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Course Targets and Goals

AFurther extend the techniques of photorealistic image synthesis introduced in the
previous course.

AYou will have handsn experience with implementation of the here described
methods and algorithms for creating synthetic images intieat.

AMastering selected libraries for reime image synthesis.



Course Prerequisites

ABasics of programming (C++)

APrevious courses:
AFundamentals of Computer Graphics (ZPG), Computer Graphics | (PG I)

ATo be familiar with basic concepts of mathematical analysis, linear algebra, vector
calculus, ray tracing, path tracing, and radiometry



Main Topics

AOpenGL pipeline (cofgrofile, GLSL)

ANormal mapping

AShadows

ADeferred rendering

APBR and global illumination

ARay tracing at interactive frame rates on GPUs

A Signed distance fieldndering
A 3D fractals rendering



Organization of Semester and Grading

AEach lecture will discuss one main topic
A Given topic will be practically realized during the following exercise

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

AYou can earn up to 100 points in total from all exercises

AThe course is not completed by an exam, only by credit, So your activity during
the exercises is really important
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Basic Operators

ADot product
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where| Is an angle clamped between both vectors
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Basic Operators

A (Vectol) projection of DN A
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Matrix notation may be useful for repeated projections
A
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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==[§?§((§f)) | =

AElementary counterclockwise rotations in 3D
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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 poir—*{taround arbitrary unit axissby angle
(Rodriguesrotation formula)

+= (p AT(Q)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



Quaternions

A Generalization of complex numbers in 4D space

A () o

ordered pair imaginary part real part

A "Q '?’Q ’?’Q p ’ ‘?‘Q '?Q 'E’Q TQ ‘Q 'E’m "Q '?’Q '?‘QHQ '?’Q '?'Q "Q '?'Q

Alnvented by Sir Hamilton in 1843, used in graphics since 1985

AQuaternion is a geometrical operator to represent the relationship (relative
length and relative orientatiorbetween two vectors in 3D space



Quaternions

AAddition . . )
ch) () (¢ ol 0v)

AMultiplication (associative but not commutative)

(o) (o)) (o ® U o ODoh U o ¢o )

A Conjugation

ANorm

&l & Ja& Jo @& a v



Quaternions

AUnit quaternion (quaternion of norm ongersot represents a specific rotation in
3D space, see next slide)

Al p
ARealquaternion )
(hh) 0
AReciprocal (inverse) Z
A
A _—
| Al

AMultiplication by a scalar

ia ( H)(oh)) ioh 0



Quaternions

AAmbiguity
Aand Arepresents the same rotation

AUnit quaternion expressed by goniometry
A (cOETATI O

where o is unit axis of rotation and Is rotation angle

ACounterclockwiseotation of point=  chuddht aroundo by angleg

= ATA A




uaternions
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Spherical Linear Interpolation (SLERP)

ATwo quaternionsaand »and real parametert 0 p
Alnterpolated quaternion

Ol Adwh)) A &>

Ok ©) , O/ |

o): 3 o): 3
This works for quaternions This vorksfor unit-length elements of
. any arbitrarydimensional inner product
represents the shortest spherical arc betweaand » e providedthat] AT G adn

AIn other words it describesnterpolationbetween aand »with constant angular
velocity

APowerofaunitquat,er,niAonN__ , o o
A (cOET AII® Q° oOHd) Al(®)



Comparing Rotations

Ahttp://ww.boris-belousov.net/2016/12/01/quaidist/
Ahttps://en.wikipedia.org/wiki/Axis%E2%80%93angle representation



Normalized Linear Interpolation (NLERP)

AWhile SLERP interpolates along a great arc between two quaternions, it is also
possible to interpolate along a straight line (in falimensional quaternion
space) between those two quaternions. The resulting interpolambipart of
the unit hypersphere, i.dhe interpolated values araot unit quaternions.
However, they can be normalized to become unit quaternions. This is called
onormalizediinearinerp2 f F A2y €5 AYy aK2NU b[ 9wt d
0 KNRdzZAK GKS &l YS ljdzr 6SNyA2ya Fa {[ 9w
angular velocity.

Source: https://splines.readthedocs.io/en/latest/rotation/slerp.html



Summary of rotations

AMatrices
+ HW support, efficient transformations
- memory requirements

ARotation axis and angle (Rodrigues' rotation formula)
+ memory efficient, similar to quaternion
- Inefficient composition and interpolation

AQuaternion
+ memory efficient, composition, interpolation
- Inefficient transformation



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 )
AAll lines intersect (space contains infinighuddhm))

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

A Cartesian to homogeneous coordinatéau) © (Ghudaip)

AHomogeneous to Cartesian coordinatéstvoh) 1) © (60 hudfd hofd)



(Model) Transformation Matrix

AWith homogeneous coordinates

N1  where
“ 2% < n YN "Y{0) group
U o ) O N "YQo Liegroup
n (differentablemanifold)
m 1 1 pllN ]l <=

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

i T T D T
Y moi Ty [npn]

T 0 T 1T P




View Matrix

A We can simply setup the view matrix as follows - H
on |

[ ] <4 >
w4’ T s ande e, P

where the vectoggrepresents position of the camera (eyeds the target position and 1
Ad Iy FFdzEAEAFNE GSOU2NJ YINJAY3I adzlld 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)
| TT 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

~~— COORDINATE_SYSTEM_LEFT_HANDED_Z_LP U nre al

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
where¢ is a (positive) distance of (near) projection plane o

This transformation can be performed the following homogenous
matrix

. . After perspective 3
€ U TU T SU | division we gefe ___]
, m € 1 T ..~[C AV
O ; O[ ] T t O : ‘
m T € Tt P eL E— , eye
TT TT p TU ¥ & All vertices have W

the same depth

Note that this perspective transformatlon dlscards iInformation about o
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 thatiar plane 0
points on the near plane will be given a depth qf and points on .
the far plane will be at p O¢ 'O
A We just need to solvé  —— for (and dwhat gives us a set §F2" plane °.Cv
two equations as follows - o O
P P .
Solution® —,® — for'Q ¢ andQ¢ myields the new form
of projective transformation matrix -
& T T T T €U € — , eye
: m e TU Tt o V) : &)
~ - 5 E—
O Inn & 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.cv )
we can usea more general affinansformation
(.e.d1) @) 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 n 1 thenearplaneo intgtherangeof( php)
5 T crQ 1 /T
n nm (pm -1 1
T m T P
wherev ¢ 0OANE Ug)andQ ¢ AN ¥g) OTDHI N QWO \ "¢ P &
Qe U
Qe U

Qe U



Projection Matrix 4/4

(9L m T m[E m 1
A0 00O 1 CrQ m mifm e T 1 Use when the clip control origin
At m p M. W W is lower left and; when upper left
T n m pllm m p w
XA 17Q¢ iic U T T
Tt PAA 1™ Qe g 1 Tt
Tt T @ o
T Tt D T
where®d —andw —. Alsonote thapf@ 1°Q¢ Uc & ) MAOIBQE Fc or

pTA1T°Q¢ Wl 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
AL GO Tt cfQ 1 m|m p T m
T m P T T 0
T n T pllm m m Pl

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

where® —andw —.

