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Computer Graphics II

ÅLecturer

ÅTomas Fabian 

ÅOffice

room EA408, building of FEECS

ÅOffice hours

Tuesday 13:30 ς15:30 (all other office hours are by appointment)

ÅEmail

tomas.fabian@vsb.cz

ÅWeb site with additional materials

http://mrl.cs.vsb.cz/people/fabian/pg2_course.html
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Course Targets and Goals

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

ÅYou will have hands-on experience with implementation of the here described 
methods and algorithms for creating synthetic images in real-time.

ÅMastering selected libraries for real-time image synthesis.
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Course Prerequisites

ÅBasics of programming (C++)

ÅPrevious courses:

ÅFundamentals of Computer Graphics (ZPG), Computer Graphics I (PG I)

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

ÅOpenGL pipeline (core-profile, GLSL)

ÅNormal mapping

ÅShadows

ÅDeferred rendering

ÅPBR and global illumination

ÅRay tracing at interactive frame rates on GPUs

ÅSigned distance fieldrendering

Å3D fractals rendering
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Organization of Semester and Grading

ÅEach lecture will discuss one main topic

ÅGiven topic will be practically realized during the following exercise

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

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

ÅThe course is not completed by an exam, only by credit, so your activity during 
the exercises is really important
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Study Materials

Å Sojka, E.: tƻőƝǘŀőƻǾłgrafikaII: metodya ƴłǎǘǊƻƧŜpro ȊƻōǊŀȊƻǾłƴƝ3D ǎŎŞƴΣ ±~.-TU Ostrava, 2003, ISBN 80-248-0293-7. (online)

Å Sojka, E., bŠƳŜŎ, M., Cŀōƛłƴ, T.: aŀǘŜƳŀǘƛŎƪŞȊłƪƭŀŘȅǇƻőƝǘŀőƻǾŞgrafikyΣ ±~.-TU Ostrava, 2011. (online)

Å De Vries, J. Learn OpenGL. Licensed Under CC BY, 2020, 4. (online)

Å Pharr, M., Jakob, W., Humphreys, G.: Physically Based Rendering, Third Edition: From Theory to Implementation, Morgan Kaufmann, 2016, 
1266 pages, ISBN 978-0128006450. (online)

Å Haines, E., Akenine-aǀƭƭŜǊ, T. (ed.): Ray Tracing Gems: High-Quality and Real-Time Rendering with DXR and Other APIs. Apress, 2019, 607 
pages, ISBN 978-1484244265. (online)

Å Marrs, A., Shirley, P., Wald, I (ed.). Ray Tracing Gems II: Next Generation Real-Time Rendering with DXR, Vulkan, and OptiX. Springer Nature, 
2021, 858 pages, ISBN 978-1484271841. (online)

Å Shirley, P., Morley, R. K.: Realistic Ray Tracing, Second Edition, AK Peters, 2003, 235 pages, ISBN 978-1568814612.

Å Akenine-aǀƭƭŜǊ, T., Haines, E., Hoffman, N.: Real-Time Rendering, Fourth Edition, AK Peters, 2018, 1198 pages, ISBN 978-1351816151.

Å5ǳǘǊŞ, P.: Global Illumination Compendium, 2003, 68 pages. (online)

Å Ryer, A. D.: The Light Measurement Handbook, 1997, 64 pages. (online)

Å Segal, M., Akeley, K.: The OpenGL Graphics System, 2022, 850 pages. (online)

Å Michael, A.: Graphics Programming Black Book. Coriolis Group, Ames Iowa, 2001. (online)

Å Gregory, J.: Game engine architecture. AK Peters/CRC Press, 2018.
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Basic Operators

ÅDot product

╪ɇ╫ ╪╫ ὥὦ ╪ ╫ÃÏÓ‌

where ‌is an angle clamped between both vectors

ÅCross product

╪ ╫

░ ▒ ▓
ὥ ὥ ὥ

ὦ ὦ ὦ

π ὥ ὥ

ὥ π ὥ
ὥ ὥ π

ὦ
ὦ

ὦ

ὥὦ ὥὦ

ὥὦ ὥὦ
ὥὦ ὥὦ

Not commutative, follows the right hand rule, it also holds that

╪ ╫ ╪ ╫▪ÓÉÎ‌and ╪ ╫ ╪ ╫ ÓÉÎ‌
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Basic Operators

Å(Vector) projectionof ▬on ▲

ÐÒÏÊ▲▬ ▬▲
▬ɇ▲

▲
▲ ▬ɇ▲▲

▲

ή ήή ήή

ήή ή ήή

ήή ήή ή
▲▲

ὴ
ὴ
ὴ

Matrix notation may be useful for repeated projections

ÅScalar projection of ▬on ▲

ÓȢÐÒÏÊ▲▬ ▬▲ ▬
▬ɇ▲

▬ ▲

▬ɇ▲

▲
▬ɇ▲
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Rotations

ÅCounterclockwise rotation in 2D about the origin by angle ‌

╪
ÃÏÓ‌ ÓÉÎ‌
ÓÉÎ‌ ÃÏÓ‌

╪

ÅElementary counterclockwise rotations in 3D

Ὑ
ρ π π
π ÃÏÓ‌ ÓÉÎ‌
π ÓÉÎ‌ ÃÏÓ‌

, Ὑ
ÃÏÓ‌ π ÓÉÎ‌
π ρ π
ÓÉÎ‌ π ÃÏÓ‌

, Ὑ
ÃÏÓ‌ ÓÉÎ‌ π
ÓÉÎ‌ ÃÏÓ‌ π
π π ρ

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

ÅCounterclockwise rotation of point ╪around arbitrary unit axis ►by angle ‌
(Rodrigues' rotation formula)

╪ ρ ÃÏÓ‌ ╪ɇ►► ÃÏÓ‌╪ ÓÉÎ‌► ╪
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Quaternions

ÅGeneralization of complex numbers in 4D space

▲ ○ȟύ ░ὼ ▒ώ ▓ᾀ ύ ○ ύ

ÅὭ Ὦ Ὧ ρ, ὮὯ ὯὮὭ, ὯὭ ὭὯὮ, ὭὮ ὮὭὯ

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

ÅQuaternion is a geometrical operator to represent the relationship (relative 
length and relative orientation) between two vectors in 3D space
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Quaternions

ÅAddition
○ȟύ ○ȟύ ○ ○ȟύ ύ

ÅMultiplication (associative but not commutative)

○ȟύ ○ȟύ ○ ○ ύ○ ύ○ȟύύ ○ɇ○

ÅConjugation
▲ᶻ ○ȟύᶻ ○ȟύ

ÅNorm

▲ ▲ᶻ ▲▲z ὼ ώ ᾀ ύ
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Quaternions

ÅUnit quaternion (quaternion of norm one, versor, represents a specific rotation in 
3D space ςsee next slide)

▲ ρ

ÅReal quaternion
ȟύ ύ

ÅReciprocal (inverse)

▲
▲ᶻ

▲

ÅMultiplication by a scalar ί

ί▲ ȟί ○ȟύ ί○ȟίύ
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Quaternions

ÅAmbiguity

▲and ▲represents the same rotation

ÅUnit quaternion expressed by goniometry
▲ ○ÓÉÎ‌ȟÃÏÓ‌

where ○is unit axis of rotation and ‌is rotation angle

ÅCounterclockwise rotation of point ╪ ὼȟώȟᾀȟπ around ○by angle ς‌

╪ ▲╪▲ ▲╪▲z
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Quaternions
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Spherical Linear Interpolation (SLERP)

ÅTwo quaternions ▲and ►and real parameter π ὸ ρ

ÅInterpolated quaternion

ÓÌÅÒÐ▲ȟ►ȟὸ ▲▲ᶻ►
ÓÉÎ‌ρ ὸ

ÓÉÎ‌
▲
ÓÉÎ‌ὸ

ÓÉÎ‌
►

represents the shortest spherical arc between ▲and►

ÅIn other words, it describesinterpolationbetween ▲and►with constant angular 
velocity

ÅPower of a unit quaternion
▲ ○ÓÉÎ‌ ÃÏÓ‌ Ὡ ○ ○ÓÉÎὸ‌ ÃÏÓὸ‌
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This worksfor unit-length elements of 
any arbitrary-dimensional inner product 
space providedthat‌ ÃÏÓ▲ɇ►

This works for quaternions



Comparing Rotations

Åhttp://www.boris-belousov.net/2016/12/01/quat-dist/

Åhttps://en.wikipedia.org/wiki/Axis%E2%80%93angle_representation
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Normalized Linear Interpolation (NLERP)

ÅWhile SLERP interpolates along a great arc between two quaternions, it is also 
possible to interpolate along a straight line (in four-dimensional quaternion 
space) between those two quaternions. The resulting interpolant is not part of 
the unit hypersphere, i.e.the interpolated values are not unit quaternions. 
However, they can be normalized to become unit quaternions. This is called 
άnormalized linear interpƻƭŀǘƛƻƴέΣ ƛƴ ǎƘƻǊǘ b[9wtΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ƛƴǘŜǊǇƻƭŀƴǘ ǘǊŀǾŜƭǎ 
ǘƘǊƻǳƎƘ ǘƘŜ ǎŀƳŜ ǉǳŀǘŜǊƴƛƻƴǎ ŀǎ {[9wt ŘƻŜǎΣ ōǳǘ ƛǘ ŘƻŜǎƴΩǘ Řƻ ƛǘ ǿƛǘƘ Ŏƻƴǎǘŀƴǘ 
angular velocity.

