
layout ( std430, binding = 0 ) readonly buffer Materials
Color3fnormal; //3*4B

GLbyte pad4[4]; //+ 4B =16 B Material materials][];

GLuint64 tex_normal_handle{0};//1*8B b

GLbyte pad5[8];//+ 8B =16 B
2 Note that the second
#pragma pack( pop ) option is chosen when

the corresponding
texture is not available

v

Structure packing really matters here. More datails on the
std430layout rules can be found in OpenGL specification|
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Bindless Textures on Intel IGPs

A According the GLSL spec, opaque types like sversion 460 core Fragment Shader
sampler2D cannot be used in structures (although #extension GL_ARB_bindless_texture  : require
some drivers allow that e.g. NVidia) A

A The GL_ARB_gpu_shader_int64 extensionisnot| _
available on Intel IGPs like HD 630 or Iris 645 thus ¢

we cannot simply replace sampler2D with uintg4 | yee3 dffuse:

llsampler2D tex_diffuse ;// not allowed by GLSL spec in structs

iIn Material structure /I uint64_t tex_diffuse ; //notavailable on Intel IGPs
A As a consequence, we have to use differenb@4 | 5 e

data type for our bindless texture handles b
A Fortunately, we can usevec2data type instead A

vec3 diffuse = texture( sampler2D (

1. remove GL_ARB_gpu_shader_int64 extension materials[ material_index . tex diffuse ), texcoord ). rgb;
2. replace uint64 t with uvec?2 A
3. cast uvec?2 texture handle to sampler2D in textur

function calls
4. C++ part of our code remains the same



Provoking Vertex

Aln case of flat shaded interpolants (e.g. material index), we have to
specify from which vertex of a single primitive will be taken

ACallglProvokingVerteto set the desired mode which vertex is to be
used as the provoking vertex
AGL_FIRST _VERTEX_CONVENTION
AGL_LAST_VERTEX_CONVENTION (d P:)iil:titiveTypeof Polygon i firs eeeeeeeeeeeee ion FastVertex Convention

independent line 2i-1 2i

©°

line loop i i+1,ifi<n
L if i

line strip 1

independent triangle 3i-2 3i

triangle strip i i+ 2

triangle fan i+ 1 i+ 2

line adjacency

line strip adjacency i+ 1 i+ 2

triangle adjacency 6i-5

triangle strip adjacency 2i-1 2i+ 3




Entity Component System (EC ~ EMTee:-

https://github.com/skypjack/entt

A EnTTuses sparsset-based component storage, which means components of the same type are
stored contiguously in memoryThis makes iteration over entities with certain components
extremely fastt critical for game loops and reime systems like physics, rendering, and Al

A It also allows operations without the overhead of virtual function calls or inheritance
hierarchies

A Entities are just IDs, decoupled from data
A Components are plaistructsor classes

A Systems operate on views of entities that have specific componeantso rigid inheritance tree
needed

A Uses C++11/14/17 featurdike variadictemplates,constexpy and typesafe identifiers
A No need for macros or code generationeverything is compildime type-checked
A Supports move semantics, sSo components can be moved efficiently without unnecessary copies



Entity Component System (EC ~ EMTee:-

https://github.com/skypjack/entt

A EnTTprovideson_constructon_destroy andon_updatesignals for components. This allows easy
event-driven programming

A Trigger initialization when a component is added
A Clean up when an entity is destroyed
A React to component changes efficiently

A While ECS is naturally flaEnTTsupports parentchild relationships custom tags, and metadata

A Youcan implement scene graphs, transform hierarchies, or grouped entities without breaking
the ECS paradigm

A Coupled with views, this makes it easy to traverse complex entity relationships efficiently
A Lightweight and headeonlyt easy to integrate into any engine
A Wellmaintained and widely used, with a strong community



