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Abstract—One of the challenging advents in Computer
Science in recent years was the fast evolution of parallel
processors, specially th&sPU — graphics processing unit. GPUs
today play a major role in many computational environments,
most notably those regarding real-time graphics applications,
such as games.

The digital game industry is one of the main driving
forces behind GPUs, it persistently elevates the state-of-art
in Computer Graphics, pushing outstanding realistic scenes
to interactive levels. The evolution of photo realistic scenes
consequently demands better graphics cards from the hard-
ware industry. Over the last decade, the hardware has not only
become a hundred times more powerful, but has also become
increasingly customizable allowing programmers to alter some
of previously fixed functionalities.

This tutorial is an introduction to GPU programming using
the OpenGL Shading Language —GLSL. It comprises an
overview of graphics concepts and a walk-through the graphics
card rendering pipeline. A thorough understanding of the
graphics pipeline is extremely important when designing a
program in GPU, known as ashader. Throughout this tutorial,
the exposition of the GLSL language and GPU programming
details are followed closely by examples ranging from very
simple to more practical applications. It is aimed at an audience
with no or little knowledge on the subject.

Keywords-GPU Programming; Graphics Hardware; GLSL.
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I. INTRODUCTION

The realism of interactive graphics has been leverage by
the growth of the GPU’s computational power throughout
the years, turning a simple graphics card into a highly
parallel machine inside a regular PC. The main motivation
of this growth is given by the game community which
increasingly demands realism and consequently graphics
processing power. To add even more realism, graphics units
have also shifted from being simple rendering black boxes
to powerful programming units, allowing a variety of spécia
effects within the graphics pipeline, such as those shown in
Figure 1.

One of the challenges of GPU programming is to learn
how streaming architectures work. The true power of graph-
ics processing comes from the fact that its primitives, e.g.
vertices or pixels, are computationally independent, ihat
the graphics data can be processed in parallel. Hence, e larg
number of primitives can be streamed through the graphics
pipeline to achieve high performance.

Streaming programming is heavily based on the single
instruction multiple data (SIMD) paradigm, where the same
instruction is used to process different data. Within theJGP
context, the data flows through the graphics pipeline while
being processed by different programmable stages, called



shaders Differently from traditional sequential program- Il. GRAPHICSPIPELINE

ming, the GPU streaming model forces a fixed data flow

through pipeline stages, i.e. a shader is restricted to deal Before venturing into the topic of GPU programming
with a specific input and output data type in a specific stagdSelf, it is important to be familiar with the graphics
of the pipeline. From the many different rendering stagesPiP€line. lts main function is rendering, that is, genemgti
only three of them is currently available in hardware to bethe next frame to be displayed. To accomplish this, geo-
programmable: the vertex shader, responsible to transforffetric primitives are sent to the graphics pipeline, where
vertex primitives; the geometry shader, responsible ttdbui they are processed and filled with pixels (process called
the geometry from vertices; and the fragment shader, respofi@sterizatior) to compose the final image. Each stage of
sible to color fragments generated by geometric primitivesthe pipeline is responsible for a part of this process, and

The graphics pipeline will be further explained in more programmable stages are nothing more than customizable
details in Section II. parts that can perform different methods than those offered

_ S o _ by the graphics API. Understanding the different parallel

Despite the limitations, GPU programming is essentialyaradigms of the rendering pipeline is also crucial for the
to mplgmgnt special graphics effects not su'pported by th%evelopment of efficient GPU applications.

fixed pipeline. The power to replace a pipeline stage by a the rendering pipeline is responsible for transforming

shader represents a major shift of implementation ControEeometric primitives into a raster image. The primitives ar
and freedom to a computer graphics programmer. For rea'sually polygons describing a model, such as a triangle

Fime applicatio.n.s, such as games, the topic has become_ $Resh, while the raster image is a matrix of pixels. Figure 2
important that it is no longer an extra feature but a neaessit ;|| ;strates the rendering pipeline. First, the model'snpi

Not surprisingly, the gaming industry represents the mainyes ysually described as a set of triangles with coniecte

driving force to constantly elevate the graphics hardwarg,sints are sent to be rendered. The vertices enter thempel
power and flexibility. and undergo a transformation which maps their coordinates

GPU programming goes beyond graphics and it is alsdrom the world’s reference to the camera’s. When there
exploited by completely different purposes, from genomeare light sources in the scene, the color of each vertex is
sequence alignment to astrophysical simulations. This ugaffected in this first stage by a simple illumination model.
age of the graphics card is known as General Purpos&0 accelerate the rest of the rendering process, clipping is
GPU (GPGPU) [1] and is playing such an important roleperformed to discard primitives that are outside the vigwin
that specific computational languages are being designeffustum, i.e. primitives not visible from the current view
such asnVidia's [2] Compute Unified Device Architecture Point. The vertex processing stage is responsible for these
(CUDA) [3], which allows the non-graphical community to transformation, clipping and lighting operations.
fully exploits the outstanding computational power of GPUs  The transformed vertices are then assembled according to
Although this survey will not cover this area, some aspectgheir connectivity. This basically means putting the prim-
of GPGPU are provided in Section VII. itives back together. Each primitive is then rasterized in
. . . . order to compute which pixels of the screen it covers, where