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

ÅMatrices
+ HW support, efficient transformations

- memory requirements

ÅRotation axis and angle (Rodrigues' rotation formula)
+ memory efficient, similar to quaternion

- inefficient composition and interpolation

ÅQuaternion
+ memory efficient, composition, interpolation

- inefficient transformation
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Affine and Projective Spaces

ÅAffine space
ÅSet ὠof vectors and set ὖof points

ÅAffine transformations can be represented by 3Ҏ3 matrix

ÅProjective space
ÅHomogeneous coordinates (ὼ, ώ, ᾀ, ύ)

ÅAll lines intersect (space contains infinity ὼȟώȟᾀȟπ)

ÅProjective transformations can be represented by 4Ҏ4 matrix (inc. translation 
and perspective projection)

ÅCartesian to homogeneous coordinates: ὼȟώȟᾀᴼ ὼȟώȟᾀȟρ

ÅHomogeneous to Cartesian coordinates: ὼȟώȟᾀȟύ πᴼ ὼȾύȟώȾύȟᾀȾύ
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(Model) Transformation Matrix

ÅWith homogeneous coordinates

ὓ▬ Ὑ ◄

π π π ρ

ὴ
ὴ
ὴ
ὴ

ÅVector ◄represents translation 

ÅMatrix Ὑrepresents rotation or scaling or shear or their combinations

Ὑ

ί π π
π ί π

π π ί
,Ὑ

ρ π ί
π ρ π
π π ρ
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ὙᶰὛὕσ group
ὓᶰὛὉσ Lie group
(differentablemanifold)
◄ɴ ᴙ



View Matrix

ÅWe can simply setup the view matrix as follows

◑
▄◄

▄◄
, ●

◑

◑
, and ◐ ◑ ●,

where the vector ▄represents position of the camera (eye), ◄is the target position and όὴ
ƛǎ ŀƴ ŀǳȄƛƭƛŀǊȅ ǾŜŎǘƻǊ ƳŀǊƪƛƴƎ αǳǇά ŘƛǊŜŎǘƛƻƴ όŀ ǳƴƛǘ ǾŜŎǘƻǊ ƴƻǘ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ƻǇǘƛŎŀƭ ŀȄƛǎύ

We can arrange the final transformation matrix 

ὠ

ể ể ể ể
● ◐ ◑ ▄
ể ể ể ể
π π π ρ

(transforms vectors from eye space to world space)

Åὠtransforms vectors from world space to eye space (and that's what we need now)
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Different Coordinate Systems
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OpenCV

OpenGL

Unity

Unreal

ROS

3ds max

Ὕ

ρ π π π
π π ρ π
π ρ π π
π π π ρ



Projection Matrix 1/4

ÅFrom similar triangles we get
ὺ

ὺ

ὺ

ὺ
ᵼὺ ὺ

ὺ

ὺ
ὲ
ὺ

ὺ

where ὲis a (positive) distance of (near) projection plane

This transformation can be performed by the following homogenous 
matrix

Ὀ

ὲ π π π
π ὲ π π
π π ὲ π
π π ρ π

; Ὀ
○
ρ

ὲὺ
ὲὺ
ὲὺ
ὺ

ᵼ ○

ὲ

ὲ

ὲ
Note that this perspective transformation discards information about 
vertex depth and we will not be able to remove hidden surfaces later
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○

eye

○

(near) plane

ὲ

ὼ
ώ

ᾀ

After perspective 
division we get

All vertices have 
the same depth



Projection Matrix 2/4

ÅTo fix the depth loss we may incorporate pseudodepth such that 
points on the near plane will be given a depth of ρand points on 
the far plane will be at ρ

ÅWe just need to solve ὺ for ὥand ὦwhat gives us a set of 

two equations as follows

ρ , ρ

Solutionὥ , ὦ for Ὢ ὲand Ὢὲ πyields the new form 

of projective transformation matrix

Ὀ

ὲ π π π
π ὲ π π
π π ὥ ὦ
π π ρ π

;Ὀ
○
ρ

ὲὺ
ὲὺ

ὥὺ ὦ
ὺ

ᵼ○

ὲ

ὲ
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○

eye

○

far plane

near plane

Ὢ

ὲ

ὼ
ώ

ᾀ

ρ

ρ

pseudodepth

◊
◊

◌ ◌

Note that projected points are in LHS (compare 
the orientation of ᾀand pseudodepth)Instead of a linear transformation of ὺ (i.e. ὲὺ) 

we can use a more general affine transformation 
(i.e. ὥὺ ὦ) to solve the problem with the 
same depth of vertices in a single line of sight.



Projection Matrix 3/4

ÅNormalization transformation to NDC

ὔ

ςȾύ π π π
π ςȾὬ π π
π π ρ π
π π π ρ

where ύ ςὲÔÁÎὪέὺȾς and Ὤ ςὲÔÁÎὪέὺȾς ύȾὥίὴὩὧὸ
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Note that the pseudo depth is 
already normalized

ύ

ὲ

1-1

Ὢέὺ

We needto normalizethe actualwidth of
the nearplane ύinto the rangeof ρȟρ

Ὢέὺ

Ὢέὺ
Ὢέὺ



Projection Matrix 4/4

Åὖ ὔὈ

ςȾύ π π π
π ςȾὬ π π
π π ρ π
π π π ρ

ὲ π π π
π ὲ π π
π π ὥ ὦ
π π ρ π

ρȾÔÁÎὪέὺȾς π π π
π ρȾÔÁÎὪέὺȾς π π

π π ὥ ὦ
π π ρ π

where ὥ and ὦ . Also note that ρȾÔÁÎὪέὺȾς ὥίὴὩὧὸȾÔÁÎὪέὺȾς or 

ρȾÔÁÎὪέὺȾς ρȾὥίὴὩὧὸÔÁÎὪέὺȾς

Spring 2026 Computer Graphics II 28

Use when the clip control origin 
is lower left and ɀwhen upper left



Perspective Projection
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eye ὼ

ώ

ᾀ

ρ

ρ

○
○

Ὢ

ὲ

ύ

Ὤ

Ὢέὺ

Ὢέὺ

ὼ

ώ

ᾀ

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

Åὖ ὔὈ

ςȾύ π π π
π ςȾὬ π π
π π ρ π
π π π ρ

ρ π π π
π ρ π π
π π ὥ ὦ
π π π ρ

ςȾύ π π π
π ςȾὬ π π
π π ὥ ὦ
π π π ρ

where ὥ and ὦ .

Solve the set of two equations
ρ ὥ ὲ ὦ, ρ ὥ Ὢ ὦ

forὥand ὦ

Also note thatύand Ὤare just the physical
dimensionsof both nearand far planes



Example
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M should be D matrix here



Review of Coordinate Systems

Model (local, object) space

Model matrix ὓ

World space

View matrix ὠ

View (eye, camera) space

Projection matrix ὖ

Clip space

Perspective division

Normalized device coordinates

Viewport transform

Screen space
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Normal Vectors Transformation

ÅWe cannot multiply -6matrix and normals as we do with vertices

Å-6matrix contains translation part which will clearly affect (damage) the normal

ÅNormal vector ▪ has to be transformed in a different way, by -6 matrix

Model-Viewmatrix -6 ὠὭὩύɇὓέὨὩὰ

e.g. ○ -6○

Model-View normal matrix -6 ὠὭὩύɇὓέὨὩὰ

e.g. ▪ -6▪
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Normal Vectors Transformation

ÅIf -6is orthonormal (rotation and translation only, no non-uniform scale or 
shear), then -6 = mat3(-6) (no inverse-transpose needed)

ÅDerivation(for model matrix ὓ): For a tangent vector ○and a normal ▪we must 
preserve the orthogonality condition ▪ɇ○ π. With positions transformed by ὓ:

○ ὓ○, ▪ɇ○ πfor ○ᶅḊ▪ɇ○ π.

Wewant▪ ὓ○ πwhenever▪○ π. Thisimplies
ὓ ▪ ○ ▪╣○ ᵼ ὓ ▪ ▪

so

▪ ὓ ▪ ὓ ▪.
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Do the Perspective Division in VS or FS?

ÅIf the transformation we perform in VS is non-linear (i.e., it includes perspective distortion), we must 
defer perspective division to FS so that OpenGL can perform perspective-correct 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

ÅVertex shader
layout ( location = 0 ) in vec4 in_position_ms ; // (x, y, z) - > (x, y, z, 1)
layout ( location = 1 ) in vec3 in_normal_ms ;

uniform mat4 mvp; // Model View Projection
uniform mat3 mvn; // Model View Normal (must be orthonormal)

out vec4 position_cs ;
out vec3 normal_ws;

void main( void ) {
position_cs = mvp * in_position_ms ; // model - space - > clip - space
normal_ws = mvn * in_normal_ms // model - space - > world - space

}

ÅFragment shader
void main( void ) {

vec3 position = position_cs.xyz / position_cs.w ; // deferring perspective division after interpolation

}
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Camera Movement

ÅIn 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)

ÅWe 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
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ὼ

ώ

ᾀ

pitchόǎƪƭƻƴκǎǘƻǳǇłƴƝύ

yawόƪǳǊǎκȊŀǘƻőŜƴƝύ

roll όƴŀǘƻőŜƴƝύ

To avoid gimbal lock and 
unwanted view flipping, we 
should restrict the range of pitch 
angle, e.g. ψπЈ



Camera Movement

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

ÅIf we assume our "zero" rotation position heading toward y-axis, we may 
compute yaw and pitch angle as follows

yaw = atan2f( view_dir.y , view_dir.x ) ƵM_PI_2;

pitch = acosf ( - view_dir.z ) ƵM_PI_2;

ÅNote that the view_diris normalized viewing direction vector. 
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Camera Movement

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

ÅTo do so, we pitch our initial "zero" rotation vector around x-axis and then we 
apply yaw around z-axis

ÅUpdating 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 ;
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Mouse and Keyboard Inputs in GLFW

ÅGLFW provides many kinds of input.

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

glfwSetWindowUserPointer / glfwGetWindowUserPointer

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

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

ÅFor further reference, see https://www.glfw.org/docs/3.3/input_guide.html
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OpenGL

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

ÅModern GPUs accelerate almost all OpenGL operations to achieve real-time 
framerates

ÅAPI released by SGI (OpenGL Architecture Review Board ARB) in 1992

ÅSince 2006 managed by the consortium Khronos Group

ÅMultiplatform, cross-language, client-server (same or different address space or 
computer)

ÅHW vendor extensions are possible

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

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

Å1.0 (1992) ςfirst release

Å1.1 (1997) ςtexture objects

Å1.2 (1998) ς3D textures, BGRA

Å1.2.1 (1998) ςARB extension concept

Å1.3 (2001) ςmultitexturing

Å1.4 (2002) ςdepth textures

Å1.5 (2003) ςvertex buffer objects

Å2.0 (2004) ςshaderobjects (GLSL)

Å2.1 (2006) ςpixel buffer objects, sRGB

Å3.0 (2008) ςframe buffer objects

Å3.1 (2009) ςinstancing, TBO, UBO

Å3.2 (2009) ςgeometry shader

Å3.3 (2010)

Å4.0 (2010) ςtessellation

Å4.1 (2010)

Å4.2 (2011) ςatomic counters

Å4.3 (2012) ςdebug output*

Å4.4 (2013) ςbindless textures

Å4.5 (2014) ςadditional clip control

Å4.6 (2017) ςSPIR-V language
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For further reference see https://www.khronos.org/opengl/wiki/History_of_OpenGL
(*) https://www.khronos.org/opengl/wiki/Debug_Output



Other Graphics APIs

ÅSGI IRIS GL (1982 ς1992), 3dfx Glide (late 1990s ς2003), Microsoft DirectX 12, Apple 
Metal 4 (since 2014), AMD Mantle (2013 ς2019), Vulkan1.4 (initially released in 2016), 
proprietary AGC on PS5, WebGL, WebGPUΣ hǇŜƴD[ 9{Σ {5[Σ Χ

ÅOver time, graphics APIs have evolved from fixed-function, hardware-specific systems to 
modern low-level, cross-platform standards that give developers fine control over 
performance and parallelism. Early systems such as SGI IRIS GL laid the groundwork for 
real-time 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, cross-vendor standards emerged. OpenGL became a widely adopted cross-
platform API, while OpenGL ES brought streamlined graphics to mobile and embedded 
ǎȅǎǘŜƳǎΦ aƛŎǊƻǎƻŦǘΩǎ 5ƛǊŜŎǘ· мн ǊŜǇǊŜǎŜƴǘǎ ŀ ƳƻŘŜǊƴ ƭƻǿ-level API for Windows and 
Xbox, offering explicit control over memory and multithreading. Similarly, Vulkan1.4, 
managed by the KhronosGroup, provides a cross-platform, low-overhead alternative 
designed for high efficiency and scalability. WebGPUrepresents the next generation of 
browser graphics and compute. 
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OpenGL vs Vulkan
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OpenGL vs Vulkan
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OpenGL

ÅOpenGL is a pipeline concerned with processing data in GPU memory

Åprogrammable stages

Åstate driven fixed-function stages

ÅOpenGL ES (subsets of OpenGL + some specific functionality) is a royalty-free, 
cross-platform API for full-function 2D and 3D graphics on embedded systems 
such as mobile phones, game consoles, and vehicles

ÅWebGL is a cross-platform, royalty-free web standard for a low-level 3D graphics 
API based on OpenGL ES

ÅSPIR-V is a binary intermediate language for representing graphical-shader stages 
and compute kernels for multiple Khronos APIs, such as OpenCL, OpenGL, and 
Vulkan
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OpenGL

ÅOpenCL is an open, royalty-free standard for cross-platform, general purpose 
parallel programming of processors found in personal computers, servers, and 
mobile devices, including GPUs.