Solvethe setof two equations

P W &£
for dand®

ap ® Q o

m T
cfQ m
T
m T

© &4 4




Example

Normalization transformation

input vertex in eye-space coordinates (m)

Camera (viewing frustum) parameters

, 4
aspect:=—
pect=3

aspect ratio of the front face of the frustum

fov_z:= 67.38 deg horizontal field of view

fov_y:=2-.atan [a..'t;';,':.!ect_1 - tan [

n:=3 f::5

fO’;—I)] =53.13 deg vertical field of view

distances of near plane and far plane

Projection transformation

ﬂ..‘:—f+n
n—f
n0 0 0
M,..:(]n 00
00 a b
00 -10

Spring 2026
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00-1 0 1

Computer Graphics Il

fov_y

w::?-n-tan( ]:4 h=:2-n-ta.n(

=
=
g J

o

=]
cooo
ocooo
o~oo
-~ o oo

s o Elwl

o o |

=0 =
=-o =2

Perspective projection matrix

P=N.-M=
0 —4 —15

]:3 h:=w-.aspect ' =3

vertex in 4D clip space coordinates

... and after perspective division we get ...

M should be D matrix here

= I[o.ﬁ ]I
F 25‘ output vertex in 3D NDC coordinates (-)
1
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Review of Coordinate Systems

Spring 2026

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

Computer Graphics Il
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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, bys matrix

matrix WQ@® € QQa
e.g.o 0

Model-View normalmatrix- 6 (((oo Q@D ¢ QN a) )
e.g.n -6 =



Normal Vectors Transformation

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

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

o 0o, « go mforl oD= go TI.

Wewant= (0 o) Tmiwhenevers o Tt Thisimplies
O = o =io } U = .

SO




Do the Perspective Division In VS or FS?

A If the transformation we perform in VS is nbnear (i.e., it includes perspective distortion), we must
defer perspective division to FS so that OpenGL can perform perspectieet interpolation. _
Otherwise, we can pass vec3 directly from VS to FS to save some bandwidth and computational
resources, because w coordinate is always equal to 1

A Vertexshader

layout ( location =0 ) in vec4 in_position_ms ;
layout ( location =1 ) in vec3 in_normal_ms ;

uniform mat4 mvg
uniform mat3 mvn

outvec4 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 position = position_cs.xyz / position_cs.w

}



Camera Movement

AlIn 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 | dzNA& K Té; §26SyNO To avoid gimbal lock and

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

N o angle,e.qg. ¢y
] pitchd a1 €t 2y kai2dzLd Yy NO

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 towasaxys, 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 aroundxis 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 achiev@meal
framerates

AAPI released by SGI (OpenGL Architecture Review Board ARB) in 1992
ASince 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 (1997Y; 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

A 1.3 (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*

A 2.0 (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/opengl/wiki/Debug_Output



Other Graphics APIs

ASGIIRIS GL (1982992), 3dfx Glide (late 199@2003) Microsoft DirectX 12, Apple
Metal 4 (since 20143MD Mantle (201% 2019) Vulkanl.4 (initially released in 2016),
proprietary AGC on PSBebGLWebGPYd h LISy D[ 9{ =X {5[ X X

A Over time, graphics APIs have evolved from fixedttion, hardwarespecific systems to
modern lowlevel, crossplatform standards that give developers fine control over
performance and parallelism. Early systems such as SGI IRIS GL laid the groundwork for
reattime 3D graphics. In the late 1990s, APIs like 3dfx Glide were tightly coupled to
specific GPUs, enabling high performance but limiting portability. As PC gaming
expanded, crossendor standards emerged. OpenGL became a widely adopted cross
platform API, while OpenGL ES brought streamlined graphics to mobile and embedded
58a0SYa® aAONRPa2TF(Qa 5 A N&aDAP! for WindoNsahdNEB 3 Sy
Xbox, offering explicit control over memory and multithreading. SimiMtikanl.4,
managed by th&KhronosGroup, provides a crogdatform, low-overhead alternative
designed for high efficiency and scalabiMiebGPUepresents the next generation of
browser graphics and compute.



OpenGL vs Vulkan

Vulkan Explicit GPU Control
QrenGLES.

Complex drivers lead to driver Application Application
overhead and cross vendor responsible for
unpredictability o memory
Traditional allocation and
graphics thread
Error management is drivers include management to
always active significant generate
context, memory command buffers
‘ and error ;
- Driver processes full management Direct GPU
o= shading language source Control
(o]

GeeroL. Quiikan.

© S APIs for desk
*ond mobile markets GPU GPU

Simpler drivers for low-overhead
efficiency and cross vendor
portability

Layered architecture so validation
and debug layers can be unloaded
when not needed

Run-time only has to ingest SPIR-Y
intermediate language

Unified API for mobile, desktop,
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
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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 lowevel 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 GPUSs.

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)
ALOWAa OdzNNBYy U adldS Aa NBFSNNBR (2
AGlibrary API consist of statehanging functions

struct Object {
int option_1;
float option_2;

3

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);
gIBindObject( GL_TARGET, 0);

glDelete( 1, &object _id );

Q)¢



(Global) lllumination in Rasterization

AWe will start with the diffuse part of the RE

m Spherical irradiance ma P
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Cook Torrance BRDF Revisited @7?

. macroscopic surface
microfacet @ P

AOutgoingradiance

O (eh ) 0O (eh ) O (eh )

ADiﬁUSG part JE— Lambert BRDF
N P . Al—O
L (eh ) = U eh o0
Directiong (resp.—) are obtained via cosingeighted hemisphersampling
ASpecuIar part Cook Torrance BRDF
. P . Al-©
O (eh ) & U eh o0

Directiong (resp.— are obtained vidR (GGX) sampling



Microfacet Normal Distribution Function GGX

ADescribes the distribution (concentratipof microfacets with
normals equato]

O( h—)

5AaySeQa OK2AOSRex¥

|
(AT-©) ( p p)

where| N (T8t Tip) is related to the roughnes: -
andAT-O 1 rorn
1 £067QQs Qi - |




TR (GGX) Sampling . @/

macroscopic surface

A Samplemicrofacetnormall  with GGX distribution microfacet @

. ¢* and— OAT(| \/:> Al O(\/< ) )

where, ; N Gidp are random numbers with uniform distribution
A Conversion from spherictd Cartesian coordinategelds
A Compute probability of o
o | Al-© e
n Q0Q ) —— o) —)AT-©
“(AT©) (0 p p)

A Get the probability of via transformation .
AR ) neQ ) O h—)AI-0O

TA1-0 TAT-O
A Finally, get new sample directipn _
] 1 Q"Qd Qhw o




Fresnel Reflection Coefficient ¢ @7?

. macroscopic surface
microfacet @ P

‘—) O p O Al-©

whereAT-© 71 1 1 1]

and O is the specular reflectance at normal
iIncidence(or O (—) )

In Schlick'sapproximation, we can replace the costly power by using the spherical
Gaussian approximation to obtain a slightly more efficient formula

‘G—) O p O¢ ° :



Geometric Attenuation Factor @7?

AHeight correlated form, where masking and shadowirig aré evaluated
separately using the Smit function

‘0 ( h—h
cAT-OAT-O
AT/  ( | YAT9 A8 ( | ATH
"O gives the fraction of microfacets

with normal] that are visible
along the view vectagr , resp]




Our PBR WorkflowletalnessRoughness

APlastics AMetals

Ni =2.0; Pr = 0.01 Ni =0.1; Pr = 0.01
Kd = (1, 0, 1); Ks = (1,1) Kd = (1, 0, 1); Ks = (1,1)
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Diffuse Part and lrradiance Map

O oh»
AReplace sampling of diffuse term by a single 2D irradiance map lookup
N~ WA WQOE
O (e ) O ofr

Precompute irradiance

O(ehr) 0 eh AT-HK

¥

I

Lowres HDR irradiance map

Hi-res HDR spherical backgroun

Path traced reference (200 spp) OpenGL (1 spp)
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Diffuse Part and lrradiance Map

AlIn case of cosineeighted sampling of , we can reduce the amount of
computational costs a bit further

~ LI 7z

5o ) ORGP P g Ao
o) 5

v

Lowres HDR irradiance map Lowres HDR irradiance map

O(=) (with ) O (=) (without HI )
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Diffuse Part and lrradiance Map

N

o) ¢ v v
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Specular Part

ASpecular paris not constant over the integral (dependsjonand] )

A Split sum approximation (by Epic Gameijs approximation is exact for a
constantu and fairly accurate focommon environments

AMany samples still need to be taken mechseparatesumcanbe precalculated

Prefiltered environment map BRDF integration map

y 3 . Al-© L i . _ Al-©
b(eh ) & O e o0 T om (UB b (oh >>¢<§ a0 h )nno‘cz)>
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When dealing with a beam that is nearly parallel to a
surface, it is sometimes more useful to refer to the angle
between the beam and the surface, rather than that
between the beam and the surface normal, in other words

- - 90cminus the angle of incidence. This small angle is called a
re. I te re nVI ro n I I I e nt a glancing angler grazing anglelncidence at grazing angles
is called "grazing incidence".