Constructors

struct Mesh{
Mesh() // explicit constructor with no parameters, e.g. Mesh a; calls this constructor
Mesh( const Mesh & mesh) // explicit copy constructor, e.g. Mesh b = a; calls this constructor
Mesh( Mesh && ) noexcept = default; // forces implicit move constructor (because a copy constructor, a copy

assignment operator, a destructor (even if default but user - provided), or a move constructor / assignment
operator prevent the implicit move constructor), _
e.g. Mesha=  make_mesl); or Mesh b = std ::move( a); calls this constructor

Mesh & operator=( const Mesh &) = delete; // removes implicit copy assignment operator,

e.g. b = a; calls this operator
Mesh & operator=( const Mesh &a) //re -enableimplicit copy assignment operator

Mesh & operator=( Mesh && ) = delete; I/ delete copy assignment operator
Mesh & operator=( Mesh && a) /I re - enable implicit move assignment operator,
e.g. b= std ::move( a) calls this operator

~Mesh() // explicit destructor

8
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Transparengfppacity

A There are basically two options

A Alpha blendingwhichis order-dependent- opaqueobijects are rendered first, thesemi
transparentobjects are rendered from back to front as seen bydhmera

glEnable ( GL_BLEND);
glBlendFunc ( GL_SRC_ALPHA, GL_ONE_MINUS_SRC_ ALRHA

A detaileddescriptionof the functionthat blendsincoming(source) RGBA values wRGBAvalues
that are already in the frame buff¢destinationvalueg canbe found here
https://reqgistry.khronos.org/OpenGRefpages/gl4/html/gIBlendFunc.xhtml

A Alphato coverage whichis basedon MSAA ands order-independent

glDisable ( GL_BLEND);
glEnable (GL_SAMPLE_ALPHA TO_ COVERAGE

This approach is more suitable for things like rendering vegetation, while alpha blending is more
suitable for color transparency, as can be seen, for example, in stainedvgiassvs



Transparengfppacity
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Randomnesen GPU

A A verysimpleone-liner

float rand( const vec2 co) {
return fract (sin(dot(co ,vec2(12.9898f, 78.233f ))) * 43758.5453f);

One problem with this method is that, due to the sine function, it can return different results on
different hardwaredevices another problem is the noruniformity of the resultinglistribution

Source: https://stackoverflow.com/questions/4200224/randerisefunctionsfor-glsl
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Randomnesen GPU

A A slightly more sophisticated method

uint hash( uint x ){

X +=(x<<10u ;
X M= (X>> 6u ;
X M= (x>>11lu

X +=(x<<15u
return  X;

}

float floatConstruct ( uint m){

const uint ieeeMantissa = 0x007FFFFFu;
const uintieeeOne = 0x3F800000u;

m &= ieeeMantissa ;
m |= ieeeOne;

float f= uintBitsToFloat (m);
return f - 1.0;

}

float rand( const floatx ) {

return floatConstruct  (hash( floatBitsToUint  (x)) );
}

Source https://stackoverflow.com/questions/4200224/randomoisefunctionsfor-glsl



Shadow Mapping

AShadows are important for realism as they create a sense of depth
ATwo common reatime techniques: Shadow Volumes a8Hadow Mapping

AUnfortunately, a perfect shadow algorithm doesn't exist yet and some artifacts
are unavoidable

ASM can handle spot lights, directional lights, @nahilights with cube mapping
ASM is quite simple to implement (but not that simple like shadow rays in RT)

AlIn terms of implementation, SM consists of two passes
AFirst pasg depth (or shadow) map is generated from the light's perspective

ASecond passthe scene is rendered with shadow mapping (i.e. shadowing of
every fragment is determined based on the depth map from the first pass)



Shadow Mapping

AThe basic idea of the shadow mapping is similar to shadow rays in RT

AlIf we render the scene from the perspective of the light source then everything

we see from that light is lit and everything else is in shadow
light source view volume

unlit

AMore elaborated scheme of the shadow mapping algorithm is on the slide with
the second pass description