The goal of this SUrvey 1 to describe 'the creat!on Offor each one a fragment is generated. Each fragment has
_computer ger_1erat(_ad Images from the grapr_ucs card S'de’_thﬁ“ntterpolated attributes from its primitive’s vertices,chuas
is, the graphics plpell_ne, the GPU streaming programming, 5, and texture coordinates. A fragment does not yet define
r_nodel and the three d|ff_erent shaders. The standard glsaph%e final image pixel color, only in a last stage of the pipelin
Ilbrary OpenGL[4] and |ts.shad|ng. IanguagéLSL[5] are it s computed by composing the fragments which fall in
used in order to reach aW|der audience, since they are CTOSRs location. This composition may consist of picking the
platform and supported by different operating systems. frontmost fragment and discarding others by means of a

The remainder of this survey is organized as follows. Indepth buffer or blending the fragments using some criteria.
Section I, the graphics pipeline is summarized and itsdbasi Note that the graphics pipeline, as any pipeline, is in-
stages are explained. After that, Section Il draws majordependent across stages, that is, vertices can be processed
aspects of the GPU’s history, aiming at important featurest the same time pixels are being processed. In this way,
about its architecture. Section IV briefly describes how therendering performance (measured in frames per second)
GLSL language integrates with OpenGL and GLUT. Thecan be significantly improved, since while final pixels of
main part of this tutorial is in Sections V and VI, where the current frame are being handled, the vertex processors
GLSL is explained by analyzing six examples step-by-stepcan already start processing the input vertices for the next
The GPGPU argument raised in the introduction is furtherframe. Besides being independent across stages, the ggaphi
analysed in Section VII. Finally, conclusions and insightspipeline is also independent inside stages, differenfoest
on the future of shader programming wrap up this survey ircan be transformed at the same time by different processors
Section VIII. as they are computationally independent among themselves.
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Figure 2. The basic stages of the rendering pipeline.
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Figure 4. Pipeline Vertex Shader.
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Figure 3. The data flow inside the graphics pipeline. l
Geometry Shader <+—
Figure 3 illustrates the three shader stages of the graphics l ,,,,,,,,,,,

pipeline, where they are represented by pnegrammable §
stream (arrows in green), in contrast to thifexed built-in e S :

stream (arrows in gray). The thre@rogrammable stages l
(green boxes) have read access to the video memory, while ResiErzaiten
the fixed stageggray boxes) access it for input and output.
The vertex shader is further detailed in Figure 4. This Figure 5. Pipeline Geometry Shader.

first stage treats only vertex primitives in a very strict

input/output scheme: exactly one vertex enters and exactly

one vertex exits. The processing is done in a completely

independent way, no vertex has information about the otherdumber of exiting vertices must be pre-defined by the user.

flowing through the pipeline, which allows for many of them Each input primitive may generate from zero to the defined
to be processed in parallel. maximum number of output vertices.

In the next stage, depicted in Figure 5, the geometry Finally, the fragment shader pipeline, illustrated in Fig-
shader processes primitives formed by the connected vetre 6, runs once for each fragment generated by each
tices, such as lines or triangles. At this stage all the eesti primitive. It has no information about which primitives
information belonging to the primitive may be made avail-it belongs to neither about other fragments. However, it
able. The geometry shader may receive as input differemeceives all the interpolated attributes from the prinaigv
primitives than those it outputs, however, informationtsuc vertices. The shader's main task is to output a color for
as the type of input and output primitives and maximumeach fragment, or discard it.



Rasterization The fourth generation of GPUs had not only introduced
the fragment shader, but the maximum number of instruc-
l 77777777777 tions per shader was also raised, and conditional branches
were now allowed. The fast pace of GPU evolution is
,,,,,,,,,,,,,,,,,,,,,,,,, evidenced even more with the introduction of tBeForce 6
l and Shader Model 3.0n 2004. With this shader model also
came along different high-level shading languages, such as
OpenGL's GLSL [5], Cg from nVidia [6] and Microsoft’s

Fragment Shader <+—

l §_~ HLSL [7]. Shader Model 3.0 allows for longer shaders,
proTmmmeneeenes 8 better flow control, and texture access in vertex shader,
e : £ among other improvements.

l g In 2006 theShader Model 4.0also calledJnified Shader

Model introduced a powerful GPU programming and ar-

Framebuffer —~ —» chitecture concept. First, a new programmable stage in the
graphics pipeline was introduced: the geometry shades Thi

Figure 6. Pipeline Fragment Shader. is, up until now, the last available programmable shader

in hardware, which allows manipulation and creation of

new graphics primitives, such as points, lines and triaggle
[Il. THE EvOLUTION OF GPUs directly inside the graphics card. Second, the three shader
types were bounded to a single instruction set, enabling a
new concept of &nified Shader Architecturd’he new GPU
grchitecture, starting with th&eForce 8and ATI's Radeon
R60Q allows a more flexible usage of the graphics pipeline,

operations, advertising thefBeForce 256as "the world’s . :
first GPU". At first, many were sceptical about its usefulnessWhere more processors can be dedicated to demanding stages
' ' y P ' of the pipeline. While the old architectures had a fixed