Source: https://en.wikipedia.org/wiki/Angle_of_incidence_(optics)

1y

AWe assume that = ] (map is unaware of viewing direction, this
approximationwill remove lengthy reflections at grazing angles)

51 RO 0D 03 O (off )

where the direction comes from GGX . sampling of specular lobe arq)undnd
0KS agAROUKaA 2F aLISOdzZ NI £f20S Aa IADSY

I

decreasing image resolution
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Prefiltered Environment Map

Oa N QP dphthip @ Emd p damdEMAEN M
maps look too blurry

1 €0°QQt Qi@ipapdhiup D Em A up G Numn d/EMPJEN M
wan Qwe 6 "QQe Qi i
maps have better distribution
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|(Vo AT mAT-9)| Jo (AT-9

BRDF Integration Map 1/6

AThis lowres map is generated for every BRDF we want to use istader

5 'YO'O0: PAT <5 ) 03 0 (eh ) plQ G

A4

)

Al-O

AT©9 »p

n QCQ)

Here we assume  (Tiwip), thus] (\/p AT-O A | —@) and, like in

A

the previous case, directions and] come from GGX sampling of specular lobe

around= andthe "width" of lobe is given byoughness |
Red channel is a scale and green represents a bias valu

to the surface's Fresnel response, 1@.  w»

Motivation: we would like to isolatethe part that 1 £€0°Q04 "

dependson the specularcolor of the material whichis
controlledby the Fresnel termiQ sothat the resulting
integrationmapdependsonlyonthe GT BRDF P

Spring 2026 Computer Graphics Il

AT-© »p

65



BRDF Integration Map 2/6

A Derivation of the scale and biasiX

" ~ 000 ~ o 2 Q G ﬁ' ) ~o Z ExtractOterm
[Q ¢ h) TAT-OA I A Al-OA "O QA 1-EA from the Q
5
Q G ﬁ' ) " " n~ o RV ReplacéOterm with
"O [O O P O (p Al _9) ]A | A Schlick'sapprox.
Q( h ). 1 K T AR @ h). i erw o A
O [O (p "O)]AI-EA 0 [O(p 0) O]JAI-EA
Q N e Q N e Additional rule- integral of a
G,‘ h ) ['O(p 0O)]AI-EA ¢ h) [O]A 1 -OA sum of two functions is the sum
O O of the integrals of each function
®) Q G ﬁ ) [p 6] A '|' _éq Q G h ) [O] A '|' —éq Extractthe specular

reflectance’O
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BRDF Integration Map 3/6

Q (0 h ) AP QGH)

O S lp OJAT-OA

er TGP O1AHOA TR TG Ao

[O]A T-OA Plugthe "Q

909 b blA OO BlA o ¢
TATBP © TAT0° -
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—

BRDF Integration Map 4/6 0.

. macroscopic surface
microfacet @ P

, 00 . P 00 . P

| < L N Sy e O]r‘] QMQ)
o G0 A0 p  OAi-© -
5 AP “loRTe v ATeRTelP P ATOV

Note thatr] 'Q(Q )
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BRDF Integration Map 5/6 LN

. macroscopic surface
microfacet @ P

) 00 ., o _00. . »p
Yo TAT®Y 0 TAT0'n i)

D g0 _tAl-©0 »p "AT-0

Note thatr] 'Q(Q )
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BRDF Integration Map 6/6

QG h YAT-OA O W

{(AT-eh)

6 'YOO'0¢ QAU <& ) ( SATGh )
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newmtl Mat025
Pr0.4

Complete PBR IBL Shader #m:o

Kd0.913 0.921 0.925

O (eh ) (0 (eh ) (OF @O (eh )) D¢
Common Fresnel factor at perpendicular incidence for all dielectrics
A0 1 E(D Aofrdt dhd & o eSS
A“O (U Q &IDO- QA .I. —QF]O))(p a Qo w)a a KR@.SL, the function
A(l F[:)) 0O YO'O0O¢ C)S\d -@ﬁ ¢ 0 “Q"Q)é 0i i genType reflect( genType I, genType N)

returns |- 2 * dot(N, 1) * N, so we should write
vec3 omega i =reflect( -omega q n);

Optional ambient occlusion

AD (e ) "O——0i | OQQOE&EWQD N
AbD (e ) 01 QQO¢ @ M6 QQEIQi OA A AAO



PBR IBE&hadeOutput

Lambertiandiffuse BRDF + Codkrrance

microfacetspecular BRDF with IBL



Results (Dielectrics)




Results (Metals)

Spring 2026

Computer Graphics Il
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PBR IBE&hadeOutput
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PBR IBEhademwith Shadow Majps Output
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Texture Lookup With Explicit LeeéDetall

ATogetinterpolatedvaluesfrom the closestlevelsof 0 i 'Q"QO ¢ Lme can
use GLSlfunction textureLod tex, uv, lod ) where lod is float in the range
<0, max_leveb

AThisfunctionreturnsinterpolatedpixelvalues from closedevels

O base level "QQ o0 WQ"Q'Q QO
1level QO 'AQQ QXQO
2levell) QM QQQ QKR QO

maxlevel
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Texture Lookup With Explicit LeeéDetall

const GLint max_level = GLint ( file_names.size () - 1;
glGenTextures (1, & tex prefiltered env_map _);
glBindTexture ( GL_TEXTURE_2D,tex_prefiltered_env_map _);
if ( glisTexture ( tex_prefiltered_env._map _)){
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_CLAMP_TO_EDGE );
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_CLAMP_TO_EDGE ); Fragment Shader

giTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR_MIPMAP_LINEAR ); x

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR ); .
uniform sampler2D map;

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_BASE_LEVEL, 0); uniform int  max_level ;
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAX_ LEVEigx_level ); A
. . : vec3 texel = textureLod (map, uv,x* max_level
int width, height; ). rgb:
GLint level; )\ gb;
for (level = 0; level < GLint ( file_names.size ()); ++level) {
Texture3f prefiltered_env_map = Texture3f(  file_names [level]);

glTeximage2D( GL_TEXTURE_2D, level, GL_RGB32F, prefiltered_env_map.width (), prefiltered_env_map.height (), 0, GL_RGB, GL_FLOAT,
prefiltered_env_map.data 0);

width =  prefiltered_env_map.width 0/2;
height =  prefiltered_env_map.height 0/2;
}
}

glBindTexture (GL_TEXTURE_2D, 0);



General Textures (e.g. RGB 8UC3)

glGenTextures (1, & tex );
giBindTexture ( GL_TEXTURE_2D,tex );
if ( gllsTexture ( tex )){

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_CLAMP_TO_EDGE );
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_CLAMP_TO_EDGE );

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER;