Shadow Mapping

ABefore we can start, we have to prepare our Rasterizer class a bit

Class Rasterizer {
A
public:
void InitShadowDepthbuffer  ();

private:
int shadow_width {1024 };
int shadow_height { shadow_width _};
GLuint fbo_shadow _map {0};
GLuint tex_shadow _map {0};
GLuint shadow_program {0 };



/[ this is only for depth map debug
GLuint rbo_color ;
. glGenRenderbuffers (1, & rbo_color );
S h ad OW I\/I a I n glBindRenderbuffer ( GL_RENDERBUFFERpo color );
p p g glRenderbufferStorage ( GL_RENDERBUFFER, GL_RGBAS,
shadow_width , shadow_height );
glFramebufferRenderbuffer  ( GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT]

GL_RENDERBUFFERO color );

Alnit shadow map texture as a depth component of a new framebuffer

rasterizer.cpp
void Rasterizer:: InitShadowDepthbuffer () // must be called before we enter the main render loop
{
glGenTextures (1, & tex shadow _map ); //texture to hold the depth values from the light's perspective
glBindTexture ( GL_TEXTURE_2D,tex_shadow_map_);

/l GL_DEPTH_COMPONENT ... each element is a single depth value. The GL converts it to floating point, multiplies by the signe d scale
Il factor GL_DEPTH_SCALE (1), adds the signed bias GL_DEPTH_BIAS (0), and clamps to the range [0,1] Z this will be important later

glTeximage2D( GL_TEXTURE_2D, 0, GL_DEPTH_COMPONEMNhadow_width _, shadow_height _, 0, GL_DEPTH_COMPONENT, GL_FLOAT, 0);
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR );

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR);

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_CLAMP_TO_BORDER );

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_CLAMP_TO_BORDER );

const float color[] = { 1.0f, 1.0f, 1.0f, 1.0f }; /l areas outside the light's frustum will be it

glTexParameterfv ( GL_TEXTURE_2D, GL_TEXTURE_BORDER_COLOR, color );

glBindTexture (GL_TEXTURE_2D, 0);

glGenFramebuffers (1, & fbo_shadow_map ); // new frame buffer
glBindFramebuffer ( GL_FRAMEBUFFERfbo_shadow_map );

glFramebufferTexture2D( GL_ FRAMEBUFFER, GL_ DEPTH _ATTACHMENT, GL_TEXTURE_f8, : shadow " map_, 0); /I attach the texture as depth
| giDrawBuffer (GL_NONE ); // we don't need any "color buffer during the first pass |«

glBindFramebutfer ( GL_FRAMEBUFFER, 0); // bind the detault framebutter back
}
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Shadow Mapping

First pass (shaders)

Vertex shader Fragment shader
#version 460 core #version 460 core
I/ vertex attributes
layout ( location = 0) in vec4 in_position_ms ; void main( void )
{

// uniform variables // by default the z component of gl_FragCoord is assigned
I/ Projection ( P_D*Light (  V_I)*Model (M) matrix to gl _FragDepth so we don't have to do anything here
uniform mat4  mlip; /I gl_FragDepth = gl FragCoord.z ;
void main( void ) // depth map debug
{ gl_FragColor = vec4(vec3( gl FragCoord.z ), 1.0f);

gl_Position = mlp * in_position_ms ; }
}

I/l save shadow map after depth pass completion
Textured4fshadow_majpshadow_width , shadow _height );
glReadBuffdfGL_COLOR_ATTACHMENTO );
glReadPixe(), O,shadow_width ,shadow_height ,
GL_BGRA, GL_FLGA&dow_map.datg );
shadow_map.Sayéshadow_map.exi;
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Shadow Mapping

First pass (rendering loop)
rasterizer.cpp

glUseProgram ( shadow_program_ );

glViewport (0, 0, shadow_width _, shadow_height _);
glBindFramebuffer ( GL_FRAMEBUFFERfbo_shadow_map );
glClear (GL_DEPTH_BUFFER_BIT);