Åinterop methods to share OpenCL memory and image objects with 
corresponding OpenGL buffer and texture objects
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Position, color, normal, 
texture coords. etc.

OpenGL Context
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interaction

Command
draw

Vertices

Primitives

Shaders
Context 

state

API calls change current context

Processed independently, in 
order, and in the same way

Framebuffers

Window system provided (default framebuffer) or 
application created (framebuffer objects ςFBOs)

Internal global state owning OpenGL 
objects (textures, buffers, shaders)



OpenGL Context

ÅOpenGL is a state machine (collection of variables)

ÅLǘΨǎ ŎǳǊǊŜƴǘ ǎǘŀǘŜ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ hǇŜƴD[ ŎƻƴǘŜȄǘ

ÅC-library API consist of state-changing functions

struct Object {
int option_1;
float option_2;

};

struct OpenGLContext {
ObjectName * object_Target = 0;

} opengl_context;

GLuint object_id = 0;
glGenObject( 1, &object_id );
glBindObject( GL_TARGET, object_id ); // bind before usage
// set the properties of object currently bound to the given target
glSetObjectOption( GL_TARGET, GL_OPTION_1, 123 );
glSetObjectOption( GL_TARGET, GL_OPTION_2, 3.14 );
glBindObject( GL_TARGET, 0 ); // set context target back to default
glDelete( 1, &object_id );
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OpenGL allows binding to several buffers at once 
as long as they have a different type/target



(Global) Illumination in Rasterization

ÅWe will start with the diffuse part of the RE
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Cook-Torrance BRDF with 
constant ambient lighting

Cook-Torrance BRDF with ambient lighting 
approximated by a single irradiance map

Spherical irradiance map



Cook Torrance BRDF Revisited

ÅOutgoingradiance
ὒ ●ȟ‫ ὒ ●ȟ‫ ὒ ●ȟ‫

ÅDiffuse part

ὒ ●ȟ‫
ρ

ὔ
ὒ●ȟ‫

ὥὰὦὩὨέ

“

ÃÏÓ—

ὴὨὪ‫

Directions ‫ (resp. —) are obtained via cosine weighted hemisphere sampling

ÅSpecular part

ὒ ●ȟ‫
ρ

ὔ
ὒ●ȟ‫

Ὀ‌ȟ— Ὂ— Ὃ—ȟ—

τÃÏÓ—ÃÏÓ—

ÃÏÓ—

ὴὨὪ‫

Directions ‫ (resp. —) are obtained via TR (GGX) sampling
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▪

●

—
‫

‫
‫

—

—

—

macroscopic surface
microfacet

—

ὒ

ὒ

Cook Torrance BRDF

Lambert BRDF



Microfacet Normal Distribution Function GGX

ÅDescribes the distribution (concentration) of microfacets with 
normals equal to ‫

Ὀ‌ȟ—
‌

“ ÃÏÓ— ‌ ρ ρ

where ‌ᶰπȢππρȟρ is related to the roughness 

and ÃÏÓ— ▪ẗ‫
‌ ὶέόὫὬὲὩίί
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5ƛǎƴŜȅΩǎ ŎƘƻƛŎŜ ƻŦ DD·κ¢ǊƻǿōǊƛŘƎŜ-Reitz



TR (GGX) Sampling

ÅSample microfacetnormal ‫ with GGX distribution

• ς“‚and — ÔÁÎ‌ ÃÏÓ

where ‚ȟᶰἂπȟρ are random numbers with uniform distribution

ÅConversion from spherical to Cartesian coordinatesyields ‫

ÅCompute probability of ‫

ὴὨὪ‫
‌ÃÏÓ—

“ ÃÏÓ— ‌ ρ ρ
Ὀ‌ȟ— ÃÏÓ—

ÅGet the probability of ‫ via transformation

ὴὨὪ‫
ὴὨὪ‫

τÃÏÓ—

Ὀ‌ȟ— ÃÏÓ—

τÃÏÓ—

ÅFinally, get new sample direction ‫
‫ ὶὩὪὰὩὧὸ‫ȟ‫
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microfacet
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ὒ

ὒ



Fresnel Reflection Coefficient

Ὂ— Ὂ ρ Ὂ ρ ÃÏÓ—

where ÃÏÓ— ‫ ẗ‫ ‫ ẗ‫ and Ὂ is the specular reflectance at normal 

incidence (or Ὂ )

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

Ὂ— Ὂ ρ Ὂ ς Ȣ Ȣ
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Geometric Attenuation Factor

ÅHeight correlated form, where masking and shadowing are evaluated 
separately using the Smith Ὃ function

Ὃ ‌ȟ—ȟ—

ςÃÏÓ—ÃÏÓ—

ÃÏÓ— ‌ ρ ‌ ÃÏÓ— ÃÏÓ— ‌ ρ ‌ ÃÏÓ—
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Ὃ gives the fraction of microfacets 
with normal ‫ that are visible 
along the view vector ‫ , resp. ‫

▪

●

—
‫

‫
‫

—

—

—

macroscopic surface
microfacet

—

ὒ

ὒ



Our PBR Workflow: Metalness-Roughness

ÅPlastics

Ni = 2.0; Pr = 0.01

Kd = (1, 0, 1); Ks = (1, 1, 1)

ÅMetals

Ni = 0.1; Pr = 0.01

Kd = (1, 0, 1); Ks = (1, 0, 1)
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Diffuse Part and Irradiance Map

ÅReplace sampling of diffuse term by a single 2D irradiance map lookup

ὒ ●ȟ‫
ὥὰὦὩὨέ

“
Ὁ●ȟ▪
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Hi-res HDR spherical background Low-res HDR irradiance map

Ὁ●ȟ▪
▪

ὒ●ȟ‫ ÃÏÓ—Ä‫

Precompute irradiance

ὒ ȟ‫

Path traced reference (200 spp) OpenGL (1 spp)

●

▪

Ὁ●ȟ▪

ὒ●ȟ‫

•

—



Diffuse Part and Irradiance Map

ÅIn case of cosine-weighted sampling of we can reduce the amount of ,‫ 
computational costs a bit further

ὒ ●ȟ‫
ὥὰὦὩὨέ

“
Ὁǰ●ȟ▪

ρ

ὔ
ὒ●ȟ‫

ÃÏÓ—

ὴὨὪ‫
ÃÏÓ—
“
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Low-res HDR irradiance map
Ὁ▪ (with“)

•

—

Low-res HDR irradiance map

Ὁǰ▪ (without“)

•

—



Diffuse Part and Irradiance Map
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Ὁ▪ɇπȢρυ ὝέὲὩὓὥὴὴὭὲὫὒ ●ȟ‫



Specular Part

ÅSpecular part is not constant over the integral (depends on ‫ and (‫

ÅSplit sum approximation (by Epic Games) - this approximation is exact for a 
constant ὒand fairly accurate for common environments

ÅMany samples still need to be taken but eachseparatesum canbeprecalculated

ὒ ●ȟ‫
ρ

ὔ
ὒ●ȟ‫ Ὢ‫ȟ‫

ÃÏÓ—

ὴὨὪ‫

ρ

ὔ
ὒ●ȟ‫ ɇ

ρ

ὔ
Ὢ‫ȟ‫

ÃÏÓ—

ὴὨὪ‫
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Pre-filtered environment map BRDF integration map



Pre-filtered Environment Map

ÅWe assume that ‫ ▪ ‫ (map is unaware of viewing direction, this 
approximation will remove lengthy reflections at grazing angles)

ὖὶὩὪὉὲὺὓὥὴ‫ȟ‌
ρ

ὔ
ὒ●ȟ‫

where the direction ‫ comes from GGX sampling of specular lobe around ‫ and 
ǘƘŜ αǿƛŘǘƘά ƻŦ ǎǇŜŎǳƭŀǊ ƭƻōŜ ƛǎ ƎƛǾŜƴ ōȅ ǊƻǳƎƘƴŜǎǎ
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ὶέόὫὬὲὩίίπȢπρ ὶέόὫὬὲὩίίπȢ33 ὶέόὫὬὲὩίίρȢππὶέόὫὬὲὩίίπȢ67

•

—

decreasing image resolution

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 
90ϲminus the angle of incidence. This small angle is called a 
glancing angleor grazing angle. Incidence at grazing angles 
is called "grazing incidence".
Source: https://en.wikipedia.org/wiki/Angle_of_incidence_(optics)



Pre-filtered Environment Map
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ὶέόὫὬὲὩίίлΦфффΣлΦтрлΣлΦрллΣлΦнрлΣлΦмллΣлΦлмлΣлΦллм
ὥὰὴὬὥὶέόὫὬὲὩίί

ὥὰὴὬὥлΦфффΣлΦтрлΣлΦрллΣлΦнрлΣлΦмллΣлΦлмлΣлΦллм

maps look too blurry

maps have better distribution



BRDF Integration Map 1/6

ÅThis low-res map is generated for every BRDF we want to use in our shader

ὄὙὈὊὍὲὸὓὥὴÃÏÓ—ȟ‌
ρ

ὔ
ὒ●ȟ‫ ρὪ ‫ȟ‫

ÃÏÓ—

ὴὨὪ‫

Here we assume ▪ πȟπȟρ, thus‫ ρ ÃÏÓ— ȟπȟÃÏÓ— and, like in 

the previous case, directions ‫ and ‫ come from GGX sampling of specular lobe 
around ▪and the "width" of lobe is given by roughness

Red channel is a scale and green represents a bias value
to the surface's Fresnel response, i.e. Ὂί ὦ
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Motivation: we would like to isolatethe part that
dependson the specularcolorof the material, whichis
controlledby the Fresnel term Ὂ, so that the resulting
integrationmap dependsonlyon the C-T BRDF

ὶέόὫὬὲὩίί

ÃÏÓ—

ρ

π ρ

ρ ÃÏÓ— ȟπȟÃÏÓ— ρ ÃÏÓ— ÃÏÓ— ρ



BRDF Integration Map 2/6

ÅDerivation of the scale ίand bias ὦΧ

Ὢ ‫ȟ‫
ὈὊὋ

τÃÏÓ—ÃÏÓ—
ÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
ὊÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
Ὂ Ὂ ρ Ὂ ρ ÃÏÓ— ÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
Ὂ ρ Ὂ ὃÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
Ὂ ρ ὃ ὃÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
Ὂ ρ ὃ ÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
ὃÃÏÓ—Ä‫

Ὂ
Ὢ ‫ȟ‫

Ὂ
ρ ὃÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
ὃÃÏÓ—Ä‫
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ὃ

Extract Ὂterm 
from the Ὢ

Replace Ὂterm with 
Schlick'sapprox.

