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GPU,		Shaders	
&	OpenGL	>=	3.2
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Graphics	Hardware
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nVidia GTX	280



Performance

Limited	by	fragment	drawing	rate	
#fragments	/	second

=	|Image|	x	FPS	x	depth	complexity	
1440	x	900	x	60	x	4	~= 297	Megafragments/sec	

Note:	depth	complexity	is	average	“overdraw”	

bandwidth
=	#fragment/second	*	#bytes/fragment	
297	Megafragments/sec	*	4	~=	1.2	GB/	s	
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Performance

#triangles/sec
=	(#fragments/sec)	/	avg(|triangle|)	

Triangles	are	small!	
assuming	16	pixels/triangle
~18.6	million	triangles/sec
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Modern	GPUs
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Geforce GTX	200	Technical	Brief	by	nVidia

TPC:	Thread	Processing	Cluster

SM:	Streaming	Multi-Processor
SP:	Streaming	Processor

10	TPCs.
240	SPs	(cores)	at	1296	MHz	
1024	Threads	per	SM.

Unified Architecture!



Key	Differences:	GPU	vs	CPU

Cores:	1280
Clock:	1.5	– 1.7	GHz
Power:	400	W	(120W)
Mem	BW:	192	GB/sec
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Clock:	4	– 4.4	GHz
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Mem	BW:	25.6	GB/sec

Cores:	18	(36	Threads)
Clock:	2.3	– 3.6	GHz.
Power:	145W
Memory	BW:	68	GB/sec

NV	GTX	1060 Intel	i7-4790K Intel	Xeon	E5-2699

Many Simple Cores Few Complex Cores
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GPGPU

• CUDA
• Only	on	nVidia	hardware
• Mature	utility	APIs	and	Tools

• OpenCL
• Open	Standard
• Device	and	OS	independent
• Works	across	GPUs	and	CPUs	from	multiple	vendors

• DirectCompute	(Microsoft)
• DirectX	10	and	higher,	Windows	based
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GPGPU
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Super	Computers

http://www.top500.org/featured/top-systems/titan-oak-ridge-national-laboratory/

Each of Titan's 18,688 nodes 
contains an NVIDIA Tesla K20 GPU

Titan:	Oakridge	National	Laboratory
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OpenGL	>=	3.2
Reference	Card:	
https://www.khronos.org/files/opengl-quick-reference-card.pdf
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Fixed-Function	Pipeline
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Fixed-Function	Pipeline
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Simplistic	Fixed	Pipeline

Command Vertex

Assembly Rasterization

Fragment FB	operations

Display
http://graphics.stanford.edu/courses/cs148-11-fall/lectures/programmable.pdfCS 148: Introduction to Computer Graphics and Imaging (Summer 2016) –

Zahid Hossain
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Simplistic	Programmable	Pipeline	>	2.0

Command Vertex

Assembly Rasterization

Fragment FB	operations

Display
http://graphics.stanford.edu/courses/cs148-11-fall/lectures/programmable.pdfCS 148: Introduction to Computer Graphics and Imaging (Summer 2016) –

Zahid Hossain
22



Introducing	“Shaders”

Short	program	customizing	
a	part	of	the	graphics	
pipeline.

Misnomer: They do more 
than just shade !
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Simplistic	Programmable	Pipeline	>	3.2

Command

Geometry	(optional)

Assembly Rasterization

Fragment FB	operations

Display
http://graphics.stanford.edu/courses/cs148-11-fall/lectures/programmable.pdfCS 148: Introduction to Computer Graphics and Imaging (Summer 2016) –

Zahid Hossain
24

Vertex



Shader Architecture

Shader
program

Inputs

Outputs

Texture
Registers

Constants

http://graphics.stanford.edu/courses/cs148-11-fall/lectures/programmable.pdf
25
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Vertex	Program/Shader

Vertex	
program

Input: Single Vertex with attributes, e.g.
• Position
• Normal
• Texture Coordinate
• Other programmer defined attribs

Input:	Uniforms	- remain	constant	during	
the	entire	draw	call,	e.g.
• Model	matrix
• View/Camera	matrix
• Projection	matrix
• Other	programmer	defined	parameters

Output:	
• Transformed	positions	(NDC)	
• Point	size	(optional)
• Other	programmer	defined	varying

data	(input	for	Fragment	program)
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“Varying”	output
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Output	attributes	(marked	with	the	
keyword	“out”)	of	the	Vertex	Program
are	interpolated	by	the	hardware	
during	the	rasterization	process	and	set	
as	an	input	attributed	for	the	Fragment	
Program (see	later).

Historically	called	“varying” attributes.



A	Simple	Vertex	Program
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A	Simple	Vertex	Program
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declare	GLSL	version	3.3	– matches	
with	OpenGL	version



A	Simple	Vertex	Program
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Uniforms	– remains	constant	during	
the	entire	draw	call



A	Simple	Vertex	Program
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Per	vertex	attributes	– position,	color,	
normal,	etc.



A	Simple	Vertex	Program
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Varying	output	(“out”	keyword)– will	
be	interpolated	and	fed	as	an	input	
attribute	to	the	Fragment	Program.
There	can	be	many	such	“out”	
attributes.



A	Simple	Vertex	Program
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”gl_Position”	must	contain	the	
transformed	position	in	NDC.

Note:	Use	of	vec4	to	extend	3D	to	4D	
homogeneous	coordinate.