Matrix4x4 mlp = BuildMLPMatrix ();
SetMatrix4x4(  shadow_program_, mip.data ()," mlp");

glBindVertexArray ( vao_);
glDrawArrays ( GL_TRIANGLES, 0, no_triangles
glBindVertexArray (0);

glBindFramebuffer ( GL_FRAMEBUFFER, 0 );
glViewport (0, O, camera_.width (), camera_.height ());
glUseProgram ( shader_program _ );



Perspective (resp. orthographic) projection matrix
of a spot light (resp. directional) light source

S h ad OW I\/I ap p i n g View matrix of a light source

eye
Second pass point light 0 , ®)

Coordinates of poin#in lights clip space

+ (0 b )+ depth (shadow) map
nearplane

Texture coordinates of poirkin depth map / near plane

+ T+ 8opT

Note that+ & 4 & dand+ & 4 & ot e

shadow_magE ) , + &° Fislit

here is the catch aka acne artefacts (unlit)f-H- ./:
In caseof point N
shadow_magf ) 4 &© Hisin shadow N depth map far plane

& X light clipspace

o X texture space Pseudo depth from perspective projection \

far plane



Shadow Mapping

Second pass (shaders; only new lines are shown)
Vertex shader
#version 460 core

layout ( location = 0) in vec4 in_position_ms ;

Fragment shader

#version 460 core
I/ vertex attributes A
// inputs from previous stage

A invec3 position_lcs

/[ uniform variables
// Projection ( P_1)*Light (
uniform mat4  mip;

V_I)*Model (M) matrix

{

// output variables

outvec3 position_Ics ; //thisis our pointa (or b) in Ics

void main( void )

uniform sampler2D

shadow_map // light's shadow map

void main( void )

A
/l convert LCS's range < -1, 1> into TC's range <0, 1>
vec2 a tc =( position_lcs.xy +vec2(1.0f)) * 0.5f;

float depth = texture( shadow_map a_tc ).r;

{ Il (pseudo)depth was rescaled from < -1, 1>to <0, 1>
A depth = depth * 2.0f - 1.0f; // we need to do the inverse
tmp = mlp *vec4( in_position_ms.xyz , 1.0f); float shadow = ( ( depth + bias >= position_lcs.z )? 1.0f
position_Ics = tmp.xyz / tmp.w; : 0.25f); /1 0.25f represents the amount of shadowing
A A
} vec3 Lo=( kD* LrD+( kS* brdf_integr.x +
brdf _integr.y )* L r S )* ao * shadow,
A
}
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Shadow Mapping

Second pass (rendering loop)
/[ --- second pass ---

I/ everything is the same except this line

SetMatrix4x4(  shader_program _, mip.data ()," mlp");

// and also don't forget to set the sampler of the shadow map before entering rendering loop
glActiveTexture ( GL_TEXTURRE );

SetSampler ( shader_program _, 3," shadow_map); A
A uniform sampler2D  shadow_map
A
glutils.cpp
void SetSampler ( const GLuint program, GLenumtexture unit , const char* sampler_name ){
const GLint location = glGetUniformLocation  ( program, sampler_name );
if (location == -1){
printf  ( "Texture sampler '%s' not found in active shader .\ n", sampler_name );
}else{
glUniform1i( location, texture_unit );
}
}

Fall2025 Fundamental®f ComputerGraphics
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Note that the NDC of the viewport does not match

S h ad OW I\/I a i n texture coordinates of the attached depth component if
GL_UPPER_LEFT clip control origin is used thus use

GL_LOWER_LEFT instead

A Depth (shadow) map of a spot light consists of 030)

(pseudo)depths of scene points as viewed from @ GL_UPPER_LEFT
the perspective of lights viewing frustum

A Even for float depth maps holds that we introduce
some small error-() which will exhibit as randomly
scattered lit/unlit patches (acne artefact)