Additional rule - integral of a 
sum of two functions is the sum 
of the integrals of each function

Extract the specular 
reflectanceὊ



BRDF Integration Map 3/6

Ὂ
Ὢ ‫ȟ‫

Ὂ
ρ ὃÃÏÓ—Ä‫

Ὢ ‫ȟ‫

Ὂ
ὃÃÏÓ—Ä‫

Ὂ
ὈὊὋ

τÃÏÓ—ÃÏÓ—Ὂ
ρ ὃÃÏÓ—Ä‫

ὈὊὋ

τÃÏÓ—ÃÏÓ—Ὂ
ὃÃÏÓ—Ä‫

Ὂ
ὈὋ

τÃÏÓ—
ρ ὃÄ‫

ὈὋ

τÃÏÓ—
ὃÄ‫ Ὂί ὦ
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Plug the Ὢ



BRDF Integration Map 4/6

ί
ὈὋ

τÃÏÓ—
ρ ὃÄ‫

ρ

ὔ

ὈὋ

τÃÏÓ—
ρ ὃ

ρ

ὴὨὪ‫

ρ

ὔ

ὈὋ

τÃÏÓ—
ρ ὃ

τÃÏÓ—

ὈÃÏÓ—

ρ

ὔ

ὋÃÏÓ—

ÃÏÓ—ÃÏÓ—
ρ ρ ÃÏÓ—
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Note that ὴὨὪ‫
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BRDF Integration Map 5/6

ὦ
ὈὋ

τÃÏÓ—
ὃÄ‫

ρ

ὔ

ὈὋ

τÃÏÓ—
ὃ

ρ

ὴὨὪ‫

ρ

ὔ

ὈὋ

τÃÏÓ—
ὃ
τÃÏÓ—

ὈÃÏÓ—

ρ

ὔ

ὋÃÏÓ—

ÃÏÓ—ÃÏÓ—
ρ ÃÏÓ—
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Note that ὴὨὪ‫
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BRDF Integration Map 6/6

Ὢ ‫ȟ‫ ÃÏÓ—Ä‫ Ὂί ὦ

ὄὙὈὊὍὲὸὓὥὴÃÏÓ—ȟ‌
ίÃÏÓ—ȟ‌

ὦÃÏÓ—ȟ‌
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Complete PBR IBL Shader

ὒ ●ȟ‫ ὒ ●ȟ‫ Ὂί ὦὒ ●ȟ‫ ὥέ

ÅὊ ÍÉØÖÅÃσπȢπτȟὥὰὦὩὨέȟάὩὸὥὰὰὭὧ

ÅὊ ὺὩὧσρ ὊÃÏÓ—ȟὊ ρ άὩὸὥὰὰὭὧ

Åίȟὦ ὄὙὈὊὍὲὸὓὥὴÃÏÓ—ȟὶέόὫὬὲὩίί

Åὒ ●ȟ‫ Ὂ ὍὶὶὥὨὭὥὲὧὩὓὥὴ▪

Åὒ ●ȟ‫ ὖὶὩὪὉὲὺὓὥὴ;‫ȟὶέόὫὬὲὩίί ‫ ÒÅÆÌÅÃÔ▪‫ȟ
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In GLSL, the function
genType reflect( genType I, genType N)
returns I - 2 * dot(N, I) * N, so we should write
vec3 omega_i = reflect( - omega_o, n);

newmtl Mat025 # metal/roughness workflow
Pr0.4 # roughness
Pm 1.0 # metallic
Kd0.913 0.921 0.925 # albedo (base color)

Optional ambient occlusion
Common Fresnel factor at perpendicular incidence for all dielectrics



PBR IBL ShaderOutput
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Lambertiandiffuse BRDF + Cook-Torrance 
microfacetspecular BRDF with IBL



Results (Dielectrics)
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Results (Metals)
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PBR IBL ShaderOutput
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PBR IBL Shaderwith Shadow Maps Output
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Texture Lookup With Explicit Level-of-Detail

ÅToget interpolatedvaluesfrom the closestlevelsofὖὶὩὪὉὲὺὓὥὴ, we can
useGLSLfunction textureLod( tex, uv, lod ) where lod is float in the range
<0, max_level>

ÅThisfunctionreturnsinterpolatedpixel values from closest levels

0 base level ύὭὨὸὬὬὩὭὫὬὸ

1 level ύὭὨὸὬȾς ὬὩὭὫὬὸȾς

2 level ύὭὨὸὬȾτ ὬὩὭὫὬὸȾτ

...

maxlevel
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0

1

2



Texture Lookup With Explicit Level-of-Detail

const GLint max_level = GLint ( file_names.size () ) - 1; // assume we have a list of images representing different levels of a map

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 );
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER, GL_LINEAR_MIPMAP_LINEAR );
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER, GL_LINEAR );

glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_BASE_LEVEL, 0 );
glTexParameteri ( GL_TEXTURE_2D, GL_TEXTURE_MAX_LEVEL, max_level );

int width, height; 
GLint level;

for ( level = 0; level < GLint ( file_names.size () ); ++level ) {
Texture3f prefiltered_env_map = Texture3f( file_names [level] );
// for HDR images use GL_RGB32F or GL_RGB16F as internal format !!!
glTexImage2D( GL_TEXTURE_2D, level, GL_RGB32F, prefiltered_env_map.width (), prefiltered_env_map.height (), 0, GL_RGB, GL_FLOAT, 

prefiltered_env_map.data () );

width = prefiltered_env_map.width () / 2;
height = prefiltered_env_map.height () / 2;

}
}

glBindTexture ( GL_TEXTURE_2D, 0 );
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Fragment Shader
ƛ
uniform sampler2D map; // per scene background
uniform int max_level ;
ƛ
vec3 texel = textureLod ( map, uv, x * max_level
). rgb ; // x is in <0,1>
ƛ



General Textures (e.g. RGB 8UC3)

// OpenGL texture initialization
glGenTextures ( 1, & tex );
glBindTexture ( GL_TEXTURE_2D, tex );
if ( glIsTexture ( 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, GL_LINEAR); // 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_RGB8, width, height, 0, GL_RGB, GL_UNSIGNED_BYTE, ptr_data );
// glGenerateMipmap ( GL_TEXTURE_2D ); // note that the default value of GL_TEXTURE_MIN_FILTER is 

GL_NEAREST_MIPMAP_LINEAR, so we have to use the build - in mipmap generator
}
glBindTexture ( GL_TEXTURE_2D, 0 ); // unbind
ƛ
// In the main loop 
ƛ

glActiveTexture ( GL_TEXTURE0 );
glBindTexture ( GL_TEXTURE_2D, tex_irradiance_map _ );
GLint location = glGetUniformLocation ( program, " my_tex" );
glUniform1i( location, 0 );
ƛ
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Fragment Shader
ƛ
uniform sampler2D my_tex;
ƛ
vec3 color = texture( my_tex, uv ). rgb ;
ƛ



Bump vs Normal vs Displacement Maps

ÅBump maps ςgrayscale height map, a measure of surface indentation or 
extrusion, phased out in favor of normal maps

ÅNormal maps ςthree-channel texture with local normals, add fake details (the 
silhouettes still look smooth)

ÅDisplacement maps ςphysically displace the mesh to which they are applied. As a 
ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ŀŘŘƛǘƛƻƴŀƭ ƎŜƻƳŜǘǊȅΣ ƛǘΩǎ ƘŀǊŘ ǘƻ ōŜŀǘ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ŀ ŘƛǎǇƭŀŎŜƳŜƴǘ 
map. Since the surface is actually modified, the silhouette reflects the additional 
geometry

ÅCombination is possible ςutilize displacement for the big changes to the 
geometry and then the normal or bump for the fine detail
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Normal Mapping

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

ÅWhat we need
ÅA normalmap with normals stored in local (tangent) space

ὲ ςὔέὶάὥὰὓὥὴόȟὺ ρȟρȟρ

ÅA way how to transform local normals to world space

We need to find Ὕὄὔmatrix which will convert local normals from normalmap 
to proper worldspace coordinates of our scene

ὲ Ὕὄὔὲ
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ὲ will be our new normal 
we are working with

normal map

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



Local Tangent Space

ÅDefined by three orthonormal vectors ςtangent Ƕὸ, bitangent ὦ, and normal ὲ

ÅVector ὲis given, so we need to come up with the remaining two vectors

ÅVector Ƕὸshould be parallel to the surface

ÅProblem: But there are infinitely many such vectors, which one should we choose?

ÅConstrain: Our choice should be consistent across the whole surface

ÅSolution: We may orient the tangent vector in the same direction

that has our όtexture coordinate

ÅAfter obtaining tangent vector, getting a bitangent is simple
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ὲ

Ƕὸ

ὦό

ὺ

Tangent plane

Triangle



Tangent-Bitangent-Normal
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▄

▄
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ὺ-direction



Tangent-Bitangent-Normal

Åὖ ὖ ▄ Ўό◄ Ўὺ╫ ὖis the position of Ὥ-th vertex

Åὖ ὖ ▄ Ўό◄ Ўὺ╫ ▄ȟand ◄, ╫are 3D row vectors

ÅЎό ὖ ὖ , Ўὺ ὖ ὖ

ÅЎό ὖ ὖ , Ўὺ ὖ ὖ ὖ
ȟ

are ό, resp. ὺ, texture coordinates of Ὥ-th vertex

Χ ŀƴŘ ǿŜ want to solve for ◄and ╫Χ

Å
▄
▄

Ўό Ўὺ
Ўό Ўὺ

◄
╫

Å
◄
╫

Ўό Ўὺ
Ўό Ўὺ

▄
▄ Ў Ў Ў Ў

Ўὺ Ўὺ
Ўό Ўό

▄
▄
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Side note: Texture coordinates are 
interpolated linearly (barycentric 
interpolation) across the triangle. 
Hence, the derivatives are all 
constant and we can calculate 
tangents/bitangents per triangle.

Transformation matrix ὝὄὔO
ể ể ể
◄ ╫ ▪
ể ể ể



Tangent-Bitangent-Normal

ÅIt is not necessarily true that the tangent vectors ◄and ╫are perpendicular to 
each other or to the normal vector ▪

ÅBut we may safely assume that these three vectors will be nearly orthogonal. To 
ensure the orthogonality, we may use Gram-Schmidt orthogonalization process.