Elgz;\t/;Z?;p&?g:?rzézgs?fgvo%zr;?;gg 'cvgrgg?:v?ozzsvézz%umber of processors and resources throughout the graphics
in software, except for some expensive high-end graphic§ipeline, with the unified _model the sysFem can allocate
cards that could perform them in a dedicated chip; by Con_esources to the computationally demanding shaders.
trast, with the GeForce everything was integrated in aeingl ~ The graphics card is now considered a massively parallel
chip processor which allowed for a major price reduction.co-processor of CPUs not only for graphics programs but for
Followed by theGeForce 2and ATI's Radeon 7500these ~ any general purpose application. The non-graphical commu-
cards framed the so called second generation GPUs allowingjty has been using GPUs since 2002 under the concept
more powerful effects, such as multi-texturing. of GPGPU [1], however the new architecture allows the
Nonetheless, hardware had only been designed to impro@esign of non-graphical languages, such as CUDA [3] and
the graphics performance, and the rendering process wpenCL [8], to fully exploit the highly parallel and flexible
still based on built-in fixed functionalities, i.e. hardegsl ~ cOmputation power of present GPUs. This concept will be
functions on graphics chips. The major drawback was thafurther discussed in Section VII.
moving from software to hardware traded implementation The history of GPUs points to a future where the graphics
freedom for speed, restricting the possible achievabéetff cards will be fully programmable, without restriction on
In 2001 this drawback started to be overcome with theshader programmability and resources usage. Last year,
first programmable graphics card: t@@Force 3introduced two new types of shader were announced with Sieder
a programmable processor for any per-vertex computatiorModel 5.Q to be implemented in graphics hardware this year
Small assembly codes could be uploaded to the graphig®009): the hull and domain shaders to better control the
card replacing the fixed functionality. These were known agessellation procedure. This survey will not stray to these
vertex shaders and framed the third GPU generation. new shader, focusing only on the three currently available
In the next two years, a programmable processor for anghaders in hardware. Beyond the evolution of GPUs, it seems
per-fragment computation was introduced. The new shadehat the future holds the end of sequential single-processo
replaces fragment operations allowing better illumirmatio programming computation, in favor for massively parallel
effects and texture techniques. Note that even though peprogramming models. Another indication of this future path
fragment operations influences the pixel colors, the finals the Cell Broadband Engine Architecture (CBEA) released
pixel composition is still up to now a fixed functionality by IBM, Sony and Toshiba, and the recent announcements of
of GPUs. The fragment shader is also hamed pixel shademtel's Larrabee architecture, where a major convergerice o
but during the survey will use the former nomenclature. CPU and GPU pipelines and design strategies is promised.

One of the bhiggest evolution steps on GPU's history
occurred in 1999, when nVidia designed a graphics hardwar
capable of performing vertex transformation and lighting



IV. OPENGL BAsICS code inside th@sSour ce string is the correspondingello
This survey uses GLUT — OpenGL Utility Toolkit [9] World shader, and it will be explained in more details in

_ a simple platform-independent toolkit for OpenGL [4]. S€ction V.
GLUT is used to create the OpenGL context, that is, i /I OpenGL initialization calls for shaders
opens a graphics window for rendering, and handles th void initShader () {
. . . I/l Vertex Shader code source
users inputs. We have chosen GLUT for its popularity :onst GLcharr wsSource ={

and simplicity, but among other options are QT [10] an¢ "#version 120\n”

wxWidgets [11]. "void 'I“aFi'ﬂ(VO(i:d)| {\n” | Color\

L. . . " gl_FrontColor = gl Color;\n”

Listing 1 ShOWS a S|mple example of GL.UT usage. afte, » gl_Position = gl ModelViewProjectionMatrix
several basic initializations, the OpenGL window is crdate Cgl_Vertex;\n”
and the following callbacks are registeraceshape and }}
Qi spl ay functions, called when the window is resized off 7, cicate program and vertex shader objects
its display contents needs to be updatkdyboard and programObject = glCreateProgram () ;

nmouse functions, called when one of such users inpu| VtxShader = giCreateShader( GIERTEX SHADER );
/I Assign the vertex shader source code

occurs. At the end, the program enters the main event lo¢ g shaderSource ( vtxShader, 1, &sSource, NULL
where it waits for events, such as window draw calls an| // Compile the vertex shader

keyboard hits. glCompileShader( vtxShader );
/I Attach vertex shader to the GPU program
#include <GL/glut.h> glAttachShader( programObject, vtxShader );
/I C Main function /I Create an executable to run on the GPU
int main( int argc, char[IIhargv ) { glLinkProgram ( programObject );
[/l GLUT Initialization /I Install vertex shader as part of the pipeling
glutlnit( &argc, argv ); glUseProgram( programObject );
glutinitDisplayMode ( GLUTDOUBLE | GLUT_RGBA );
glutinitWindowSize ( 512, 512 ); /Il The result is a vertex shader acting as a
/I Create OpenGL Window /1l simplified version of the fixed functionality
glutCreateWindow ( "Simple Window” ); —
init(); // non-GLUT initializations Listing 2. OpenGL setup example for GLSL.
/I Register callbacks .
glutReshapeFunc( reshape ); The gl CreateProgram function creates a
gl'utt}?isg'ay';lé”c((d:(sp';y )d§) GPU program object to hold the shader objects.
glutkKeyboardFunc eyboar ; -
glutMouseFunc ( mouse ): Thg gl Cr eat gShgder function creates a shadgr
/1 Event Loop object to maintain the source code string, while
g'ﬁtMa'V(‘)L_OOP()J the gl Shader Source function is responsible to
} retarn = assign a given source code to the created shader. The
/11 The result is a window with 512x512 pixels gl Conpi | eShader function compiles the shader object,