A This can be partially fixed by introducing a small
biassuch that the fragments are not incorrectly
considered below theurface

shadow_mag+ ) @ QoOiF 8O =Fis lit

A And how much is the bias? Well, it depends on ;g ¢
many factors, try@t 1. Also note that the GL LOWER LEFT

resolution of the depth map matters. 6, 1024P1024pxof float depth map
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Shadow Mapping

Fall2025

Fundamental®f ComputerGraphics

Acne artefactg

Shadow map
1024F1.024px

No bias
No PCF
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Shadow Mapping

Shadow map
1024F1.024px

Bias 0.001
Acne artefacts significantly reduced but still prevail around eSS ®=
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Shadow Mapping

A Another option how to (partially) tackle with artefacts is to involve some sort of shadow
map filtering, e.g. percentageoser filtering (PCF)

Fragment shader

A
vec2 shadow_texel_size =1.0f/ textureSize ( shadow_mapO); /I size of a single texel in tex coords
const int r=2; //searchradius, try different values
float shadow = 0.0f; /I cumulative shadowing coefficient
for(int y= -rny<=r++y){
for( int xX= -rx<=r;++x){
vec2 a tc =( position_lcs.xy + vec2( 1.0f)) * 0.5f;
a tc +=vec2(x,y)* shadow_texel_size
float depth = texture( shadow_map a tc ).r;
depth = depth * 2.0f - 1.0f;
shadow += ( depth + bias >= position_lcs.z )? 1.0f : 0.25f);
}
shadow *= (1.0f/ ((2*r+21)*(2*r+1))); /I compute mean shadowing value
I/ use the shadow value as in the case of non - pcf code
A
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Shadow Mapping

Fall2025

PCF further reduces acne artefacts and softens-eaiged shadows

Fundamental®f ComputerGraphics

Shadow map
1024F1.024px

Bias 0.001
PCF B3
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Shadow Mapping

Shadow map
40964096 px

Directional light
(orthogonal projection’

Near = 20
Far = 250

Shadow diameter = 5(C

Bias 0.001
PCF B5
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Source: https://docs.microsoft.com/en
us/windows/win32/dxtecharts/common

S h ad OW M ap ArtlfaCtS techniquesto-improve-shadowdepth-maps

A Perspective aliasingoccurs when the mapping of pixels in view spacteiels
In the shadow map is not a ofie-one ratio. Near the eye, the pixels are closer
together, and many pixels map to the same shadexels Partial solutions are
PSMs, LSPSMs, dmgP SMsbetter solution are CSMs.

AProjective aliasing occurs when the mapping betwedaxelsin camera space to
texelsin light space is not a oA®-one ratio, e.g. the tangent plane of the
geometry becomes parallel to the light rays.

AShadow acne and erroneous sefhadowing

APeter Panning shadows appear to be detached from and to float above the
surface when there is insufficient precision in the depth buffer. Calculating tight
near planes and far planes may help.



Cascaded Shadows Maps

AView frustum is covered with multiple shadow frustums

ASince shadow maps have the same resolution, the density of shadow
map pixels goes down as we move away from the viewpoint

100 texels
per
scene unit

\
™ \
\\\ v
Vigw S /'
~ 1
1
I
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LightFrustum1/8 ¢ WhichPart of Sceneis In
Camera'sHeld of View?

A 1. Computethe eightcornersof the view frustumin cameraspace
far plzane
AFirstcornersk @ ho hd where G 0
o OAF—)t, 0 OAl—)t a ¢

A The remainingsevencornersare calculatedn the sameway
near plane
®

SASTE

Q€ v

eye



LightFrustum2/8 ¢ WhichPart of Scenels In
Camera'sHeld of View?

A 2. Transformthe view frustum cornersfrom cameraspaceto world space

AFirstcornersk
*5  ® FFp whereisthe cameraview matrix
AThe remainingsevencornersare transformedin the same way view frustum
G
y 0 x 2
Q
z % 1/64;



LightFrustum3/8 ¢ WhichPart of Scenels In
Camera'sHeld of View?