); // initial value is GL_NEAREST_MIPMAP_LINEAR

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR ); // initial value is GL_LINEAR

glTeximage2D( GL_TEXTURE_2D, 0, GL_RGBS, width, height, 0, GL_RGB, GL_UNSIGNED_BYTE, ptr data );
/ note that the default value of GL_TEXTURE_MIN_FILTER is

GL_NEAREST_MIPMAP_LINEAR, so we have to use the build

}
gIBindTexture ( GL_TEXTURE_2D, 0);

A

A

glActiveTexture ( GL_TEXTURE );
glBindTexture ( GL_TEXTURE_2D,tex irradiance_map _);

GLint location=  glGetUniformLocation ( program, "
glUniform1i( location, 0);

A

Spring 2026

-in mipmap generator

Computer Graphics Il

FragmentShader
A
uniform sampler2D ;
A
vec3 color = texture( my_tex, uv ). rgb;
A
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Bump vs Normal vs Displacement Maps

ABump mapsg grayscale height map, a measure of surface indentation or
extrusion, phased out in favor of normal maps

ANormal maps three-channel texture with locatormals add fake details (the
silhouettes still look smooth)

ADlspIacement maps physically displace the mesh to which they are applied. As a
NBadzE 0§ 2F GKAA FTRRAGAZYIFET 3JIS2YSUNERIT
map. Since the surface is actually modified, the silhouette reflects the additional
geometry

ACombination is possibleutilize displacement for the big changes to the
geometry and then the normal or bump for the fine detail



vec3 normal _Is = normalize( texture( tex_normal , texcoord ).xyz)* 2.0f - vec3( 1.0f));

Normal Mapping

ATechnique for simulating bumps and wrinkles on the surface of an
object while the geometry stays untouched

AWhat we need
AAnormalmap with normals stored in local (tangent) spa

¢ ¢U&i & aadhayn (phphp)

normal map

AA way how to transform local normals to world space

We need to find' YO tmatrix which will convert local normals fronormalmap
to proper worldspace coordinates of our scene

<, ¢ will be our new normal
€ YO &

we are working with
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Local Tangent Space

A Defined by three orthonormal vectorstangentd-bitangentsy and normal

A Vector: is given, so we need to come up with the remaining two vectors

A Vectordshould be parallel to the surface

A Problem: But therare infinitelymany such vectors, which one should we choose?  Tangent plane

A Constrain: Our choice should be consistent across the whole surface. ..

A Solution: We may orient the tangent vector in the same directiq}”""

that has ourd texture coordinate : :
A After obtaining tangent vector, getting a bitangent is simple u



TangenBitangentNormal

L-direction
0

YU
YU

O-direction

Y6 Yo



TangeniBitangentNormal o s e
interpolation) across the triangle.

Hence, the derivatives are all
constant and we can calculate

B yO < yU ‘H‘ 0 is the position of@h vertex tangents/bitangents per triangle.

N YO «4 YU ‘H‘ m i and «{} are 3Drow vectors

AY6 0 O ,Y0 0 0

~ ~

T
C2
Ca C2

AYO U U ,YU 0) U 0 " areo, resp., texture coordinates oEth vertex

X |y Ran@tdsolve forendX
A - ] [ ] [ _ﬂ Transformation matrixYo U o (
A ]

1ﬂ[ ]_]yy vy yS’L/)é S'Z)U“:]

O»=F= D>
()} ()}
\/

MDx A D
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TangenBitangentNormal

Alt is not necessarily true that the tangent vecteﬂnd%are perpendicular to
each other or to the normal vecter

ABut we may safely assume that these three vectors will be nearly orthogonal. To
ensure the orthogonality, we may uSgamSchmidtorthogonalization process.

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 vertex
normals are 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

A The GramSchmidt process worlkess follows

u;
u; = vy, € =
[y |
. Uz
Uy = V3 — PIOJy, (v2), €y =
[z |
. . us
u3 = v3 — Projy, (vs) — projy, (vs), e3 =
[[as ]|
. . . Uy
Uy = V4 — Proj,, (Vi) — proj,, (va4) — proj,, (v4), 4= ™
4
k—1
. uy,
Uy = Vi — ZprOJuj (Vi) €r =
j=1 Huk”

Where the projection operatob OJ(d (o ¢0)0 projects the vector orthogonally

onto a line spanned by unit vector
Source: https://en.wikipedia.org/wiki/Gram%E2%80%93Schmidt_process



TangenBitangentNormal

AUsingthis processprthogonal (but stillnnormalized) tangent vectors and11L
are givenpy

<« < (<)
+ 4 ) o< <

and thenew “YO Unatrix takes the form
e é &
“YO Uo (4 'H- m )
e é @&
Note thatf+ = <«



Normal Mapping Results

Note small displacement
of the surface

Spring 2026 Computer Graphics Il
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PBR Workflows

Metal - Roughness

Roughness

Base Color

Specular - Glossiness

Diffuse (Albedo)

Glossiness

Spring 2026 Computer Graphics Il

Metallic

Specular

Maps common to both workflows

Ambient Occlusion

Normal

Height

Source: The PBR Guide
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RMA Texture

AMetal/roughness workflow: base color (often similar to or the same as the albedo
map) + RMA + normal

i

Roughness Metallic Ambientocclusion
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Ambient Occlusion




Ambient Occlusion

ARealtime approximatiorbasedon pixel depth (OpenGL)
A Screerspace ambient occlusion (SSAO)
A Horizonbasedambient occlusion (HBAO) Remember:
A VolumetricAQ ambientobscuranceetc.

V=1
ATrue ambient occlusion = i:l(tggrate( (V*(cos(t)))*sin(t), (¢, 0, pi’2), (p, O, 2*pi) )
prin
Return pi
P )
Ow . wu )¢ A

Ao(ch )X OA &Aoot &ieturnFodigfiocciuded in theidirection
1 and 1 otherwise



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
Dispatch

v

From Application
v
Vertex Puller

4

Vertex Shader

v

Tessellation Control Shader

4

Compute Shader

—»]| Tessellation Primitive Gen.

v

Tessellation Eval. Shader

\ 4

new primitives

D

Maps the resulting primitives to th

Geometry Shader
A 4

Transform Feedback ‘

P Rasterization

Teyalal

corresponding pixels and performs
clipping

Calculate the final color of a pixe

Alpha test and blending stage

Spring 2026

| Fixed Function Stage |

| Programmable stage |

From Application
\ 4 v
Fragment Shader + | Pixel Assembly

L 4 \ 4

e

Per-Fragment Operations Pixel Operations

Pixel Pack

| v ||' v

Computer Graphics Il

131



General Pipeline @hadeModel 4.0

RESOURCES PIPELINE STAGES i RENDER STATES

Vertex buffer

Input Assembler I. - Input lavout
input streaming : P y
v :

vertex data. instance data

Instance buffer

: L ,_f_-[ Shader program }
i 1
Co:'sdla‘mtmﬁers ‘ Vertex Shader |[¢— : )
and textures I : v ---lUmforrn parameters

processed vertex data

' ¥ :
Index buffer : Input Assembler . (- —‘| Primitive type J
: pnmll\% setup : -

Constant buffers : primitive data
and textures [ —Y- lr" —= Shader E:rogranl
1 Geometry Shader [#—1 : ———————
|

‘~_—~| Uniform parameters |

@i primitive strip data : ey
= Cull mode \

Rasterizer : —_—

face culling - Depth bias |

depth bias adjustment — —

clipping i Viewport |

homogenous division [ ——

viewport transformation I‘i Fill mode |

Outpul filtering ! e

4 Filtering

fragments thh interpolated data

m - 5. {sseven]  Source: SZIRMAYALOY, + &T f{s%; / { L

and textures

Render
targets

fragment color and depfh : Unliurm e "—Yr—l?l-ers [ l’ é, B B ER-M ate U. G P lbased