while the gl AttachShader function attaches it to a
target program object. Note that, in the example shown in
GLUT is used to create a layer between graphics functionsisting 2, only a vertex shader is attached to the program
and the window management system, namely the OpenGobbject and, consequently, the rest of the pipeline remains
context. Once the context is created, OpenGL functions carunning the fixed functionality.
be used for rendering. Moreover, OpenGL has a number of Finally, thegl Li nkPr ogr amfunction links the program
functions to manage shader codes in its native library. Ircreating the final executable to be processed on the GPU. To
despite of newer versions, this survey uses OpenGL versiogwitch among program objects and the fixed functionality,
2.1, as well as GLSL 1.2 and GLUT 3.7, which are sufficientthe gl UsePr ogr am function is used. This function must

Listing 1. Simple GLUT Example.

to implement the introductory concepts. be called before rendering, in order to change the pipeline
The OpenGL functions to manage shader codes are illugxecution accordingly.
trated in Listing 2. Theé ni t Shader function in this listing The action of compiling and linking shaders do not raise

is called among OpenGL initialization calls, e.g. inside th errors as normally happens in applications. The erroréssc

i nit function showed in Listing 1, where the goal is to states must be queried using OpenGL functions such as
initialize the shaders. In this example, only a vertex shadegl Get Pr ogr am nf oLog.

will be set in order to illustrate the shader management.

Nevertheless, the functions shown here can be used for a V. GPU FROGRAMMING WITH GLSL

geometry or fragment shader as well. The source code of a In this section, GPU programming and the OpenGL Shad-
shader to be uploaded is simply a string and can be declaredg Language -GLSL- are introduced. GLSL is a high-level
together with the application, as done in this example, otanguage based on C/C++, and can be used to write shader
saved in a file to be read at run-time. The vertex shadecodes. The three types of shaders discussed in this survey



are the vertex, geometry and fragment shaders. Howevehave to be defined by the OpenGL application before linking

it will cover only the overall aspect of the language, for the shader program and after compiling it.

more detailed information refer to Bailey and Cunningham’s Listing 4 shows the geometry shader for diello World

newly released book oraphics Shader§l?], as well as example. The goal here is to simply pass the relevant

the OpenGLOrange Bool{13] for GLSL references. information forward, that is, read the input values from the
The strategy chosen here is to explain the languageertices and write them to the output primitives.

by showing GLSL code exqmples and, for each piece (4. iension GLEXT_geometryshaderd: enable

code, detail types and functions among other aspects. T| // Geometry Shader Main

examples grow in difficulty ranging from very simple "hello | void main(void) {

» ot /I lterates over all vertices in the input
world” examples to more sophisticated ones, such as pho| primitive P

shading and environment mapping. for (int i = 0; i < gl_VerticesIn; ++i) {
/I Pass color and position to next stage
A. Hello World gl_FrontColor = gl FrontColorin[i];
. . . gl_Position = glLPositionIn[i];
The first exgmple is a GPWello World that illustrate T ema Wit e veries
the three available shaders, showing a simple loop a EmitVertex () ;

presenting different GLSL types. Listing 3 shows the verte _ _ -

. - // Done with the input primitive
shader. The full set of operations performed by the fixe| E,4primitive 0
functionality includes a set of transformations, clippewgd |}
lighting; however, the goal here is to accomplish a simlifie
result where only the position transformation is realized.
More specifically, each vertex position is transformed from The first line enables the geometry shader extension as
the world’s coordinate system to the camera’s system. Thigefined by the Shader Model 4.0. This directive is always
transformation uses the model-view and projection matricerequired when using a geometry shader and it is omitted
(refer to the OpenGIlRed BookK14] for more information  for the next examples. The main function body contains

Listing 4. Hello World Geometry Shader.

about transformation matrices). a loop iterating over the number of vertices in the input
“version 120 geometry. This is a pre-defined constant by GLSL and it has
/I Vertex Shader Main the same value for all the geometric primitives, depending
void main(void) { on the input geometry type. Each loop iteration receives the

/I Pass vertex color to next stage L. . .
gl_FrontColor = gl Color: color and position of the corresponding input vertex and

/I Transform vertex position before passing it assigns them to the color and position of the output vertex.

gl_Position = gl ModelViewProjectionMatrix TheEmi t Ver t ex function finishes the output vertex, while
N Col_Vertex; theEmi t Pri mi ti ve function finishes the primitive. In the
geometry shader, only one primitive type can be received as
Listing 3. Hello World Vertex Shader. input with a constant number of vertices.