A 3. Transformthe view frustum cornersfrom world spaceto light space
, W
o

. S\

AFirstcornerak o
*r5  04Fp  whered isthe light view matrix
ANote that the matrix) is constructed in the sameay .
asthe camera view matrix c,
y 0 «x X
@1’@
Z 2 g

AThe remainingsevencornersare transformedin the same way



LightFrustumé4-6/8 ¢ CoverCamera'sHeld of
View by Lights Held of View

A 4. Findthe AABBof the view frustum cornersin light space ,
, W
« m \ light frustum

S\
0 {2 =1=

A5. Computethe positionof the light source inlight space
+ (& & B m+oo c'"ﬁijic;m"b o ¢ &g )
L (T
()
A6. Transformlight sourcepositionfrom light spaceto world space
u 0 =



LightFrustum?7-8/8 ¢ CoverCamera'sHeld of
View by Lights Held of View

A7.Recomputehe light view matrix O with the updatedlight sourcepositionm
(the light directionvectorandthe up vectorarethe sameas inthe first case) and

transformthe view frustum cornersfrom world spaceto updatedlight space

IR AL
T h YUIr ok

A 8. Recomputahe AABBof the view frustum cornersin light spaceto obtainthe
boundariedfor constructingthe light orthographicprojectionmatrix
a
@ ‘m

(&



LightFrustumg DetailedDescription

Motivation: Thegoalof the method describedhereisto makeoptimal useof the finite resolutionof the depth
map createdduring the first pass Optimalresultis achievedby finding a frustum for the directionallight that
coversthe camera'sview frustum as tightly as possible Thetixed input parametersof the method are the
cameraparametersandthe directionvectorof the directionallight.

Method: It is clearthat the first unknownis the origin of the light space,which liesin the center of the near
planeof the light's frustum fulfilling the mentionedcriterion. Theorigin mustbe dynamicallyshifted depending
on the position of the cameraso that the light's frustum alwayswrapsthe view frustum of the camera We
constructthe light volumeusingan AABBcreatedaroundthe cornerpoints of the camera'sfrustum expressed
in light space Note that the resultingAABRBSs alignedwith the light spaceaxes We caneasilycalculatethe new
origin of light spaceasthe center of the diagonalconnectingthe bottom-left and top-right cornersof the near

lane of the light's frustum. Theorigin of the light is now exfpressedn our temporary |%ht space Thisspace

asthe correctrotation (derivedfrom the direction vector of the directionallight), but the wrong translation
(temporary placement of the center of the light regardlessof the cameraposition) We will correct the
translation usingthe calculatedcenter of the near Plane of the new light frustum, which we will convertto
world spaceusingthe inverseof light matrix. Thiswill giveusthe desiredoptimal centerof the directionallight,
whichwe will then useto obtain a new light matrix (light directionand up vectorsare the same) We transform
the verticesof the camera'sview frustum expressedn world spaceusingthe newly calculatedlight matrix into
a new light space(in which the centerof the light sourceis locatedat 0). We recalculatethe AABBaroundthe
camera’sview frustum in the new light spaceand, basedon the obtained boundaries,we can now directly
create a matrix for an orthographicparallel viewing volume of the directional light which tightly coversthe
camera'sview frustum.



LightFrustumg TechnicaDetalls

ANote that due to thenegatlveorlentatlon of thed axis,the nearplaneof the
light's frustum equalsto HOEOAG mandthe far planeequalsto
OOAED

A Orthographigorojectionmatrix canbe build by glm::orthoRH_NQunction

glm:: orthoRH_N{ left : aabb.min ().x, right : aabb.max().x, bottom: aabb.min ().y,
top: aabb.max().y, zNear: near plane , zFar: far plane _ ); o

Q
W m

AABBof the light frustum



ShadowMappingResults
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PBR Workflow

APhysicallybased material workflows:

AMetalliccRoughness workflow
A.aS O2f 2NJ o lstepréséhedas d colBr in@iphwitkd s any lighting in the
range 30240sRGRfor dielectrics) or pure black color (for conductors)
A Metalicity A & ,['] eLIAOlIffte | oAyl NE o02NJf A YSIE NI & )
ORASE SOUNRAROaU YR mMWa oYSulfao
A Roughnesg, a grayscale linear texture in the range 0 (smooth) and 1 (rough)
A SpeculaiGlossinesvorkflow
A Diffuse (Albedo)c RGB map
A Specularg RGB map

A Glossines; a grayscale linear texture that describes the surface irregularities that cause
light diffusion. It is the inverse of the roughness map



Filament PBR Materials

BASE COLOR RAYSCALE

Defines the per olor ¢ ometimes called albedo). M X y Jefine e perceived smoothness (0

» Lhe diffuse colo non-metallic obje tis ctimes called glossiness
— the specular color of @ metallic object
NON-METALLIC
BASE COLOR LUMINOSITY

S —
Metal range
170-255

METALLIC SAMPLES ‘ ‘ . . ‘ . ‘ ‘ ' ' ’»

per

N N BN N N BN B
ver m lon I g ‘jv : METALLIC

sity for non-metals. The

il | P REFLECTANCE crayscae

c GRAYSCALE
rf 5 dielectric (0.0, non-metal) or conductor (1 0, metal)
vill be either 0.0 or 1.0

SAMPLES

X I XX XL LLLL

NON-METAL/DIELECTRIC METAL/CONDUCTOR
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Unity PBR Materials

Fall 2025

ALBEDO RGB

ALBEDO DEFINES THE OVERALL COLOUR OF AN OBJECT
VALUES USUALLY MATCH THE PERCEIVED COLOUR OF AN OBJECT
MEDIAN LUMINOSITY

|
NON-METALS METALS
NON-METAL sRGB RANGE METAL sRGB RANGE

NON-METAL EXAMPLE VALUES

METALLIC R

METALLIC DEFINES WHETHER A SURFACE APPEARS TO BE METAL OR NON-METAL
WHILST PURE FACES WILL BE EITHER OR BEAR IN MIND FEW PURE, CLEAN, UNWEATHERED MATI S EXIST IN REAL LIFE
WHEN TEXTURING A METALLIC MAP THIS VALUE WILL ALWAYS BE GREYSCALE AND IS STORED IN THE R CHANNEL OF AN RGB FILE

GREYSCALE

2000099999«

ALMOST ALL NON-METALS = 0.0 ALMOST ALL METALS =

SMOOTHNESS DEFINES THE PERCEIVED GLOSSINESS OR ROUGHNESS OF A SURFACE
FORTEXTURES, THIS IS STORED AS THE ALPHA CHANNEL OF THE METALLIC MAP

METALS
0.1

YY"

0.1 0.2 ).3 4 0.5 6 7 0.8 9 0

0.0 1
NON-METALS
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PBR Textures and Materials

AOnine sources of free seamless PBR textures with Diffuse, Normal,
Displacement, OcclusioBpecularityand Roughness maps:
Ahttps://ccOtextures.com
Ahttps://texturehaven.com
Ahttps://www.poliigon.com
Ahttps://freepbr.com
Ahttps://3dtextures.me
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GS is core in 4.6. While geometry shaders have had previous exter
like GL_EXT_geometry shader4 and GL_ARB_geometry shader4
extensions expose the APl and GLSL functionality in very different

Geometry Shader

A Geometry shaders process each incoming primitive returning zero or more output

primitives | veres o |

A Additional topologies that geometry shaders made available e hader
GL_LINES ADJACENCY Irl
GL_LINE_STRIP_ADJACENCY J—
GL_TRIANGLES_ADJACENCY o