'% - - - - - -
' oupumerger | | oegn s s | techniques for global illumination

Frame buffer

Texturef,
stencil test
depth test L_I

| enaing _weom=e | effects.Synthesis Lectures on Computer
Graphics and Animatiqr2008

Texture
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Coordinates Transform Pipeline

Model

Spaces
Model

Transform

Spring 2026

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

Computer Graphics Il
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Framebuffer (Framebuffer Object, FBO)

ACreate Framebuffer object (default framebuffer with renderbuffers
may exist)

ADefault framebuffer (typically) consists of two color buffers
(GL_FRONT_LEFT, GL BACK EHbits3 depth buffer (24 bits),
and stencil buffer (8 bits); the type of elements is
GL_UNSIGNED NORMALIZED

AAttach Renderbuffers (optimized, MSAA) or Textures (pass
shaders) as color, depth or stencil buffers

A2y Wi FT2NEBSUO G2 OKSO1l C.h adl (dz




Framebuffer

Texture Object FrameBuffer Object (FBO)
. ™
—+ GL COLOR_ATTACHMENTO |
Texture Image
| GL_COLOR_ATTACHMENT1 |
| GL COLOR ATTACHMENTR |
Renderbuffer Object
0 + GL_DEPTH_ATTACHMENT |
Renderbuffer [
Image
| GL_STENCIL_ATTACHMENT |

- J
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Framebuffer (Deferred Rendering)

Window system buffer Prim. draw buffer Sec. downsampling buffer Ray tracing

Default FBOMSAA G-buffer FBO (MSAA G-buffer FBO OptiX

CAO :=color TEX2D (GL_SRGB8_ALPHAS)

CAO :=color RBO (GL_SRGB8_ALPHAS8)
BACK_LEFT := color RBO (GL_SRGB8_ALPHAS) = o = o | = o
FRONT_LEFT := color RBO (GL_SRGB8_ALPHAS8) CAL1 := position RBO (GL_RGBA32F) —7 CAL1 := position TEX2D (GL_RGBA32F)

A
DA := None
SA :=None

rtTextureSampler<optix::float4, 2,
cudaReadModeElementType> hit_points;

A A
DA :=RBO (GL_DEPTH_COMPONENT24)
SA :=None

shadowing PBO (float) rtBuffer<optix::float4, 2> output_buffer;
10. Swap buffers 1. clear 2. clear 6. shadow rays
3. renderpass (out) 8. shadowpass (in/out)

Copy a rectangle of pixel values from one region refaal framebufferto another region of araw framebuffer

glBindFramebuffer( GL_READ_FRAMEBUFFER, fbo_src ); In case of5L_DEPTH_BUFFER_BtF GL_STENCIL_BUFFER_BIT
glReadBuffer( GL_COLOR_ATTACHMENT); 65 R2y Wi oRe&IBUffer2 O € f
glBindFramebuffer( GL_DRAW_FRAMEBUFFER, );

glDrawBuffer( GL_COLOR_ATTACHMENT);

glBlitFramebuffer (0, 0, width, height , , GL_COLOR_BUFFER_BIT, GL_NEAREST );
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Custom Framebuffer

int msaa_samples = 0;
glGetintegerv( GL_SAMPLES, &msaa_samples );

GLuint fbo, rbo_color, rbo_depth;
glGenFramebuffers( 1, &fbo );
glBindFramebuffer( GL_FRAMEBUFFER, fbo );

I/ color renderbuffer

glGenRenderbuffers( 1, &rbo_color);

glBindRenderbuffer( GL_RENDERBUFFER, rbo_color);

glRenderbufferStorage( GL_ RENDERBUFFER, GL_RGBAS, width, height );

glRenderbufferStorageMultisample( GL_RENDERBUFFER, msaa_samples, GL_SRGB8_ALPHAS, width, height );
glFramebufferRenderbuffer( GL_ FRAMEBUFFER, GL_COLOR_ATTACHMENTO, GL_RENDERBUFFER, rbo_color );

// depth renderbuffer

glGenRenderbuffers( 1, &rbo_depth );

glBindRenderbuffer( GL_RENDERBUFFER, rbo_depth );

glRenderbufferStorage( GL_RENDERBUFFER, GL_DEPTH_COMPONENT?24, width, height );
glRenderbufferStorageMultisample( GL_ RENDERBUFFER, msaa_samples, GL_DEPTH_COMPONENT24, width, height );
glFramebufferRenderbuffer( GL_ FRAMEBUFFER, GL_DEPTH_ATTACHMENT, GL_RENDERBUFFER, rbo_depth );

if ( glICheckFramebufferStatus( GL_FRAMEBUFFER ) = GL_FRAMEBUFFER_COMPLETE ) return -1,

Spring 2026 Computer Graphics Il
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Renderbuffer Object (RBO)

AOptimized for exclusive use with FBOs as render targets
ARBOs natively support multisampling (MSAA)
APixel transfer operations may be used to read and write from/to RBOs



Pixel Buffer Object (PBO)

ABuffer object used for asynchronous pixel transfers

ASimilar to VBOs but use GL PIXEL PACK BUFFER and
GL PIXEL UNPACK BUFFER targets

glGenBuffers( 1, &pbo );

glBindBuffer( GL_PIXEL _UNPACK_ BUFFER, pbo);
const int pbo_size = width * height * pixel_size;
glBufferData( GL_PIXEL_UNPACK_BUFFER, pbo_size, 0, GL_STREAM_DRAW );
glBindBuffer( GL_PIXEL _UNPACK_ BUFFER, 0);

Performance hint

Allocates only a memory space of given size



Using Custom FBO in Render Loop

In case of two or more color buffers to be drawn into:

GLenum draw_buffers[2] = {

GL_COLOR_ATTACHMENTO, GL_COLOR_ATTACHMENT1 };
glDrawBuffers( 2, draw_buffers);

while (! glfwWindowShouldClose ( window )

{
/I bind custom FBO and clear b

) // render|

glBindFramebuff RAMEBUFFERibo ); We need some way how to specify
glDrawBuffer” ( GL_COLOR_ATTACHMENTO which color attachment we want to use
giClearColor ~ (0.2f, 0.3f, 0.3f, 1.0f); and the answer is glRead/DrawBuffer(s)

glClear (GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIEL STENCIL BUFFER_BIT);

// TODO activate shader program, setup uniforms and draw the scene

I/ copy the color attachment from the custom FBO to the defaul
glBindFramebuffer ( GL_READ_FRAMEBUFFE iInd custom FBO for reading

gIReadBuffer ( GL_COLOR_ATTACHM Y OAI AAo EOpO AEOOO Ailii AOEEAD £ O OARAAET C

glBindFramebuffer ( GL_DRAW_FRAMEBUFFER, 0 )i/ bin X d default FBO (0) for writing S
glDrawBuffer (GL_BACK LEFT); YY OAI AAO EOpO 1 A&EO AAAE AQAZEAO A1 O xOEOEIT C
gIBlitFramebuffer (0, O, width, height, 0, O, width, height, GL_COLOR_BUFFER_BGBL_NEAREST );// copy

/I gIBlitFramebuffer (0, O, W|dth height, 0, O, W|dth height, GL_ DEPTH_BUFFER_BIT, GL_NEAREST );

// do the double buffering on the default FBO and process iIncomming events

glfwSwapBuffers ( window );

glfwSwaplinterval (1); // introduce a 1 - frame delay to prevent from tearing

glfwPollEvents ();
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Resizing Custom FBO

static  void Rasterizer::  framebuffer_resize_callback ( GLFWwindow * window, int width, int height ) {
Rasterizer * rasterizer = ( Rasterizer * )glfwGetWindowUserPointer( window );
rasterizer - >Resize( width, height );