A	Simple	Vertex	Program
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Set	the	varying	output	attribute.	For	
now	just	passing	on	the	color	
attribute	from	the	input.	You	can	do	
whatever	you	want	though.



Fragment	Program/Shader

Fragment
Program

Input: Single rasterized fragment with
interpolated “out” attributes from the
Fragment Program.

Input:	Uniforms	- remain	constant	during	
the	entire	draw	call,	e.g.
• Material	properties
• Textures	(1D,	2D,	3D)
• Light	positions
• etc	- whatever	else	you	wish

Output:	
• Final	color	(with	maybe	Alpha)
• Depth	value	(optional)
• Discard – discard	a	fragment	from	

further	processing
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A	Simple	Fragment	Program

CS 148: Introduction to Computer Graphics and Imaging (Summer 2016) – Zahid Hossain 36

Varying		(“out”)	data	from	the	Vertex	Program



A	Simple	Fragment	Program
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The	final	output	color



A	Simple	Fragment	Program
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Can	use	C	struct	like	syntax



A	Simple	Fragment	Program
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Uniform	for	a	texture	(in	this	case	a	2D	texture)



A	Simple	Fragment	Program
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Compute	the	final	color.	Can	get	arbitrarily	
complex.	Note	that	the	multiplications	are	
“component	wise.”



Shader	Demo
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More	References	and	Tutorials

• http://learnopengl.com
• OpenGL	3.3	Quick	Reference	Card:	
https://www.khronos.org/files/opengl-quick-
reference-card.pdf
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Shader Considerations

• Single-precision	arithmetic
• >	GTX	200	supports	Double-precision

• Branching,	loops	expensive

• No	access	to	neighboring	fragments/vertices
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Shader Considerations

• Limited	stack/instruction	count

• Timeout	possibility

• Support,	debugging	not	consistent
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Shader Language	Options

• Assembly
Issue	commands	directly	to	GPU

• GLSL
OpenGL

• Cg
OpenGL/Direct3D

• HLSL	
Direct3D
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Common	Shader	Tasks
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Bump/Normal	Mapping

http://upload.wikimedia.org/wikipedia/commons/3/36/Normal_map_example.png

4M	triangles 500	triangles
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Bump/Normal	Mapping
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http://www.kxcad.net/lightwave/lightwave_3d_9/normalmap_normal.png
http://charhut.info/files/cs280/CliffNormal.png

http://imageshack.us/photo/my-images/412/gahumanefacenorce9.png/sr=1
http://users.tkk.fi/~mliukka/textures/Brickwall_windows_01_pom_ddn.jpg

http://www.ericspitler.com/images/2d/normalmap.jpg



Parallax	Mapping

CS 148: Introduction to Computer Graphics and Imaging (Summer 2016) – Zahid Hossain 49

https://vvvv.org/sites/default/files/screenshot1382763194.png

Normal	Mapping Parallax	Mapping



Displacement	Mapping

http://www.spot3d.com/vray/help/150SP1/tutorials_displacement.htm

Original Bump Displacement
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Complex	Material	&	Lighting

http://images.digitalmedianet.com/2006/Week_28/y0utm5jb/story/10c.jpg

CS 148: Introduction to Computer Graphics and Imaging (Summer 2016) – Zahid Hossain 51



Toon	Shading

http://www.cse.unr.edu/~mahsman/courses/cs791a/full.png

CS 148: Introduction to Computer Graphics and Imaging (Summer 2016) – Zahid Hossain 52

Use small set of colors 
(maybe with 1D texure as a color palette)



2D	Image	Processing

http://groups.csail.mit.edu/graphics/bilagrid/bilagrid_web.pdf
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Simulation

http://www.geeks3d.com/20080812/nvidia-physx-powerpack-download/
http://pcper.com/images/reviews/245/graw_physx_3.jpg
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Compiling	Shaders
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Shader	Program
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Shader	Program	– Vertex	Shader
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Shader	Program	– Fragment	Shader
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Shader	Program	- Linking
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Shader	Program	- Running
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Passing	Data	to	Shaders
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Passing	“Uniforms”
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Some	News!

• No	glPushMatrix/glPopMatrix/glLoadMatrix	etc

• Matrices	are	like	any	other	“Uniforms”

• Manage	your	own	matrices	on	the	CPU	side
• Use	third	party	libraries	– e.g.	glm
• Matrix	Format	– Column	Major	Order
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Passing	“Uniform”	- Matrix
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Similary:
glUniform{1,2,3,4}{if}{v}, 
glUniformMatrix{2,3,4}fv 

… and many more



Passing	Vertex	Data
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Vertex	Data/Attributes
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Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Note: GL_ELEMENT_ARRAY_BUFFER



Vertex	Buffer	Object	(VBO)
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Vertex	Buffer	Object	(VBO)
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Vertex	Array	Object	(VAO)
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Vertex	Array	Object	(VAO)
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“VBO Binds” and “Attribute Pointer” 
States will be stored in VAO



Vertex	Array	Object	(VAO)

CS 148: Introduction to Computer Graphics and Imaging (Summer 2016) – Zahid Hossain 77

“VBO Binds” and “Attribute Pointer” 
States will be stored in VAO

Don’t unbind; VAO will remember that too!



Vertex	Array	Object	(VAO)
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Vetex	Array	Object	(VAO)
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http://learnopengl.com/#!Getting-started/Hello-Triangle



Vertex	Array	Object	(VAO)
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And Finally …
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