ÅTo 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.
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The GramςSchmidt Process

ÅThe GramςSchmidt process works as follows

Where the projection operator ÐÒÏÊ◊○ ○ɇ◊◊projects the vector ○orthogonally 
onto a line spanned by unit vector ◊
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Source: https://en.wikipedia.org/wiki/Gram%E2%80%93Schmidt_process



Tangent-Bitangent-Normal

ÅUsing this process, orthogonal (but still unnormalized) tangent vectors ◄and ╫
are given by

◄ ◄ ◄ɇ▪▪

╫ ╫ ╫ɇ▪▪ ϳ╫ɇ◄◄◄

and the new Ὕὄὔmatrix takes the form

ὝὄὔO
ể ể ể
◄ ╫ ▪
ể ể ể

Note that ╫ ▪ ◄
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Normal Mapping Results 
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Note small displacement 
of the surface



PBR Workflows
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Source: The PBR Guide



RMA Texture

ÅMetal/roughness workflow: base color (often similar to or the same as the albedo 
map) + RMA + normal
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Roughness Metallic Ambient occlusion



Ambient Occlusion
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Ambient Occlusion

ÅReal-time approximation based on pixel depth (OpenGL)
ÅScreen space ambient occlusion (SSAO)
ÅHorizon-based ambient occlusion (HBAO) 
ÅVolumetricAO, ambient obscurance, etc.

ÅTrue ambient occlusion

ὃὼ
ρ

“
ὠὼȟ‫ ▪ɇ‫ Ä‫

Åὠὼȟ‫ Χ Ǿƛǎƛōƛƭƛǘȅ ŦǳƴŎǘƛƻƴ ŀǘ ὼ, returns 0 if ὼis occluded in the direction 
‫ and 1 otherwise
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Remember:

V = 1
I = integrate( (V*(cos(t)))*sin(t), (t, 0, pi/2), (p, 0, 2*pi) ) 
print(I)

Return pi



OpenGL Pipeline
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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 
new primitives

Maps the resulting primitives to the 
corresponding pixels and performs 

clipping

Calculate the final color of a pixel

Alpha test and blending stage

List of all available shadertypes:
GL_VERTEX_SHADER, GL_TESS_CONTROL_SHADER, 
GL_TESS_EVALUATION_SHADER, GL_GEOMETRY_SHADER, 
GL_FRAGMENT_SHADER, GL_COMPUTE_SHADER



General Pipeline of ShaderModel 4.0
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Source: SZIRMAY-KALOS, [łǎȊƭƽΤ {½;/{LΣ 
[łǎȊƭƽ; SBERT, Mateu. GPU-based 
techniques for global illumination 
effects. Synthesis Lectures on Computer 
Graphics and Animation, 2008



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



Framebuffer (Framebuffer Object, FBO)

ÅCreate Framebuffer object (default framebuffer with renderbuffers 
may exist)

ÅDefault framebuffer (typically) consists of two color buffers 
(GL_FRONT_LEFT, GL_BACK_LEFT; 3Ҏ8 bits), depth buffer (24 bits), 
and stencil buffer (8 bits); the type of elements is 
GL_UNSIGNED_NORMALIZED

ÅAttach Renderbuffers (optimized, MSAA) or Textures (post-pass 
shaders) as color, depth or stencil buffers

Å5ƻƴΨǘ ŦƻǊƎŜǘ ǘƻ ŎƘŜŎƪ C.h ǎǘŀǘǳǎ όƎƭ/ƘŜŎƪCǊŀƳŜōǳŦŦŜǊ{ǘŀǘǳǎύ
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Framebuffer
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Framebuffer (Deferred Rendering)
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Default FBO (MSAA) G-buffer FBO (MSAA) G-buffer FBO OptiX

CA0 := color    RBO (GL_SRGB8_ALPHA8)
CA1 := position RBO (GL_RGBA32F)
CA2 := normal   TEX2D (GL_RGBA32F)
ƛ
DA  := RBO  (GL_DEPTH_COMPONENT24)
SA  := None

Prim. draw buffer Sec. downsampling buffer

CA0 := color    TEX2D (GL_SRGB8_ALPHA8)
CA1 := position TEX2D (GL_RGBA32F)
CA2 := normal   TEX2D (GL_RGBA32F)
ƛ
DA  := None
SA  := None

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

rtBuffer<optix::float4, 2> output_buffer;

Ray tracing

BACK_LEFT  := color RBO (GL_SRGB8_ALPHA8)
FRONT_LEFT := color RBO (GL_SRGB8_ALPHA8) 
ƛ
DA  := None
SA  := None

1. clear
3. render-pass (out)

2. clear
8. shadow-pass (in/out)

6. shadow rays10. Swap buffers

4. blit 5. map

7. map

Window system buffer

9. blit

Copy a rectangle of pixel values from one region of a read framebuffer to another region of a draw framebuffer

glBindFramebuffer( GL_READ_FRAMEBUFFER, fbo_src );
glReadBuffer( GL_COLOR_ATTACHMENTi );
glBindFramebuffer( GL_DRAW_FRAMEBUFFER, fbo_dst );
glDrawBuffer( GL_COLOR_ATTACHMENTj );
glBlitFramebuffer ( 0, 0, width, height , 0, 0, width, height , GL_COLOR_BUFFER_BIT, GL_NEAREST );

In case of GL_DEPTH_BUFFER_BIT or GL_STENCIL_BUFFER_BIT
ǿŜ ŘƻƴΨǘ ƴŜŜŘ ǘƻ Ŏŀƭƭ glReadBuffer

shadowing PBO  (float)



Custom Framebuffer

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

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

// color renderbuffer
glGenRenderbuffers( 1, &rbo_color );
glBindRenderbuffer( GL_RENDERBUFFER, rbo_color );
glRenderbufferStorage( GL_RENDERBUFFER, GL_RGBA8, width, height );
glRenderbufferStorageMultisample( GL_RENDERBUFFER, msaa_samples, GL_SRGB8_ALPHA8, width, height );
glFramebufferRenderbuffer( GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT0, GL_RENDERBUFFER, rbo_color );

// depth renderbuffer
glGenRenderbuffers( 1, &rbo_depth );
glBindRenderbuffer( GL_RENDERBUFFER, rbo_depth );
glRenderbufferStorage( GL_RENDERBUFFER, GL_DEPTH_COMPONENT24, width, height );
glRenderbufferStorageMultisample( GL_RENDERBUFFER, msaa_samples, GL_DEPTH_COMPONENT24, width, height );
glFramebufferRenderbuffer( GL_FRAMEBUFFER, GL_DEPTH_ATTACHMENT, GL_RENDERBUFFER, rbo_depth );

if ( glCheckFramebufferStatus( GL_FRAMEBUFFER ) != GL_FRAMEBUFFER_COMPLETE ) return - 1;
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Renderbuffer Object (RBO)

ÅOptimized for exclusive use with FBOs as render targets

ÅRBOs natively support multisampling (MSAA)

ÅPixel transfer operations may be used to read and write from/to RBOs
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Pixel Buffer Object (PBO)

ÅBuffer object used for asynchronous pixel transfers

ÅSimilar 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 );

Spring 2026 Computer Graphics II 139

Allocates only a memory space of given size

Performance hint



Using Custom FBO in Render Loop
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while ( ! glfwWindowShouldClose ( window ) ) // render loop
{

// bind custom FBO and clear buffers
glBindFramebuffer ( GL_FRAMEBUFFER, fbo ); 
glDrawBuffer ( GL_COLOR_ATTACHMENT0);
glClearColor ( 0.2f, 0.3f, 0.3f, 1.0f );
glClear ( GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT | GL_STENCIL_BUFFER_BIT ); 

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

// copy the color attachment from the custom FBO to the default FBO
glBindFramebuffer ( GL_READ_FRAMEBUFFER, fbo ); // bind custom FBO for reading
glReadBuffer ( GL_COLOR_ATTACHMENT0); ƳƳ ÓÅÌÅÃÔ ÉÔƥÓ ÆÉÒÓÔ ÃÏÌÏÒ ÂÕÆÆÅÒ ÆÏÒ ÒÅÁÄÉÎÇ
glBindFramebuffer ( GL_DRAW_FRAMEBUFFER, 0 ); // bind default FBO (0) for writing
glDrawBuffer ( GL_BACK_LEFT ); ƳƳ ÓÅÌÅÃÔ ÉÔƥÓ ÌÅÆÔ ÂÁÃË ÂÕÆÆÅÒ ÆÏÒ ×ÒÉÔÉÎÇ

glBlitFramebuffer ( 0, 0, width, height, 0, 0, width, height, GL_COLOR_BUFFER_BIT, GL_NEAREST ); // copy
// glBlitFramebuffer ( 0, 0, width, height, 0, 0, width, height, GL_DEPTH_BUFFER_BIT, GL_NEAREST );

// do the double buffering on the default FBO and process incomming events
glfwSwapBuffers ( window );
glfwSwapInterval ( 1 ); // introduce a 1 - frame delay to prevent from tearing
glfwPollEvents ();

}

We need some way how to specify 
which color attachment we want to use 
and the answer is glRead/DrawBuffer(s)

In case of two or more color buffers to be drawn into:
GLenum draw_buffers[2] = { 
GL_COLOR_ATTACHMENT0, GL_COLOR_ATTACHMENT1 };
glDrawBuffers( 2, draw_buffers );



Resizing Custom FBO

static void Rasterizer:: framebuffer_resize_callback ( GLFWwindow * window, int width, int height ) {

Rasterizer * rasterizer = ( Rasterizer * )glfwGetWindowUserPointer( window );
rasterizer - >Resize( width, height );

}

ƛ

glfwSetWindowUserPointer( window_, this );
glfwSetFramebufferSizeCallback( window_, framebuffer_resize_callback );

ƛ

int Rasterizer::Resize( const int width, const int height ) {

glViewport( 0, 0, width, height );

camera.Update( width, height );  // we need to update camera parameters as well

// delete custom FBO with old width and height dimensions

glBindFramebuffer( GL_FRAMEBUFFER, 0 );

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

InitFramebuffer(); // reinitialize custom FBO from scratch

}
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Textures as Color Attachments

glGenTextures( 1, &tex_positions );
glBindTexture( GL_TEXTURE_2D, tex_positions );
//glBindTexture( 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_ATTACHMENT1, GL_TEXTURE_2D, tex_positions, 0 );
//glFramebufferTexture2D( GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT1, GL_TEXTURE_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_ATTACHMENT1); // source color buffer

glReadPixels ( 0, 0, width , height , GL_RGBA, GL_FLOAT, image.data );

cv::flip( image, image, 0 ); // in case of GL_LOWER_RIGHT
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Framebuffer Debug (Depth Component)

float * db = new float[ shadow_width * shadow_height ];

glReadPixels ( 0, 0, shadow_width , shadow_height , GL_DEPTH_COMPONENT, GL_FLOAT, db );

FILE * file = fopen ( " depth.ppm ", " wt" );

fprintf ( 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( db[y * 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
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ὲ