}

A

glfwSetWindowUserPointer( window_, this );

glfwSetFramebufferSizeCallback( window_, framebuffer_resize_callback );

A

int Rasterizer::Resize( const int width, const int height ) {
glViewport( 0, 0, width, height );
camera.Update( width, height );

glBindFramebuffer( GL_FRAMEBUFFER, 0 );

glDeleteRenderbuffers( 1, &rbo_color );
glDeleteRenderbuffers( 1, &rbo_depth );
glDeleteFramebuffers( 1, &fbo );

InitFramebuffer();

}
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Textures as Color Attachments

glGenTextures( 1, &tex_positions );
glBindTexture( GL_TEXTURE_2D, tex_positions );
//gIBindTexture( GL_TEXTURE_2D_MULTISAMPLE, renderedTexture );

glTeximage2D( GL_TEXTURE_2D, 0, GL_RGB32F, width, height, 0, GL_RGB, GL_FLOAT, 0);
glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_NEAREST );

glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_NEAREST );

glFramebufferTexture2D( GL_FRAMEBUFFER, GL_COLOR_ATTACHMERSL1TEXTURE_2D, tex_positions, 0 );
/lglFramebufferTexture2D( GL_FRAMEBUFFER, GL_COLOR_ATTACHMERL1LTEXTURE_2D_ MULTISAMPLE, tex_positions, 0 );

Don't forget to recreate the textures with proper width and height when resizing the FBO
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Framebuffer Debug

cv.:Mat image = cv:.:Mat::zeros( cv::Size( width , height ), CV_32FC4),
glBindFramebuffer( GL_READ FRAMEBUFFER,fbo ); // source fbo

glReadBuffer( GL COLOR_ATTACHMENTY/ source color buffer

glReadPixels ( 0, 0, width , height , GL RGBA GL FLOA/Jimage.data);

cv::flip( image, image, 0); //'in case of GL_LOWER_RIGHT
image watch = > |

Spring 2026 Computer Graphics Il
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Framebuffer Debug (Depth Component)

float * db =newfloatf shadow width * shadow_height ];
glReadPixels (0, 0, shadow_width , shadow _height , GL DEPTH COMPONESL _FLOAT db );

FILE * file = fopen (" depth.ppm”, " wt");
fprintft  ( file, "P3 \ n%d %d n255\ n", shadow_width, shadow_height );

for( int y=0;y<  shadow_height ; ++y) {

for( int x=0;x< shadow_width ; ++x) {

const int value= int (255.0f* powf( dbly* shadow width + x], 5.0f)); // value 5 is arbitrary
fprintf  ( file, "%d %d %d \t", value, value, value );
}
fprintf  (file, " \n");
}
fclose (file);
delete[] db;
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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; Il 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
}
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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

[l vertex position

glVertexAttribPointer (0,3, GL_FLOAT, GL_FALSE, vertex_stride , (void*)( offsetof ( Vertex, position) ) ); #pragma pack(push, 1)
glEnableVertexAttribArray (0); {struct vertex
/I 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_textunge 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

Spring 2026

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
/| 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, GL_LINEAR );
glTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR );
/I copy data from the host buffer
glTexlmage2D( GL_TEXTURE_2D, 0, GL_RGB width , height ,0, GL_BGR GL_UNSIGNED_BY,data );
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
if ( tex_diffuse )

- >texture( Map::  kDiffuse );

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

}

m++;

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

: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_BUFFHER,ssbo_materials );

glBindBuffer

(GL_SHADER_STORAGE_BUFFER, 0);

- >width),

MTL file:

newmtlwhite_plastic
Pro.5
Kd1.01.01.0
map_Kdscuffedplasticéalb.png
map_RM#Aplastic_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
¥
#pragma pack( pop)

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

, GL_STATIC_DRAW );



Materials as SSBO with Bindless Textures

Vertex Shader

#version 450 core

Il vertex attributes

layout ( location = 0 ) in vec4 in_position_ms;
layout ( location = 1) in vec3 in_normal_ms;
layout ( location = 2 ) in vec3 in_color;

layout ( location = 3) in vec2 in_texcoord,;
layout ( location = 4 ) in vec3 in_tangent;

/[ uniform variables

uniform mat4 mvp; // Model View Projection

uniform mat4 mvn; // Model View Normal (must be orthonormal)
// output variables

out vec3 unified_normal_es;

out vec? texcoord;

void main( void )

/l model -space ->clip -space

gl_Position = mvp * in_position_ms;

/I normal vector transformations

vec4 tmp = mvn * vec4( in_normal_ms.xyz, 1.0f);
unified_normal_es = normalize( tmp.xyz / tmp.w );

/l 3ds max related fix of texture coordinates

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

Fragment Shader
#version 460 core
#extension GL_ARB_bindless_texture :require
#extension GL_ARB_gpu_shader_int64 : require
/l inputs from previous stage

invec3 unified_normal_es ; : :
invec2 texcoord ; From the previous slide

X

giBindBufferBase( GL_SHADER_STORAGE_BUFFER,
0, ssbo_materials );

A

/I outputs

outvec4 FragColor ;

void main( void )
FragColor = vec4(

, 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

14

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 (althougl #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 thu; ¢

we cannot simply replace sampler2D with uint64 | yee3 dfiuse:

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

in Material structure /I uint64_t tex_diffuse ; //notavailable on Intel IGPs
A As a consequence, we have to use differenbf4 | 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

ACallglProvokingVerteso 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




Shadow Mapping

AShadows are important for realism as they create a sense of depth
ATwo common realime techniques: Shadow Volumes a8adow Mapping

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

ASM can handle spot lights, directional lights, anghilights 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:
int 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_RENDERBUFFERbo 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
// 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_FRAMEBUFFERibo_shadow_map_);

glFramebufferTexture2D( GL_ FRAMEBUFFER, GL_ DEPTH _ATTACHMENT, GL_TEXTURE_f, : shadow " map_, 0); /I attach the texture as depth
| glDrawBuffer (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
Il 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  mlp; /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, O, 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 poirgin depth map / near plane

+ T+ 8opT

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

shadow_mags ) , + &©° Fislit

here is the catch aka acne artefacts (unlit)f-H- ./:
In caseof point N
shadow_magf )  &© Hfisin shadow 7" depth map far plane

& X light clip space

o X texture space Pseudo depth from perspective projection \

far plane



Shadow Mapping

Second pass (shaders; only new lines are shown)

#version 460 core

layout ( location = 0) in vec4 in_position_ms

A

uniform mat4  mlip;

outvec3 position_Ics

void main( void )

{
A
tmp = mlp *vec4( in_position_ms.xyz
position_Ics = tmp.xyz / tmp.w;
A
}

, 1.0f);

Vertex shader

| want to know if the point I'm looking at from the camera is also visible from
the lightsource When viewing from the camera, | also calculate the distances
of the rendered fragments from the light source and their positions in the
light source's projection plane (lighting pass from the camera's perspective; |
can do this because | know the MLP matrix of the light source). | compare
these distances with the prealculated distances from the light source at the
alYysS O22NRAylIGSa Ay (GKS fA3IKG &2dzN
0KS RSLIK YFLI 6RSLIGK LI aa FTNRY GKS

matrix). Fragment shader

#version 460 core
A
invec3 position_lcs

uniform sampler2D  shadow_map

void main( void )

{

A

vec2 a tc =( position_lcs.xy +vec2(1.0f)) * 0.5f;

float depth = texture( shadow_map a tc ).r;

depth = depth * 2.0f - 1.0f;

float shadow = ( ( depth + bias >= position_lcs.z )? 1.0f
. 0.25f);

