
CS 380 - GPU and GPGPU Programming
Lecture 17: GPU Texturing, Pt. 4;

Virtual Texturing, Virtual Geometry
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Reading Assignment #10 (until Nov 8)

Read (required):

• Brook for GPUs: Stream Computing on Graphics Hardware
Ian Buck et al., SIGGRAPH 2004

http://graphics.stanford.edu/papers/brookgpu/

Read (optional):

• The Imagine Stream Processor
Ujval Kapasi et al.; IEEE ICCD 2002

http://cva.stanford.edu/publications/2002/imagine-overview-iccd/

• Merrimac: Supercomputing with Streams
Bill Dally et al.; SC 2003

https://dl.acm.org/citation.cfm?doid=1048935.1050187
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Quiz #2: Nov 10

Organization

• First 30 min of lecture

• No material (book, notes, ...) allowed

Content of questions

• Lectures (both actual lectures and slides)

• Reading assigments

• Programming assignments (algorithms, methods)

• Solve short practical examples
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Texturing: General Approach

Texture space (u,v) Object space (xO,yO,zO) Image Space (xI,yI)

Parametrization Rendering
(Projection etc.)

Texels



Interpolation Type + Purpose #2:

Interpolation of Samples in Texture Space

(Multi-Linear Interpolation)
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Magnification (Bi-linear Filtering Example)

Original image

Nearest neighbor Bi-linear filtering
Vienna University of Technology



Texture Minification
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Texture Anti-Aliasing: Minification

A good pixel value is the weighted mean of the pixel 
area projected into texture space 

Texture space u

v

Image space

Pixel

X

X

Vienna University of Technology
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Texture Anti-Aliasing: MIP Mapping

MIP Mapping (“Multum In Parvo”)
Texture size is reduced by factors of 2
(downsampling = "many things in a small place")

Simple (4 pixel average) and memory efficient

Last image is only ONE texel

Vienna University of Technology
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Vienna University of Technology

geometric series:
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Texture Anti-Aliasing: MIP Mapping

MIP Mapping Algorithm

D := ld(max(d1,d2))

T0 := value from texture D0= trunc (D)
Use bilinear interpolation

d1

d2

Bilinear interpolation Trilinear interpolation

X

"Mip Map level"



MIP-Map Level Computation
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• Use the partial derivatives of texture coordinates with respect to 
screen space coordinates

• This is the Jacobian matrix

• Area of parallelogram is the
absolute value of the Jacobian determinant (the Jacobian)

=



MIP-Map Level Computation (OpenGL)
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• OpenGL 4.6 core specification, pp. 251-264

Does not use area of parallelogram but greater hypotenuse [Heckbert, 1983]

• Approximation without square-roots

(3D tex coords!)



MIP-Map Level Interpolation
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• Level of detail value is fractional!

• Use fractional part to blend (lin.) between two adjacent mipmap levels
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Texture Anti-Aliasing: MIP Mapping

Trilinear interpolation:
T1 := value from texture D1 = D0+1 (bilin.interpolation)

Pixel value := (D1–D)·T0 + (D–D0)·T1

Linear interpolation between successive MIP Maps

Avoids "Mip banding" (but doubles texture lookups)

Vienna University of Technology
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Texture Anti-Aliasing: MIP Mapping 

Other example for bilinear vs. trilinear filtering

Vienna University of Technology
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Anti-Aliasing: Anisotropic Filtering

Anisotropic filtering
View-dependent filter kernel

Implementation: summed area table, "RIP Mapping", 
footprint assembly, elliptical weighted average (EWA)

Texture space

Vienna University of Technology



Anisotropic Filtering: Footprint Assembly
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Anti-Aliasing: Anisotropic Filtering

Example

Vienna University of Technology
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Texture Anti-aliasing

Basically, everything done in hardware
gluBuild2DMipmaps()generates MIPmaps

Set parameters in glTexParameter()
GL_TEXTURE_MAG_FILTER: GL_NEAREST, GL_LINEAR, …

GL_TEXTURE_MIN_FILTER: GL_LINEAR_MIPMAP_NEAREST

Anisotropic filtering is an extension:
GL_EXT_texture_filter_anisotropic

Number of samples can be varied (4x,8x,16x)
Vendor specific support and extensions



Virtual Textures
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Virtual Texturing

Example #1:

ARB Sparse Textures (originally: AMD Partially Resident Textures)

ARB_sparse_texture / ARB_sparse_texture2

https://www.khronos.org/registry/OpenGL/extensions/ARB/ARB_sparse_texture.txt

https://www.khronos.org/registry/OpenGL/extensions/ARB/ARB_sparse_texture2.txt

Hardware Virtual Texturing, Graham Sellers,
from SIGGRAPH 2013 course “Rendering Massive Virtual Worlds”

https://cesiumjs.org/hosted-apps/massiveworlds/downloads/Graham/Hardware_Virtual_Textures.pptx



Divide texture up into tiles

• Commit only used tiles to memory

• Store data in separate physical texture

Virtual Texture

Physical Texture

Virtual Texturing



Memory requirements set by number of resident tiles, not texture 
dimensions

RGBA8, 1024x1024, 64 tiles

Virtual Physical

Memory 4096 kB 1536 kB

Virtual Texturing



Use indirection table to map virtual to physical

• This is also known as a page table

Virtual Texturing



GPU Virtual Memory

texture(sampler, uv);

Texture Unit

uv

virtual address

Memory 
Controller

Page Table

…

Physical Memory

virtual
address

physical 
address

physical 
address data

data

data



Summary (Shader vs. Full Hardware Support)
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Virtual Texturing

Example #2:

Adaptive Shadow Maps (ASM)

• On CPUs: Fernando et al., ACM SIGGRAPH 2001

Resolution-Matched Shadow Maps

• On GPUs: Aaron Lefohn et al., ACM Transactions on Graphics 2007
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(Adaptive Shadow Maps)
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(Adaptive Shadow Maps)
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Virtual Texturing

Example #3:

id Tech 5 Megatextures, id Software

Rage

• Virtual Texturing in Software and Hardware, van Waveren et al.,
SIGGRAPH 2012 course notes + slides

http://www.jurajobert.com/data/Virtual_Texturing_in_Software_and_Hardware_course_notes.pdf

http://www.mrelusive.com/publications/papers/Software-Virtual-Textures.pdf

http://www.mrelusive.com/publications/presentations/2013_siggraph/hq_sw_hw_vts_12.pdf
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Virtual Texturing

Rage / id Tech 5 (id Software)
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Virtual Texturing

Example #4:

Petascale Volume Rendering

• Interactive Volume Exploration of Petascale Microscopy Data Streams Using
a Visualization-Driven Virtual Memory Approach,
Hadwiger et al., IEEE SciVis 2012

http://dx.doi.org/10.1109/TVCG.2012.240



Petascale Volume Rendering
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multi-resolution
page directory



Virtual Geometry
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Virtual Geometry

Unreal Engine 5 virtual geometry pipeline: Nanite
Tech talk by Brian Karis, Epic Games



Virtual Geometry



Virtual Geometry



Virtual Geometry



Virtual Geometry

























Thank you.