GL TRIANGLE STRIP_ADJECENCY | Raster}auon |
.__E@g_"ﬂsfi_téna_dsr___l

‘ Per-Sample Operations ‘

Sources: https://www.khronos.org/opengl/wiki/Rendering_Pipeline_Overview

https://www.khronos.org/opengl/wiki/Geometry Shader



Geometry Shader Inputs

A Geometry shaders provide the following bdiltinput variables for vertices
in gl PerVertex {
vecd gl Position ;// meaning is given by prior stages
float gl PointSize
float gl ClipDistance [];
}ogllin [J;
A There are also input values based on primitives

A gl_PrimitivelDIn the current input primitive's ID, based on the number of primitives
processed by the GS since the current drawing command started

A gl_InvocationID the current instance, as defined when instancing geomshgders



GeometryShadednputs

A Each input variable becomes an array, with one element per vertex iimpiog primitive
layout( triangles ) in;

in VS_OUT {
vec3 normal ;

vec2 tex_coord ;
} gs_in



Geometry Shader Outputs

A Geometry shaders provide the following bdittoutput variables for vertices
out gl PerVertex {
vecd gl Position ;//t  he clipspace output position of the current vertex
float gl PointSize
float gl ClipDistance [];
3
Aand there are also output valugg PrimitivelDgl_Layerandgl_Viewportindex

A For additional information consult
https://www.khronos.org/opengl/wiki/Builtin_Variable (GLSL)



GeometryShadeiOutputs

A All outputs mustbe setmanually(normal,tex_coord, etc.) before calling
EmitVertex)

layout ( triangle_strip , Mmax_vertices = 3) out;

out GS_OUT {
vec3 normal;
vec2 tex _coord;
} gs _out;



GeometryShadeiOutputs

AExampleof a sSmplethroughputgeometryshadeiX

void main() {

for (int 1=0;1<3; ++i ) {
gl _Position = gl in [i]. gl _Position
gs_out.normal = gs_in[i]. normal;
gs_out.tex coord = gs_in[i]. tex coord ;

EmitVertex ();

}
EndPrimitive ();

}



Geometry Shader Sample Code

Input layout qualifier: points, linesines_adjacencytriangles otriangles_adjacency

vertex shader

#version 460 core
#version 460 core Output layout qualifier: pointdjnes_stripor triangles_strip layout ( location = 0) in vec4 in_position_ms ;
layout (  [triangles_adjacenay |) in; void main( void ) {
layout ( [triangle_strip ||| max_vertices =6 |) out; Maximum number of emitted vertices gl_Position = in_position_ms
uniform mat4 mv? /I (Model) View Pro‘Fction matrix }
void main() {
/I'built - ininput variable (array) gl_in []. gl_Position is expected to contain world - space coordinates of triangle (and adjacent) vertices

/l'in this example, GL_TRIANGLES_ADJACENCY is expected
const vec3v0= gl_in [0]. gl_Position.xyz
const vec3vl= glin [2]. gl_Position.xyz
const vec3v2= gl_in [4]. gl_Position.xyz
/I generate the first triangle

gl_Position = mvp * vO; // we should end up with t he clipspace output position of the current vertex here
EmitVertex ();

gl_Position = mvp *v1;

EmitVertex ();

gl_Position = mvp *v2;

EmitVertex ();
EndPrimitive  ();
/I generate the second triangle 10 units above the first one

gl_Position = mvp * (vO + vec4( 0.0f, 0.0f, 10.0f, 0.0f) );

EmitVertex ();

gl_Position = mvp * (vl + vec4( 0.0f, 0.0f, 10.0f, 0.0f) ); fragment shader
EmitVertex (); #version 460 core

gl_Positon = mvp * (v2 + vec4( 0.0f, 0.0f, 10.0f, 0.0f ) ); layout ( location = 0) out vec4 FragColor ;

Emithrt_e_x 0; void main( void ) {
EndPrimitive  (); FragColor =vec4( 0.0f, 0.0f, 1.0f, 1.0f);
} }
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