A

vec3 Lo=( kD* LrD+( k.S * brdf integr.x +
brdf integr.y )* Lr S )* ao * shadow,

A
}



Shadow Mapping

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

/Il 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_TEXTURE );

glBindTexture ( GL_TEXTURE_2D,tex_shadow_map_); Fragment shader
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 );
}
}
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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+ ) QO iF 8O =is lit

A And how much is the bias? Well, it depends on y ¢
many factors, tryn@t 1. AAlso note that the GL LOWER LEFT

resolution of the depth map matters. 6, 102471024px of float depth map

Spring 2026 Computer Graphics Il 165



Shadow Mapping
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Shadow map
1024F1.024px

No bias
No PCF
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Shadow Mapping
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Acne artefacts significantly reduced but still prevail around ed
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Shadow map
1024F1.024px

Bias 0.001
No PCF
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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. percentagaoser 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= -ry<=r++y){
for( int x= -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_Ics.z )? 1.0f : 0.25f);
}
shadow *= (1.0f/((2*r+1)*(2*r+1))); /I compute mean shadowing value
/Il use the shadow value as in the case of non - pcf code
A
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Shadow Mapping

Spring 2026

PCF further reduces acne artefacts and softens-edged shadows
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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

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

AProjective aliasing occurs when the mapping betwed@axelsin 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 salhadowing

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

s s
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Light Frustum 1/8 Which Part of Scene Is In
Camera's Field of View?

A 1. Computethe eightcornersof the view frustumin cameraspace
far plzane

AFirstcornerst @ hohy  where ® ®
0 OA(P)é, @ C)A(T—)‘a, a &

ATheremainingsevencornersare calculatedn the sameway
near plane



Light Frustum 2/& Which Part of Scene Is In
Camera's Field of View?

A 2. Transformthe view frustum cornersfrom cameraspaceto world space

AFirstcornersk
*5  ® 3k wherewisthe cameraview matrix
AThe remaining seven corners aransformedin the same way view frustum
G
v 0 «x % »
Z > e



Light Frustum 3/& Which Part of Scene Is In
Camera's Field of View?

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

. S\

AFirstcornerdt o
*x  0akr  where0 isthe light view matrix
ANote that the matrix) is constructed in the sameay s
asthe camera view matrix c,
4
y 0 «x o &
z Lo

AThe remaining seven corners dransformedin the same way



Light Frustum 46/8 ¢ Cover Camera's Field of
View by Light's Field of View

A 4. Findthe AABBof the view frustum cornersin light space
o
5 W 4

W
m \light frustum

A5. Computethe positionof the light source inlight space
+ (& & B m+w (%_'xim"‘) o ¢ &g )
o (T
()
A6. Transformlight sourcepositionfrom light spaceto world space
u 0 =



Light Frustum -B/8 ¢ Cover Camera's Field of
View by Light's Field 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 UIr ok

A 8. Recomputehe AABBof the view frustum cornersin light spaceto obtainthe
boundariedor constructingthe light orthographicprojectionmatrix
(:X W
@ ‘m



Light Frustung, Detailed Description

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 resultingAABBSs alignedwith the light spaceaxes We caneasilycalculatethe new
origin of light spaceasthe centerof 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 placementof the center of the light regardlessof the cameraposition) We will correct the
translation usingthe calculatedcenter of the near Flane 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 coversthé
camera'sview frustum.



Light Frustung Technical Detalls

ANote that due to the negatlverlentatlon of thed axis,the nearplaneof the
light's frustum equalsto HOOEOAG mandthe far planeequalsto
ODOAED T

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 _ ), &

Q
W m

AABB of the light frustum



Shadow Mapping Results
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R T See Nvidia OptiX Programming Guide, Sectiqin8rop. with OpenGL
ay r aC e a OWS https://raytracing-docs.nvidia.com/optix_6_0/guide_6_0/index.html#opengl#interoperabilith-openg|

rtBufferCreateFromGLBO
rtTextureSamplerCreateFromGLImage

A The goal is to create precise ray traced shadows with OptiX

A We will use three rendering passes
A Geometry pass produces color and position (in WS) for each fragment in fraghaster

layout ( location = 0 ) out vec4 FragColor,
layout ( location = 1) out vec4 Position;

A In shadow pass, rays from hit positions are traced via OptiX toward the light and potential occlusions are stored in shadow
buffer (0 or 1)

rtTextureSampler<optix::float4, 2, cudaReadModeElementType> hit_points;
rtBuffer<optix::float4, 2> shadow_buffer;

A Third pass multiplies colors and attenuation buffer in fragmsrder

uniform sampler2D color_map;

uniform sampler2D shadow_map;

uniform vec2 screen_size = vec2( 1.0f / 640.0f, 1.0f / 480.0f);
layout ( location = 0 ) out vec4 FragColor;

void main( void ) {
vec2 tc = gl_FragCoord.xy * screen_size;
vec4 color = texture( color_map, tc ).xyzw;
vec4 shadow = texture( shadow_map, tc ).xyzw;
FragColor = color * shadow;
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Composition Pass In General

t#version 450 core

layout ( location = 0 ) in vec4 in_position_cs;

void main( void ) {

}

gl_Position = in_position_cs;

gl_FragCoord (x.y)

gl_FragCoord (x,y)/resolution(x.y)

(0,400)

resolution
600x400

(0,0)

(600,400)

(600,0)

(0,1) (1,1)
*(0.2,0.8)

(0.5, 0.5)

(0,0) «(0.5, 0) (1,0)

Spring 2026

t#version 450 core

uniform sampler2D color_map;
uniform sampler2D shadow_map;

uniform vec2 screen_size = vec2( 1.0f / 640.0f,
1.0f / 480.0f ); // should be set to the actual
screen size

layout ( location = 0 ) out vec4 FragColor;

void main( void ) {

vec2tc = gl FragCoord.xy * screen_size;

vec4 color = texture( color_map, tc ).xyzw;
vec4 shadow = texture( shadow_map, tc ).xyzw;

/I lighting calculation with all the samplers

FragColor = color;
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Stencil Buffer

AA method to mask a section of the back (color) buffer

AMore flexible then simpler scissor region (rendering takes place within a
rectangular section)

AUsed in multipass rendering algorithms to achieve special effects (decals,
outlining, CSG, stencil shadows)

ARepresented as a scresized buffer like depth and color buffers with at least 8
bit depth (typically, 3zbit buffer shared with 245it depth)

AValues in stencil buffer can be modified on4pexel basis

AWe can allow or discard a fragment drawn into a pixel based on the stencil value
Alf there is no stencil buffer it is as if the stencil test always passes

Alnitially, the stencil test is disabled



Stencil Buffer Test

AWe need to explicitly enable or disable stencil test

glEnable /Disable( GL_STENCIL _TEST )
AWhen enabled, all rendering calls will influence the stencil buffer

AThe actual outcomes are specified wifstencilOp andglStencilFunc

AThe stencil operations are still processed when the test Is disabled; the operation
proceeds as If the stencil test had passed

AWhen the stencil test is enabled, the testing logic of the reference stencil value
against the framebuffer stencil value is skipped

ANote that if the depth test fails, the stencil test no longer determines whether a
fragment is drawn or not, but these fragments can still affect values in the stencil

buffer



Stencil Buffer Clear

AThe stencil buffer can be clearedong with the color buffer
glClear (GL_COLOR_BUFFER _BIT | GL_STENCIL BUFFER_BIT);

Alnitial value of the stencil buffer can be specified by
glClearStencil (0);



Stencil Buffer Mask

AMask enables or disables writing of individual bits in the stencil planes

AWhere a 1 appears in the mask, it's possible to write to the corresponding bit in
the stencil buffer (stencil plane)

AWhere a 0 appears, the corresponding bit is wptetected
Alnitially, all bits are enabled for writing
glStencilMask (OxFF) // enables all bits for writing