Ὠ

face

Incorrect flip cÏÎÄÉÔÉÏÎ
ὲɇπȟπȟρ ὲ π

Correct flip condition

ὲɇ Ὠ π

where Ὠ ὬὭὸ

Vertex shaderfile

layout ( location = 0 ) in vec 4 in_position_ms; // ( x, y, 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;
ƛ
void main( void )
{
ƛ
unified_normal_es = normalize(( mvn * vec4( in_normal_ms.xyz, 0.0f ) ).xyz);
vec4 hit_es = mv * in_position_ms; // 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;
}
ƛ

}

ὼ

Ƕᾀ

ὬὭὸ



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_BUFFER, vbo_ ); // bind the newly created buffer to the GL_ARRAY_BUFFER target

glBufferData ( GL_ARRAY_BUFFER, sizeof ( Vertex )* no_vertices , vertices, GL_STATIC_DRAW ); // copies the previously defined vertex data 
into the buffer's memory

// vertex position

glVertexAttribPointer ( 0, 3, GL_FLOAT, GL_FALSE, vertex_stride , ( void* )( offsetof ( Vertex, position ) ) );

glEnableVertexAttribArray ( 0 );

// vertex normal

glVertexAttribPointer ( 1, 3, GL_FLOAT, GL_FALSE, vertex_stride , ( void* )( offsetof ( Vertex, normal ) ) );

glEnableVertexAttribArray ( 1 );

ƛ

// material index

glVertexAttrib I Pointer ( 5, 1, GL_INT, vertex_stride , ( void* )( offsetof ( Vertex, material_index ) ) );

glEnableVertexAttribArray ( 5 );
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#pragma pack(push, 1)
struct Vertex
{

Vector3 position;
Vector3 normal;
Vector3 color;
Coord2f texture_coords;
Vector3 tangent;
int material_index{ 0 };
char pad[4]; // fill up to 64 B

};
#pragma pack (pop)



Bindless Textures

ÅClassical approach: bound texture to a texture unit (represented as an 
uniform variable, e.g. sampler2D, in shaders)
ÅThe number of textures is limited to the number of texture units supported by 

the OpenGL driver (at least 16)

ÅSpending time binding and unbinding textures between draw calls

ÅIf OpenGL reports support for GL_ARB_bindless_texture, we can get 
around these problems (Intel HD 630 with driver 23.20.16.4944+ )

ÅThis ext. allows us to get a handle for a texture and use that handle 
directly in shaders to refer the underlying texture
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Source: OpenGL SuperBible (7th edition)



Adding Extensions to OpenGL
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1. Visit https://glad.dav1d.de and fill it accroding the 
left image

2. Download the generated glad.zip
3. Replace all files in libs/glad directory
4. Rename glad.c to glad.cpp in libs/glad/src
5. Replace all includes in glad.cpp

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

with the following single line

#include "pch.h"



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 );

// copy data from the host buffer

glTexImage2D( GL_TEXTURE_2D, 0, GL_RGB, width , height , 0, GL_BGR, GL_UNSIGNED_BYTE, data );

glGenerateMipmap( GL_TEXTURE_2D );

glBindTexture( GL_TEXTURE_2D, 0 ); // unbind the newly created texture from the target

handle = glGetTextureHandleARB( texture ); // produces a handle representing the texture in a shader function

glMakeTextureHandleResidentARB( handle );

}
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Details on https://www.khronos.org/registry/OpenGL/extensions/NV/NV_bindless_texture.txt



Materials as SSBO with Bindless Textures

GLMaterial * gl_materials = new GLMaterial [ materials_.size ()];

int m = 0;
for ( const auto & material : 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 - >width(), tex_diffuse - >height(), tex_diffuse - >data() );
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].diffuse = material - >value( Map:: kDiffuse );

}
m++;

}

GLuint ssbo_materials = 0;
glGenBuffers ( 1, & ssbo_materials );
glBindBuffer ( GL_SHADER_STORAGE_BUFFER, ssbo_materials );
const GLsizeiptr gl_materials_size = sizeof ( GLMaterial ) * materials_.size ();
glBufferData ( GL_SHADER_STORAGE_BUFFER, gl_materials_size , gl_materials , GL_STATIC_DRAW );
glBindBufferBase ( GL_SHADER_STORAGE_BUFFER, 0, ssbo_materials );
glBindBuffer ( GL_SHADER_STORAGE_BUFFER, 0 );
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#pragma pack( push, 1 ) // 1 B alignment
struct GLMaterial
{

Color3f diffuse; // 3 * 4B
GLbyte pad0[4]; // + 4 B = 16 B
GLuint64 tex_diffuse_handle{ 0 }; // 1 * 8 B
GLbyte pad1[8]; // + 8 B = 16 B

};
#pragma pack( pop )

see http://www.catb.org/esr/structure-packing/

MTL file:

newmtlwhite_plastic
Pr0.5
Kd1.0 1.0 1.0
map_Kdscuffed-plastic6-alb.png
map_RMAplastic_02_rma.png
norm scuffed-plastic-normal.png



Materials as SSBO with Bindless Textures

Vertex Shader
#version 450 core
// 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;
layout ( location = 5 ) in int in_material_index;
// 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 vec2 texcoord;
flat out int material_index;
void main( void )
{

// model - space - > clip - space
gl_Position = mvp * in_position_ms;
// normal vector transformations
vec4 tmp = mvn * vec4( in_normal_ms.xyz, 1.0f );
unified_normal_es = normalize( tmp.xyz / tmp.w );
// 3ds max related fix of texture coordinates
texcoord = vec2( in_texcoord.x, 1.0f - in_texcoord.y );
material_index = in_material_index;

}

Fragment Shader
#version 460 core
#extension GL_ARB_bindless_texture : require
#extension GL_ARB_gpu_shader_int64 : require // uint64_t
// inputs from previous stage
in vec3 unified_normal_es ;
in vec2 texcoord ;
flat in int material_index ;
struct Material
{

vec3 diffuse;
uint64_t tex_diffuse ;

};
layout ( std430 , binding = 0 ) readonly buffer Materials
{

Material materials[]; // only the last member can be unsized
array
};
// outputs
out vec4 FragColor ;
void main( void )
{

FragColor = vec4( materials[ material_index ]. diffuse.rgb *
texture( sampler2D( materials[ material_index ]. tex_diffuse ), 

texcoord ). rgb , 1.0f );
}
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From the previous slide
Χ
glBindBufferBase( GL_SHADER_STORAGE_BUFFER, 
0, ssbo_materials );
ƛ



PBR Materials as SSBO with Bindless Textures

Rasterizer::InitMaterials

#pragma pack( push, 1 ) // 1 B alignment
struct GLMaterial
{

Color3f diffuse; // 3 * 4 B
GLbyte pad0[4]; // + 4 B = 16 B
GLuint64 tex_diffuse_handle{ 0 }; // 1 * 8 B
GLbyte pad1[8]; // + 8 B = 16 B

Color3f rma; // 3 * 4 B
GLbyte pad2[4]; // + 4 B = 16 B
GLuint64 tex_rma_handle{ 0 }; // 1 * 8 B
GLbyte pad3[8]; // + 8 B = 16 B

Color3f normal; // 3 * 4 B
GLbyte pad4[4]; // + 4 B = 16 B
GLuint64 tex_normal_handle{ 0 }; // 1 * 8 B
GLbyte pad5[8]; // + 8 B = 16 B

};

#pragma pack( pop )

Structure packing really matters here. More datails on the 
std430layout rules can be found in OpenGL specification.

Fragment Shader

struct Material
{

vec3 diffuse; // (1,1,1) or albedo
uint64_t tex_diffuse; // albedo texture

vec3 rma; // (1,1,1) or (roughness, metalness, 1)
uint64_t tex_rma; // rma texture

vec3 normal; // (1,1,1) or (0,0,1)
uint64_t tex_normal; // bump texture

};

layout ( std430 , binding = 0 ) readonly buffer Materials
{

Material materials[];
};

Spring 2026 Computer Graphics II 153

Note that the second 
option is chosen when 
the corresponding 
texture is not available



Bindless Textures on Intel IGPs

ÅAccording the GLSL spec, opaque types like 
sampler2D cannot be used in structures (although 
some drivers allow that ςe.g. NVidia)
ÅThe GL_ARB_gpu_shader_int64 extension is not 

available on Intel IGPs like HD 630 or Iris 645 thus 
we cannot simply replace sampler2D with uint64_t 
in Material structure
ÅAs a consequence, we have to use different 64-bit 

data type for our bindless texture handles
ÅFortunately, we can use uvec2data type instead

1. remove GL_ARB_gpu_shader_int64 extension
2. replace uint64_t with uvec2
3. cast uvec2 texture handle to sampler2D in texture 

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

Fragment Shader
#version 460 core
#extension GL_ARB_bindless_texture : require

ƛ

struct Material
{

vec3 diffuse;
//sampler2D tex_diffuse ; // not allowed by GLSL spec in structs
// uint64_t tex_diffuse ;    // not available on Intel IGPs
uvec2 tex_diffuse ;
ƛ

};

ƛ

vec3 diffuse = texture( sampler2D ( 
materials[ material_index ]. tex_diffuse ), texcoord ). rgb ;

ƛ
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Provoking Vertex

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

ÅCall glProvokingVertexto set the desired mode which vertex is to be 
used as the provoking vertex
ÅGL_FIRST_VERTEX_CONVENTION

ÅGL_LAST_VERTEX_CONVENTION (default)
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Shadow Mapping

ÅShadows are important for realism as they create a sense of depth

ÅTwo common real-time techniques: Shadow Volumes and Shadow Mapping

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

ÅSM can handle spot lights, directional lights, and omni lights with cube mapping

ÅSM is quite simple to implement (but not that simple like shadow rays in RT)

ÅIn terms of implementation, SM consists of two passes

ÅFirst pass ςdepth (or shadow) map is generated from the light's perspective

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

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

ÅIf 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

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

light source view volume

unlit



Shadow Mapping

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

Class Rasterizer {
ƛ
public:

int InitShadowDepthbuffer (); // initialize shadow (depth) map texture and framebuffer for the first pass

private:
int shadow_width _{ 1024 }; // shadow map resolution
int shadow_height _{ shadow_width _ };
GLuint fbo_shadow_map_{ 0 }; // shadow mapping FBO
GLuint tex_shadow_map_{ 0 }; // shadow map texture
GLuint shadow_program_{ 0 }; // collection of shadow mapping shaders

};
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Shadow Mapping

ÅInit 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_ );

// 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] Ƶ this will be important later

glTexImage2D( GL_TEXTURE_2D, 0, GL_DEPTH_COMPONENT, shadow_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 }; // areas outside the light's frustum will be lit
glTexParameterfv ( GL_TEXTURE_2D, GL_TEXTURE_BORDER_COLOR, color );
glBindTexture ( GL_TEXTURE_2D, 0 );

glGenFramebuffers ( 1, & fbo_shadow_map_ ); // new frame buffer
glBindFramebuffer ( GL_FRAMEBUFFER, fbo_shadow_map_ );
glFramebufferTexture2D( GL_FRAMEBUFFER, GL_DEPTH_ATTACHMENT, GL_TEXTURE_2D, tex_shadow_map_, 0 ); // attach the texture as depth
glDrawBuffer ( GL_NONE ); // we don't need any color buffer during the first pass
glBindFramebuffer ( GL_FRAMEBUFFER, 0 ); // bind the default framebuffer back