The first line indicates the minimum GLSL version re- Listing 5 shows the fragment shader, the last pro-
quired for this shader, in this case version 1.2. From nowgrammable step. The only action here is the assignment of
on, this version is always used and the directive is omitteg@ color to the fragment. The input color of each fragment
Ignoring comments, the next line is a function declaration.iS computed by the rasterization stage, where the prinsitive
In any shader, the main function is obligatory and servefroduced by the geometry shader are filled with fragments.
as entry point. In the next two lines the vertex’s color is For each fragment all vertices’ attributes are interpalate
passed to the next step and the position transformed torscreguch as the color.
space. Note that the right side of the last line produce // Fragment Shader Main
exactly the same result as calling the build-in functior V°i/3' fg:isns(vﬁi;)mgm Color
ftransform(), Wh|_ch shall be used during the rest of gl_FragCom? = gLColor;
the text. Names starting withl _ represent GLSL standard | }
names and have different meanings, explained later.

Next in the pipeline is the geometry shader, where each
geometric primitive is processed and one or more primitives In this last shader, thgl _Col or name relate to a differ-
is outputted, which may be of a different type than theent built-in type than the one showed on the vertex shader
one entered. For example, a geometry shader to decompre@ee Listing 3). A built-in type is a graphics functionality
primitives could be defined over points and produce trianimade available by OpenGL or by the graphics hardware, to
gles, where for each point several triangles can be gemkrateprovide access to pre-defined values inside or outside the
As stated previously, the geometry type of input and outputrendering pipeline. In the vertex shader cagk, Col or
as well as the maximum number of vertices on the outputwas assigned outside the pipeline as a vertex attribute,

Listing 5. Hello World Fragment Shader.



while in the fragment shader case it was defined inside the Figure 7 shows the difference between the fixed func-
pipeline as an interpolated value. The GLSL language hasonality and theHello World shader program. The normal
five different built-in types: pipeline does lighting computation, which enhances the

- built-in constants- variables storing hardware-specific details of the teapot model and yields a 3D appearance.
constant values, such as maximum number of lightsOn the other hand, the three presented shaders of this first
These values can be accessed by any shader and meyample aim to simplify the fixed functionality and simply
change depending on the graphics card. carries on the blue color of the vertices, losing, for instgn

- built-in uniforms — values passed from the OpenGL the lighting effect and the sensation of depth.
application to one or more shaders. These values are
OpenGL states, such as the projection matrix, and mus
be set before rendering. Inside a draw call the uniforms
remain fixed.

- built-in attributes— values representing an attribute of
a vertex, such as color. Like uniforms, the attributes
are passed from the OpenGL application to (and only
to) the vertex shader. However, unlike uniforms, the
attributes may change for each vertex. Figure 7. Difference between the fixed functionality and itretlo World

- built-in varying variables— variables used to convey shaders. The 3D appearance is lost due to lack of lighting ogatipn in
. . . T .~ the vertex shader.
information throughout the rendering pipeline. For in-
stance, the vertex color can be passed from the vertex
shader to the geometry shader and then to the fragme. Cartoon Effect
shader. Note that, even though the vertex color enters
the pipeline as a vertex attribute, it flows through the

The second example is a GRCArtoon Effectthat illus-
ineline as output and input varving variables trate the use of normals and lighting, and mimics a cart@onis
PP P P ying ' drawing effect. This effect is achieved by rendering the

- built-in functions— basic and advanced functions for .
) ; ) . model with an extremely reduced color palette (4 shades
different types of operations. The basic functions, such . . . .
: . . of blue in this example). The color is chosen depending
as sin and cos can be used in any shader, while the . . ; L o
. on the intensity of direct lighting arriving at the surface
advanced functions, such as the geometry shaderss .. - .
. : S : position. Listing 7 shows the vertex shader, the first step
function to emit a primitive, may be only used in a

o towards achieving thi€artoon Effect
specific shader.

Listing 6 illustrates one example of each built-in typg // Output vertex normal to fragment shader

described. The data types are similar to the C languag zﬁiré”nrfaiﬁl(]\fo\i'(ff3{n°rmal;

e.g.i nt andfl oat, with some additions explained later. // Compute normal pefvertex

- : normal = normalize (gINormalMatrix I_Normal);
colisl Jnt gI_Max_ngh_ts; . gl_FrontColor = gl égo_lor' —ol )
:rt]t”;?gnl]téna\}gcll g:-gg?éf?“onMamx’ /Il Transform position using buikin function

) 9l ’ . gl_Position = ftransform () ;
varying vec4 gl_FrontColor; }
genType sin( genType );

Listing 6. Built-in types examples. Listing 7. Cartoon EffectVertex Shader.