Stenclil Buffer Functions

AFront and back function and reference value for stencil testperify the
conditions under which a fragment passes the stencil test

APossible functions are: GL_NEVER (always fails), GL_LESS, GL_LEQUAL,
GL_GREATER, GL_GEQUAL, GL_EQUAL, GL_NOTEQUAL, GL_ALWAYS (alwa
passes)

AReference value is also used by other functions
A Stencil test passes if ( & ) OP ( stencil & )

glStencilFunc ( GL_EQUAL, 0, ); /Il accept fragments with
stencil value equal to O

AUsegIStencilFuncSeparate  to set front and back stencil state to different
values



Stencil Buffer Operations

AWhat happens when a stencil test passes or faslsletermined by
glStencilOp

AFunction takes 3 parameters, which control what happens when
1. a stencil test fails

2. a stencil test passes but then the fragment fails the depth test

3. both the stencil and depth test pass (or the stencil test passes and depth
testing is disabled)

AList of all possible actions: GL_KEEP, GL_ZERO, GL_REPLACE, GL_INCR,
GL INCR_WRAP, GL_DECR, GL DECR_WRAP, GL_INVERT

AThe reference value for GL_REPLACE is s¢dtancilFunc



Stencil Buffer Operations

AWhat happens when a stencil test passes or faslsletermined by
glStencilOpSeparate  separatelywith respect to the side of the face

AFunction takes 3 parameters gStencilOp  does plus the face side
(GL_FRONT, GL_BACK, GL_FRONT_AND_BACK)

AExamples

A glIStencilOpGL_ZERO, GL_KEEP, GL_KEEfRg stencil test fails, this will set the stencil buffer at that
test location to zero. If the stencil test passes, even if the depth test fails, then the stencil buffer is left alone.

A glIStencilOpGL_KEEP, GL_KEEP, GL_RERUA®@ )stencil test fails, or passes when the depth test fails,
nothing happens. If however both the stencil and depth test pass, the value in the stencil buffer is replaced
by the current ref value of the stendinc.

A gIStencilOpGL_KEEP, GL_REPLACE, GL -HEE® 3tencil test passes, but the depth test fails, the value in
the stencil buffer will be replaced. This can be used to determine where one object intersects with another,

as the parts of object A that intersect object B will fail the depth test.



Shadow Volumes

A Shadow volumes are rendered with pixel accuracy (sharp, hard shadows)
A Suitable for perfect pointomni) lights, spot lights, and directional lights
ACan handle many difficutb-shadow scenes

A Shadow casting mesh must be a crérele surface

Alt must be a topological-thanifold, i.e. a topological space whose points all
have open disks as neighborhoods

Alt must be homeomorphic to the sphere
Alt must look locally like the plane everywhere

AWe must be able to find the silhouette edges of every shadow caster and build
the corresponding shadow volume



Shadow Volumes

AMultiple light sources are handled with multiple passes
AFar edges of volume sides are projected onto an infinitely large sphere

light source S

light sources | S
|\
l
l

Ny shadowed surface

\

occluders

eye eye

shadow volumes

shadow volume
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infinitely large sphere
Y Hb

Working with points at infinity - =

@ iswcoordinate ofmm (m=projected

at infinity in the direction ob) in NDC oo\, .
@  viewing f ® n vo (_C) v )9 o "
g frustum ‘ o —
Cohes Bo)e
@ TR t W & —
| € C o ch Q In homogenous coordirL])ates
near plane . § lS‘U ] * [;_: _]
— php 1 v V)
- C #C q
m ot l 0 ]* [CU] Ty

A Observation: to calculate the projection &afat infinity in the directioro on the near
plane we just need to multiply the vector == mby the (modeBview-projection
matrix and apply perspective divide or{gt Position=mvp* vec4 (m=xyzc & 0.0f);)



infinitely large sphere
Y Hb

Working with points at infinity - =

@ iswcoordinate ofmm (m=projected

at infinity in the direction ob) in NDC N .. ‘
‘ ‘ . (_‘ 0 )9 L
w  viewing f ® n _vo 0 0
g frustum : h o —
©on e (Foo)e F oo
€ Q W & —
. # | : :
W T T ? Q In homogen%%s coordlr&ates
near plane o T ; ]+ [é 0_]
5 @) pr U C ¢ p ] + 'C _p T[&
m T D T A

A Observation: to calculate the projection &afat infinity in the directioro on the near
plane we just need to multiply the vector == mby the (modeBview-projection
matrix and apply perspective divide or{gt Position=mvp* vec4 (mmxyz,0.0f);)



light source

Z-pass algorithm

+1

eye "\*7/ \o———o—>

A 1. Do the depth pass (with ambient lighting) with scene geometr

. O | O
A2. Clear the stencil buffer (set to zero) Shadovt volume

A 3. Draw shadow volume in stencil buffer (only fragments of the shadow volume
placed in front of the nearest geometry are considered)

Ano depth and no color writes
Astore +1 to the stencil buffer for frorfacing triangles
Astore-1 to the stencil buffer for baefacing triangles

A4. Do the lighting pass: every fragment outside the shadow volume (i.e. fragment
with zero value in the stencil buffer) receives full light




light source

Z-fail algorithm

By 9
eye W \0“—0—>

AZ-pass has a problem when the camera is inside the shadow vo!

. , . 0 1 0
AZ-fail (Carmac'severse, 2000) solves this problem .
shadow volumewith caps

Alnstead of counting the rayolume intersections in front of the actual geometry,
we can count the intersections behind it (i.e. when the depth test fails)
AWe write to the stencil buffer if the depth test fails
Astore-1 to the stencil buffer for fronfacing triangles
Astore +1 to the stencil buffer for badkcing triangles

AZ-fail works for any case, but unlikepass, it must be assured that the volume is
closed both at its front end and at its back end



Shadow Volume

AWe can generate a dedicated vertex buffer with shadow volumes for each
shadow caster on CPU but this would be very impractical, especially in case of
dynamic lights or shadow casters

AWe will limit ourselves to closedranifold polygon meshes (no holes, cracks, or
seltintersections)
ARendering of shadow volumes consists of three steps
ARendering the front cap

ARendering the back cap
ARendering the shadow caster extruded silhouette (the sides of volume)



Extruded Silhouette Example




Shadow Caster Front Cap

AThe following condition applies to the faces of the front cap of the shadow volume
If ( dot( omega I, face normal )>0){

/[ face is a front cap
} yd

=|=
b

Notethat the direction] canbe

representedas—— where =S any

N W -

point of the givenface

!
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Shadow Caster Silhouette

AThe following condition applies to the edges of the silhouette

If ( sign( dot( omega_ I, face normal ))!I=
sign( dot( omega I, adjacent face normal ))){
// edge is a silhouette "
} E

_H_ J|If = Oq & O Q{Iff-‘-)

OQFén Ol
Note that the direction can be
represented a?:—:where_is any

Also note that we need some additional
iInformation about the topology of our

shadow castec the triangle adjacency / point of the given face
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Adjacency Primitives

AWe will deal with GL_TRIANGLES ADJACENCY further
AEach triangle edge has an adjacent vertex that can be accessed in VS, TS, and G

A6 vertices per main function call are given, 6N in total (where N is the number of

triangles to draw) front face 2

e
Note that the default OpenGL | \ main
ordering of vertices is CW (front primitive
face). Eront fac.es of the geometry Points 0, 2, and 4 define the triangle
stored in OBJ files are CCW AN C\v 4 Points 1, 3, and 5 define vertices of
glFrontFaceGL_CW ); // default AN 3 d'acent’ tri’an los
glFrontFaceGL _CCW ); // OBJ 5 J g
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