}
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// this is only for depth map debug
GLuint rbo_color ;
glGenRenderbuffers ( 1, & rbo_color );
glBindRenderbuffer ( GL_RENDERBUFFER, rbo_color );
glRenderbufferStorage ( GL_RENDERBUFFER, GL_RGBA8,
shadow_width _, shadow_height _ );

glFramebufferRenderbuffer ( GL_FRAMEBUFFER, GL_COLOR_ATTACHMENT0,
GL_RENDERBUFFER, rbo_color );



Shadow Mapping

Vertex shader
#version 460 core
// vertex attributes
layout ( location = 0 ) in vec4 in_position_ms ;

// uniform variables
// Projection ( P_l )*Light ( V_l )*Model (M) matrix
uniform mat4 mlp;

void main( void )
{

gl_Position = mlp * in_position_ms ;
}

Fragment shader
#version 460 core

void main( void )
{

// by default the z component of gl_FragCoord is assigned 
to gl_FragDepth so we don't have to do anything here

// gl_FragDepth = gl_FragCoord.z ;

// depth map debug
gl_FragColor = vec4(vec3( gl_FragCoord.z ), 1.0f);

}
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First pass (shaders)

// save shadow map after depth pass completion
Texture4f shadow_map( shadow_width_, shadow_height_ );
glReadBuffer( GL_COLOR_ATTACHMENT0 );
glReadPixels( 0, 0, shadow_width_, shadow_height_ ,
GL_BGRA, GL_FLOAT, shadow_map.data() );

shadow_map.Save("shadow_map.exr");



Shadow Mapping

rasterizer.cpp
// --- first pass ---
// set the shadow shader program and the viewport to match the size of the depth map
glUseProgram ( shadow_program_ );
glViewport ( 0, 0, shadow_width _, shadow_height _ );
glBindFramebuffer ( GL_FRAMEBUFFER, fbo_shadow_map_ );
glClear ( GL_DEPTH_BUFFER_BIT );

// set up the light source through the MLP matrix
Matrix4x4 mlp = BuildMLPMatrix ();
SetMatrix4x4( shadow_program_, mlp.data (), " mlp" );

// draw the scene
glBindVertexArray ( vao_ );
glDrawArrays ( GL_TRIANGLES, 0, no_triangles _ * 3 );
glBindVertexArray ( 0 );

// set back the main shader program and the viewport
glBindFramebuffer ( GL_FRAMEBUFFER, 0 );
glViewport ( 0, 0, camera_.width (), camera_.height () );
glUseProgram ( shader_program _ );
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First pass (rendering loop)



Shadow Mapping
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Second pass

Coordinates of point ╪in light's clip space
╪ ὖὠὓ╪

Texture coordinates of point ╪in depth map
╪ ╪ Ȣὼώ ρȾς

Note that ╪ Ȣὼώ ╫ Ȣὼώand ╪ Ȣᾀ ╫ Ȣᾀ

shadow_map╪ ╪ ȢᾀO ╪is lit

In case of point ╫
shadow_map╫ ╫ ȢᾀO ╫is in shadow

depth (shadow) map
nearplane near plane

eye

point light (ὖ, ὠ)

(lit) ╪

(unlit) ╫

ὓ

╪ Ȣὼώ ╫ Ȣὼώ

far plane

depth map far plane

╪ Ȣᾀ

╫ Ȣᾀ

Pseudo depth from perspective projection

here is the catch aka acne artefacts

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

View matrix of a light source

ὰὧίΧ light clipspace
ὸίΧ texture space



Shadow Mapping

Vertex shader
#version 460 core
// vertex attributes
layout ( location = 0 ) in vec4 in_position_ms ;
ƛ

// uniform variables
// Projection ( P_l )*Light ( V_l )*Model (M) matrix
uniform mat4 mlp;

// output variables
out vec3 position_lcs ; // this is our point a (or b) in lcs

void main( void )
{
ƛ
tmp = mlp * vec4( in_position_ms.xyz , 1.0f );
position_lcs = tmp.xyz / tmp.w;
ƛ

}

Fragment shader
#version 460 core
ƛ
// inputs from previous stage
in vec3 position_lcs ;

uniform sampler2D shadow_map; // light's shadow map

void main( void )
{
ƛ
// 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;
// (pseudo)depth was rescaled from < - 1, 1> to <0, 1>
depth = depth * 2.0f - 1.0f; // we need to do the inverse
float shadow = ( ( depth + bias >= position_lcs.z )? 1.0f 

: 0.25f ); // 0.25f represents the amount of shadowing
ƛ
vec3 L_o = ( k_D * L_r_D + ( k_S * brdf_integr.x + 

brdf_integr.y ) * L_r_S ) * ao * shadow;
ƛ

}
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Second pass (shaders; only new lines are shown)

I want to know if the point I'm looking at from the camera is also visible from 
the light source. When viewing from the camera, I 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; I 
can do this because I know the MLP matrix of the light source). I compare 
these distances with the pre-calculated distances from the light source at the 
ǎŀƳŜ ŎƻƻǊŘƛƴŀǘŜǎ ƛƴ ǘƘŜ ƭƛƎƘǘ ǎƻǳǊŎŜΩǎ ǇǊƻƧŜŎǘƛƻƴ ǇƭŀƴŜΣ ǿƘƛŎƘ ŀǊŜ ǎǘƻǊŜŘ ƛƴ 
ǘƘŜ ŘŜǇǘƘ ƳŀǇ όŘŜǇǘƘ Ǉŀǎǎ ŦǊƻƳ ǘƘŜ ƭƛƎƘǘ ǎƻǳǊŎŜΩǎ ǇŜǊǎǇŜŎǘƛǾŜ ǳǎƛƴƎ ǘƘŜ a[t 
matrix).



Shadow Mapping

rasterizer.cpp
// --- second pass ---
ƛ
// everything is the same except this line
SetMatrix4x4( shader_program _, mlp.data (), " mlp" );
// and also don't forget to set the sampler of the shadow map before entering rendering loop
glActiveTexture ( GL_TEXTURE3 );
glBindTexture ( GL_TEXTURE_2D, tex_shadow_map_ );
SetSampler ( shader_program _, 3, " shadow_map" );
ƛ
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Second pass (rendering loop)

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 );

}
}

Fragment shader
ƛ
uniform sampler2D shadow_map;
ƛ



Shadow Mapping
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ÅDepth (shadow) map of a spot light consists of 
(pseudo)depths of scene points as viewed from 
the perspective of lights viewing frustum

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

ÅThis can be partially fixed by introducing a small 
bias such that the fragments are not incorrectly 
considered below the surface

shadow_map╪ ὦὭὥί╪ ȢᾀO ╪is lit

ÅAnd how much is the bias? Well, it depends on 
many factors, try πȢππρ. Also note that the 
resolution of the depth map matters.

╪ Ȣᾀ ‐

1024Ҏ1024 pxof float depth mapό, ὼ

ὺ, ώ

όΣὼ

ώ GL_UPPER_LEFT

GL_LOWER_LEFT

Note that the NDC of the viewport does not match 
texture coordinates of the attached depth component if 
GL_UPPER_LEFT clip control origin is used thus use 
GL_LOWER_LEFT instead



Shadow Mapping
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Shadow map
1024Ҏ1024 px

No bias
No PCFAcne artefacts



Shadow Mapping
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Shadow map
1024Ҏ1024 px

Bias 0.001
No PCFAcne artefacts significantly reduced but still prevail around edges



Shadow Mapping

ÅAnother option how to (partially) tackle with artefacts is to involve some sort of shadow 
map filtering, e.g. percentage-closer filtering (PCF)

Fragment shader
ƛ
vec2 shadow_texel_size = 1.0f / textureSize ( shadow_map, 0 ); // size of a single texel in tex coords
const int r = 2; // search radius, try different values
float shadow = 0.0f; // cumulative shadowing coefficient
for ( int y = - r; y <= r; ++y ) {

for ( int x = - r; x <= 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 + 1 ) * ( 2 * r + 1 ) ) ); // compute mean shadowing value
// use the shadow value as in the case of non - pcf code
ƛ
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Shadow Mapping
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Shadow map
1024Ҏ1024 px

Bias 0.001
PCF 3Ҏ3PCF further reduces acne artefacts and softens hard-edged shadows



Shadow Mapping
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Shadow map
4096Ҏ4096 px

Directional light 
(orthogonal projection)

Near = 20
Far = 250

Shadow diameter = 50

Bias 0.001
PCF 5Ҏ5



Shadow Map Artifacts

ÅPerspective aliasing - occurs when the mapping of pixels in view space to texels
in the shadow map is not a one-to-one ratio. Near the eye, the pixels are closer 
together, and many pixels map to the same shadow texels. Partial solutions are 
PSMs, LSPSMs, and LogPSMs, better solution are CSMs.

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

ÅShadow acne and erroneous self-shadowing

ÅPeter 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.
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Source: https://docs.microsoft.com/en-
us/windows/win32/dxtecharts/common-
techniques-to-improve-shadow-depth-maps



Cascaded Shadows Maps

ÅView frustum is covered with multiple shadow frustums

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

Spring 2026 Computer Graphics II 173



Light Frustum 1/8 ςWhich Part of Scene is in 
Camera's Field of View?
Å1. Computethe eightcornersof the viewfrustumin cameraspace

ÅFirstcorner╬ ὼȟώȟᾀ where

ὼ ÔÁÎ ὲ,  ώ ÔÁÎ ὲ,  ᾀ ὲ

ÅThe remaining sevencornersare calculatedin the same way
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eye

far plane

near plane

ὼ
ώ

ᾀ

Ὢέὺ

ὼὼ

ὼὼ

╬



Light Frustum 2/8 ςWhich Part of Scene is in 
Camera's Field of View?
Å2. Transformthe viewfrustumcornersfrom cameraspaceto world space

ÅFirstcorner╬

╬ȟ ὠ ╬ȟ where ὠis the cameraviewmatrix

ÅThe remaining seven corners are transformedin the same way
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ὠ

view frustum 



Light Frustum 3/8 ςWhich Part of Scene is in 
Camera's Field of View?
Å3. Transformthe viewfrustumcornersfrom world spaceto light space

ÅFirstcorner╬

╬ȟ ὒ╬ȟ where ὒis the light viewmatrix

ÅNote that the matrix ὒis constructed in the same way

as the camera view matrix ὠ

ÅThe remaining seven corners are transformedin the same way
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ὒ

ὼ

ώ
ᾀ



Light Frustum 4-6/8 ςCover Camera's Field of 
View by Light's Field of View 
Å4. Findthe AABB of the viewfrustumcornersin light space

Å5. Computethe positionof the light source in light space
╪ ὥὥὦὦȢάὭὲȟȟὥὥὦὦȢάὭὲȟὥὥὦὦȢάὭὲ
╫ ὥὥὦὦȢάὥὼȟὥὥὦὦȢάὥὼȟὥὥὦὦȢάὭὲ

■
╪ ╫

ς
ȟρ

Å6. Transformlight source positionfrom light spaceto world space
■ ὒ ■
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╫

╪

■

ὼ

ώ
ᾀ light frustum 



Light Frustum 7-8/8 ςCover Camera's Field of 
View by Light's Field of View 
Å7. Recomputethe light viewmatrix ὒwith the updatedlight source position■

(the light directionvectorand the up vectorare the sameas in the first case) and 
transformthe viewfrustumcornersfrom world spaceto updatedlight space

╬ ȟ ὒ╬ ȟ

Å8. Recomputethe AABB of the viewfrustumcornersin light spaceto obtain the
boundariesfor constructingthe light orthographicprojectionmatrix
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■ὼ

ώ
ᾀ



Light Frustum ςDetailed Description

Motivation: Thegoalof the methoddescribedhere is to makeoptimal useof the finite resolutionof the depth
map createdduring the first pass. Optimalresult is achievedby finding a frustum for the directionallight that
coversthe camera'sview frustum as tightly as possible. The fixed input parametersof the method are the
cameraparametersandthe directionvectorof the directionallight.