The genTypeabove may represent one of the following In the vertex shader, two new lines are added from the
types: float, vec2, vec3 or vec4. Thecdata type is a special previous example. The first is an user-defined output varying
GLSL feature that allows easy manipulation of vectors. Itvariable callechormal responsible to carry on the per-vertex
also allows the processor to optimize vector operations byiormal vector to the fragment shader. The other new line
performing them in a parallel element-wise fashion. assigns a value to this varying by multiplying the vertex-nor

All the built-in types are represented on the previ-mal by its corresponding matrix. The normal matrix stores
ous three shaders of this first example. For instancetransformations to normal vectors as the model-view matrix
the gl _Col or name from the vertex shader is a built- stores about vertex positions. The last line computes the
in attribute, while thegl Col or from the fragment vertex position using the built-in functidt r ansf or n(),
shader is a built-in input varying variable. Other exam-which does the same computation as the last line of the Hello
ples include a built-in constant in the geometry shaderWorld vertex shader (see Listing 3). More information about
gl _Verti cesl n, a built-in uniform in the vertex shader, the normal matrix and built-in functions can be found in the
gl _Mbdel Vi ewPr oj ecti onMatri x, and two built-in  RedBook[14].
functions within the geometry shaddgni t Vert ex and The next and last step of th€artoon Effectis the
EmitPrimtive. more involving fragment shader, shown in Listing 8. It uses



the normal from the vertex shader and a built-in uniformby setting it as an uniform variable and then calling one of

defining the light position.

/I Input vertex normal from vertex shader
varying in vec3 normal;
void main(void) {
/I Compute light direction
vec3 Id = normalize ( vec3(
gl_LightSource [0]. position) );
/I Compute light intensity to the surface
float ity = dot( Id, normal );
/I Weight the final color in four cases,
/l depending on the light intensity
vecd fc;
if (ity > 0.95) fc = 1.00 [Cgl_Color;
else if (ity > 0.50) fc = 0.50 [gl_Color;
else if (ity > 0.25) fc = 0.25 [gl_Color;
else fc = 0.10 Cgl_Color;
/l Output the final color
gl_FragColor = fc;

Listing 8. Cartoon EffectFragment Shader.

the straightforwaréampler2Dfunctions to access it (see the
GLSL reference [5] for further details on these functions).

Nevertheless, there are a few considerations that should be
taken into account when designing a shader. First, the GPU
is optimized for accessing texture in a more or less sequen-
tial manner, thus accessing cached memory is extremely fast
compared to random texture fetches, but usually the GPU
cache memory is substantially small. In this manner, linear
algebra operations, such as adding two large vectors, run
extremely fast.

Another important point is that, since the GPU is opti-
mized for arithmetic intense applications, many times it is
worthwhile recomputing than storing a value in a texture
for latter access. The texture fetch latency is to some exten
taken care of by the GPU: it switches between fragment
operations when a fetch command is issue, i.e. it may start
working on the next fragment while fetching the information

The first line indicates that the normal is received asfor the current fragment. Therefore, as long as there is
an user-defined input varying variable, corresponding tggnough arithmetic operations to hide the fetch latency, the

the ouput varying from the vertex shader. Remember thagPPplication will not be limited by the memory latency.
varying variables arriving in fragment shaders have been When texture coordinates are passed per vertex during the

previously interpolated from the vertices. In contrasg th
light source position is directly fetched from the built-in
uniformgl _Li ght Sour ce[ 0] . posi ti on, and used to

API draw call, they can be transformed within the vertex
shader and retrieved after interpolation by the fragment
shader. Texture coordinates are automatically made alaila

compute the light direction. An intensity value is defined byWithout the need to define new varying variables. The
the dot product between the light direction and the normaf©!lowing shaders exemplify this operation.

vector, i.e. by the angle between these two vectors. Th
intensity value is distributed in four possible ranges, whe
for each one, a different shade of the original color is used {
the fragment final color. Figure 8 illustrates the final résul

void main(void) {
/I Pass texture coordinate to next stage
gl_TexCoord[0] = gl TextureMatrix[O]
[l_MultiTexCoordO;
/I Pass color and transformed position
gl_FrontColor = gl Color;
gl_Position = ftransform () ;

Listing 9. Simple Texturé/ertex Shader.

The only difference to the vertex shader on the previous
example is the replacement of the normal by a texture
coordinate using a built-in varying variabi¢ _TexCoor d.

The computation is similar, the input texture coordinates
are transformed by the texture matrix and stored in a
varying variable. The limit on the number of input texture
coordinateggl _Mul ti TexCoor dN per vertex is imposed
by the graphics hardware.

Figure 8. Teapot rendered using tBartoon Effect

C. Simple Texture Mapping

The three shaders provide access to texture memory, ey
though earlier versions of programmable graphics card d

not allow texture fetching in the vertex shader, and did ng 3

/Il User—defined uniform to access texture

uniform sampler2D texture;

void main(void) {

/I Read a texture element from a texture

vec4 texel = texture2D ( texture ,
gl_TexCoord[0]. st );

/] Output the texture element as color

gl_FragColor = texel;

possess geometry shaders at all. The texture coordinates

be passed per vertex and interpolated to be accessed per

"oy

Listing 10. Simple Texturd=ragment Shader.

fragment, however, any shader is free to access any position Within the fragment shader the texture defined as an
in any of the available textures. A texture is made availableuniform variable within the OpenGL API is accessed, and



variable is only transformed by the modelview as we will

need it to compute the direction from the light source:

// Output vertex normal and position

varying out vec3 normal,
void main(void) {

vert;

/I Store normal

normal = normalize( glNormalMatrix
[yl_Normal );

/I Compute vertex position in modeliew sp

/I to be used in the fragment shader

vert = vec3( gl_ModelViewMatrix [gl_Vertex

/I Pass color

gl_FrontColor = gl Color;

/I Pass transformed position

gl_Position = ftransform () ;

pervertex to fragment shader

ace

)

Figure 9. Applying texture to a model within the fragment shiade

the fetched value used as the final color. The built-in
function t ext ur e2D is used to access the texture, while

Listing 11. Phong Vertex Shader

Since the normals were passed as varying variables, they
are also interpolated and accessible in the fragment shader

The code below (Listing 12) performs illumination within
the fragment shader:

the gl _TexCoord[ 0] . st is a 2D vector containing the
input texture coordinates. Thest field returns the first
two vector components of the 4D vector_§&xCoord[0],
whereas. st uv returns the full vector. Any vector can
be accessed by using the following componentsywz,
.rgba or . stuv. These components depend only on thg
semantic intended to the vector, for example, a 3D point i
space can usexyz coordinates while the sameac3 can
be used as a three-channel colargb. Additionally, these
components can be swizzled when accessed by changing
order, such as thblue-green-recchannels of a color bgr .
The result of applying a texture inside the fragment shadg
is illustrated in Figure 9.

D. Phong Shading

One nice example that helps to put together the basi(
of GPU programming i$hong ShadingOpenGL performs |}

[/l Additional
/I vertex normal and position
varying
void main(void) {

input from vertex shader:

in vec3 normal, vert;

/I Compute light and eye direction

vec3 Ip = gl_LightSource [0]. position.xyz;

vec3 |d normalize( Ip— vert );

vec3 ed = normalize(— vert );

/I Compute reflection vector

I/l light direction and normal

vec3 r = normalize(—reflect( Id, normal )

/I Compute light parameters per fragment

vec4 la = gl_FrontLightProduct[O].ambient;

vec4d If gl_FrontLightProduct[0]. diffuse
[Cmax( dot(normal, Id), 0.0 );

vec4 Is = gl_FrontLightProduct[O].specular
[pow( max( dot(r, ed), 0.0 ),

gl_FrontMaterial . shininess );

/I Use light parameters to compute final

gl_FragColor = glLFrontLightModelProduct.
sceneColor + la + If + Is;

based on

)§

color

built-in Gouraud shading when théL_SMOOTH flag is
set, where illumination is calculated per vertex, and the
vertex colors are interpolated to the fragments. In thisehod

Listing 12. Phong Fragment Shader

This follows closely how OpenGL computes illumination

normal variations inside the triangle are not really well Per vertex (for more details refer to the Red Book [14]), but
accounted for, and sometimes the border between triangld¥re we are performing per pixel illumination. An example
are very evident giving an unpleasant rendering result. 2f the quality improvement can be observed in Figure 10.
better way to do this is to interpolate the normals inside thd-igure 11 illustrates how the data flow for this example is
triangle, and then compute the illumination per fragmentintegrated within the rendering pipeline.

Surely it is more computationally involving, but the trade
off from speed to quality is usually well rewarding.

From the last examples, it was shown that it is possible
to customize other attributes to be passed from the vertex t
the fragment shader amrying variables To get our Phong
Shading working we need to pass the vertex normals a
varying variables to the fragment shader, as well as transfe

the illumination computation from vertex to fragment shade Figure 10. Gouraud shading rendered wth SMOOTH(left) and Phong
The vertex shader below only transforms the normal anghading rendered with the vertex and fragment shaders Yright

vertex to camera coordinates. Note that trex t varying
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lvertices
Vertex Shader
(transformations)
g Figure 12. The original image (left) and the image mapped to &reph
k= normal (right) to be used as the environment mapping texture, a dginttwas also
—?_u position added to the final image. Note that even though the environnesitire
g color has completely black regions they will never be accessed dwltaders.
Fragment Shader /I Compute vertex position in modelview space
L g vec3 v = normalize ( vec3( gl_ModelViewMatrix
(lighting) [gl_Vertex ) );
/I Compute vertex normal
ixels vec3 n = normalize (gl NormalMatrix[gl_Normal) ;
p /I Compute reflection vector
r = reflect( u, n);
/I Pass transformed position
gl_Position = ftransform();
}

Listing 13. Environment Map Vertex Shader
Figure 11. The data flux of the Phong shaders. Note how thdirdmgh 9 P

operation was postponed from the vertex shader to the frashemier. In the vertex shader a reflected vector of the view direction
over the normal is computed and passed to the fragment
shader. This vector gives the direction of the simulated
incoming light from the environment, i.e. is the point in

An useful texture application that is extremely simple tospace we are seeing through the reflection on the specular
implement with shaders is thenvironment mappingThe  surface of the object.
goal is to simulate the reflection of an environment onto th[/, Input reflection vector from vertex shader
object’s surface. The idea behind this technique is to app| varying in vec3 r;
a texture in a reverse manner, that is, instead of direct| // Texture id to access environment map