Method: It is clear that the first unknownis the origin of the light space,which lies in the center of the near
planeof the light's frustumfulfilling the mentionedcriterion. Theoriginmustbe dynamicallyshifteddepending
on the position of the cameraso that the light's frustum alwayswraps the view frustum of the camera. We
constructthe light volumeusingan AABBcreatedaroundthe cornerpointsof the camera'sfrustum expressed
in light space. Note that the resultingAABBisalignedwith the light spaceaxes. Wecaneasilycalculatethe new
origin of light spaceasthe centerof the diagonalconnectingthe bottom-left and top-right cornersof the near
planeof the light's frustum. Theorigin of the light is now expressedin our temporary light space. Thisspace
hasthe correct rotation (derivedfrom the direction vector of the directional light), but the wrong translation
(temporary placement of the center of the light regardlessof the camera position). We will correct the
translationusingthe calculatedcenter of the near plane of the new light frustum, which we will convert to
world spaceusingthe inverseof light matrix. Thiswill giveusthe desiredoptimalcenterof the directionallight,
whichwe will then useto obtain a new light matrix (light directionandup vectorsare the same). Wetransform
the verticesof the camera'sview frustum expressedin world spaceusingthe newlycalculatedlight 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'sviewfrustum.
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Light Frustum ςTechnical Details

ÅNote that due to the negative orientation of the ᾀ axis, the nearplane of the
light's frustumequalsto ὥὥὦὦȢÍÁØȢᾀ πand the far plane equalsto 
ὥὥὦὦȢÍÉÎȢᾀ π

ÅOrthographicprojectionmatrix canbebuild by glm::orthoRH_NOfunction

glm:: orthoRH_NO( left : aabb.min ().x, right : aabb.max().x, bottom : aabb.min ().y, 
top: aabb.max().y, zNear: near_plane _, zFar : far_plane _ );
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■ὼ

ώ
ᾀ

AABB of the light frustum 



Shadow Mapping Results
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Ray Traced Shadows

ÅThe goal is to create precise ray traced shadows with OptiX

ÅWe will use three rendering passes
ÅGeometry pass produces color and position (in WS) for each fragment in fragment shader:

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

Å 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;

Å Third pass multiplies colors and attenuation buffer in fragment shader

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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See Nvidia OptiX Programming Guide, Section 8 ςInterop. with OpenGL
https://raytracing-docs.nvidia.com/optix_6_0/guide_6_0/index.html#opengl#interoperability-with-opengl

rtBufferCreateFromGLBO
rtTextureSamplerCreateFromGLImage



Composition Pass in General

#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 ) {
vec2 tc = gl_FragCoord.xy * screen_size;

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

// lighting calculation with all the samplers

FragColor = color;
}
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#version 450 core

layout ( location = 0 ) in vec4 in_position_cs;

void main( void ) {
gl_Position = in_position_cs;

}



Stencil Buffer

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

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

ÅUsed in multi-pass rendering algorithms to achieve special effects (decals, 
outlining, CSG, stencil shadows)

ÅRepresented as a screen-sized buffer like depth and color buffers with at least 8-
bit depth (typically, 32-bit buffer shared with 24-bit depth)

ÅValues in stencil buffer can be modified on per-pixel basis

ÅWe can allow or discard a fragment drawn into a pixel based on the stencil value

ÅIf there is no stencil buffer it is as if the stencil test always passes

ÅInitially, the stencil test is disabled
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Stencil Buffer Test

ÅWe need to explicitly enable or disable stencil test

glEnable /Disable( GL_STENCIL_TEST )

ÅWhen enabled, all rendering calls will influence the stencil buffer

ÅThe actual outcomes are specified with glStencilOp and glStencilFunc

ÅThe stencil operations are still processed when the test is disabled; the operation 
proceeds as if the stencil test had passed

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

ÅNote 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
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Stencil Buffer Clear

ÅThe stencil buffer can be cleared along with the color buffer

glClear (GL_COLOR_BUFFER_BIT | GL_STENCIL_BUFFER_BIT);

ÅInitial value of the stencil buffer can be specified by

glClearStencil ( 0 ); 
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Stencil Buffer Mask

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

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

ÅWhere a 0 appears, the corresponding bit is write-protected

ÅInitially, all bits are enabled for writing

glStencilMask (0xFF) // enables all bits for writing
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Stencil Buffer Functions

ÅFront and back function and reference value for stencil testing specify the 
conditions under which a fragment passes the stencil test

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

ÅReference value is also used by other functions

ÅStencil test passes         if ( ref & mask ) OP ( stencil & mask )

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

ÅUse glStencilFuncSeparate to set front and back stencil state to different 
values
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Stencil Buffer Operations

ÅWhat happens when a stencil test passes or fails is determined by

glStencilOp

ÅFunction 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)

ÅList of all possible actions: GL_KEEP, GL_ZERO, GL_REPLACE, GL_INCR, 
GL_INCR_WRAP, GL_DECR, GL_DECR_WRAP, GL_INVERT

ÅThe reference value for GL_REPLACE is set by glStencilFunc
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Stencil Buffer Operations

ÅWhat happens when a stencil test passes or fails is determined by

glStencilOpSeparate separately with respect to the side of the face

ÅFunction takes 3 parameters as glStencilOp does plus the face side 
(GL_FRONT, GL_BACK, GL_FRONT_AND_BACK)

ÅExamples
ÅglStencilOp( GL_ZERO, GL_KEEP, GL_KEEP ) - If  the  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.

ÅglStencilOp( GL_KEEP, GL_KEEP, GL_REPLACE ) - If  the  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 stencil func.

ÅglStencilOp( GL_KEEP, GL_REPLACE, GL_KEEP ) - If the stencil 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.
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Shadow Volumes

ÅShadow volumes are rendered with pixel accuracy (sharp, hard shadows)

ÅSuitable for perfect point (omni) lights, spot lights, and directional lights

ÅCan handle many difficult-to-shadow scenes

ÅShadow casting mesh must be a crack-free surface

ÅIt must be a topological 2-manifold, i.e. a topological space whose points all 
have open disks as neighborhoods 

ÅIt must be homeomorphic to the sphere

ÅIt must look locally like the plane everywhere

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

ÅMultiple light sources are handled with multiple passes

ÅFar edges of volume sides are projected onto an infinitely large sphere
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shadow volumes

eye

light sources
light source

shadow

occluder
(silhouette)eye

shadowed surface

shadow volume

occluders



Working with points at infinity

ÅObservation: to calculate the projection of ▬at infinity in the direction ○on the near 
plane we just need to multiply the vector ○ ▬ ■by the (model)-view-projection 
matrix and apply perspective divide on it(gl_Position= mvp* vec4( ▬.xyz ς■, 0.0f );)
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Ὑ Њ

▬○ ▬ ○Њ
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Working with points at infinity

ÅObservation: to calculate the projection of ▬at infinity in the direction ○on the near 
plane we just need to multiply the vector ○ ▬ ■by the (model)-view-projection 
matrix and apply perspective divide on it(gl_Position= mvp* vec4( ▬.xyz, 0.0f );)
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Z-pass algorithm

Å1. Do the depth pass (with ambient lighting) with scene geometry

Å2. Clear the stencil buffer (set to zero)

Å3. Draw shadow volume in stencil buffer (only fragments of the shadow volume 
placed in front of the nearest geometry are considered)

Åno depth and no color writes

Åstore +1 to the stencil buffer for front-facing triangles

Åstore -1 to the stencil buffer for back-facing triangles

Å4. Do the lighting pass: every fragment outside the shadow volume (i.e. fragment 
with zero value in the stencil buffer) receives full light
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+1 -1

0 1 0



Z-fail algorithm

ÅZ-pass has a problem when the camera is inside the shadow volume

ÅZ-fail (Carmac'sreverse, 2000) solves this problem

ÅInstead of counting the ray-volume intersections in front of the actual geometry, 
we can count the intersections behind it (i.e. when the depth test fails)

ÅWe write to the stencil buffer if the depth test fails

Åstore -1 to the stencil buffer for front-facing triangles

Åstore +1 to the stencil buffer for back-facing triangles

ÅZ-fail works for any case, but unlike z-pass, it must be assured that the volume is 
closed both at its front end and at its back end
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light source

shadow volumewith caps

eye
-1 +1

0 1 0



Shadow Volume

ÅWe 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

ÅWe will limit ourselves to closed 2-manifold polygon meshes (no holes, cracks, or 
self-intersections)

ÅRendering of shadow volumes consists of three steps

ÅRendering the front cap

ÅRendering the back cap

ÅRendering the shadow caster extruded silhouette (the sides of volume)
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Extruded Silhouette Example
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Shadow Caster Front Cap

ÅThe 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

}
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Shadow Caster Silhouette

ÅThe following condition applies to the edges of the silhouette

if ( sign( dot( omega_i, face_normal ) ) !=
sign( dot( omega_i, adjacent_face_normal ) ) ) {

// edge is a silhouette

}
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Also note that we need some additional 
information about the topology of our 
shadow caster ςthe triangle adjacency



Adjacency Primitives

ÅWe will deal with GL_TRIANGLES_ADJACENCY further

ÅEach triangle edge has an adjacent vertex that can be accessed in VS, TS, and GS

Å6 vertices per main function call are given, 6N in total (where N is the number of 
triangles to draw)
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main
primitive

0

1

2

3

4

5

Points 0, 2, and 4 define the triangle
Points 1, 3, and 5 define vertices of 
adjacent triangles

Note that the default OpenGL 
ordering of vertices is CW (front 
face). Front faces of the geometry 
stored in OBJ files are CCW
glFrontFace( GL_CW ); // default
glFrontFace( GL_CCW ); // OBJ

front face