. . . .| uniform sampler2D envMapTex;

placing a texture to a surface, the reflection of the light i \4iq" main (void) ¢
used to map it. One way to do this is to map a commo| // Compute texture coordinate using the
image into a sphere, giving the illusion it was taken with ¢ // interpolated reflection vector
fish | Fortunately, most image editors have sim float m = 2.0 Cisqrt( r.xtflx + r.yfy
ish eye lens. u y, m imag i ve simp + (r.z+1.0){T.z+1.0) ):
filters to perform this operation. vec2 coord = vec2(r.x/m + 0.5, r.y/m + 0.5);

In this example, for each vertex we will compute thg // Read corresponding texture element

dinat f th . t h lik vec4 texel = texture2D (envMapTex, coord.st);

texture coordinates for _e environment map, muc I /I Output texture element as fragment color
OpenGL would perform using sphere textures. Even thoug gl_FragColor = texel;
there are better ways to achieve this mapping, such as cy }
maps, we will follow this model fo.r the sake of simplicity. ' Listing 14. Environment Map Fragment Shader
The original and sphere mapped images used are shown in
Figure 12.

E. Environment Map

The interpolated reflected vector per fragment is used to

The environment map vertex and fragment shaders arE‘atCh th? texture. This Is done by parametrizing the vector
shown in Listing 13 and 14. The vertex shader is responsiblé’ver a circle that will match our fish eye texture. The result

to compute the reflection vector used by the fragment shadé? shown in dE;fgure 13, da[iplylrjg the e'r|1|V|ronment dr;;p of
to access the environment texture. Figure 12 to different models. Figure 14 illustrates a

texture for the environment map.
// Output reflection vector petvertex

varying out vec3 r; F. Spike Effect
VO'/C; Q:;ns(vf’;igu}[e SEErainaIE The last example is a GP8pike Effecthat illustrate a

gl_TexCoord[0] = gl MultiTexCoordO; special effect using the geometry shader. Listing 15 shows



/I Compute and send first vertex

gl_Position = gl ModelViewProjectionMatrix
/ Cv[i];
normal = normalize(tn);

vert = vec3( gl_ModelViewMatrix CV[i] );

EmitVertex () ;

/I Compute and send second vertex

gl_Position = gl.ModelViewProjectionMatrix
CW[(i+1)%3];

Figure 13. Torus and teapot models rendered with the environmap normal = normalize (tn);
shaders. Note that the blue comes from the sky in the origmagée, and vert = vec3(gl_ModelViewMatrix C¥[(i+1)%3]);
not from the teapot color from the other examples. EmitVertex () ;

/I Compute and send third vertex

gl_Position = gl ModelViewProjectionMatrix
[vec4( mp, 1.0 );

normal = normalize(tn);

vert = vec3(gl_ModelViewMatrix[vkec4(mp,1.0));

EmitVertex () ;

/I Finish this triangle

EndPrimitive () ;

Figure 14. The teapot rendered with a constant color (left) @ different Listing 16. Spike Effect Geometry Shader
environment map (right). ) )
In the geometry shader code, the triangle’s centroid and

normal vector are computed using the original vertices
the vertex shader. It is the simplest possible vertex shadeggositions. The centroid is then displaced by moving it half
containing only one line to receive a vertex and outputway along the normal direction. The displaced centroid is
it without modification. The goal is to keep the vertex then used to build three new triangles. The model-view
untransformed in order to send it in the world’s coordinateand projection matrices are applied to the original vestice

system to the geometry shader. and the displaced centroid to convert them to the camera’s
void main(void) { coordinate system. Each of the three output triangles are
gl_Position = gl Vertex; // Passthru vertex built using a combination of two original vertices plus the
} centroid.
Listing 15. Spike Vertex Shader The Spike Effecexample does not have a specific frag-

i i ment shader. In order to illustrate different shaders cembi

The next step is where the special effect takes plac€,iions one of the two previous defined fragment shaders
The geometry shader, shown in Listing 16, receives trianglg, o seq without further modification®hong Shadingor
pr!m!t!ves W'th_ u_ntransformed vertices, and cre_ates NV yvironment MappingThis is a powerful feature of shader
primitives rebuilding the surface to create a spike effeCty.,q-amming, the developer is free to combine different
Each input triangle is broken into three triangles usiNGgfte 15 and shaders obtaining interesting new results.
thg 'Ce:]tl’(?ld, V_‘Il_?]ere each' dngwc';rlarllgle dhis one-th|r|(|j offr the It is also interesting to note that both shaders discard the
olrlglnahsuze. led.ce”tTO' IS disp acr? Yka sfrrna OffS€l ertex color attribute since they are not used to evaluae th
along the normal direction to create the spike effect. final color of the fragmentsPhong shadinguses material

varying out vec3 normal, vert; // Output to FS properties whileEnvironment Mapfetches the color from
void main() { . . .
St . . : . a texture. Figure 15 shows the final result of applying the
ore original triangle’s vertices . > . . .
vecd v[3]; Spike Effectvith Phong ShadingndEnvironment Mapping
for (int i=0; i<3; ++i)
v[i] = gl_PositionIn[i];

/I Compute triangle’'s centroid

vec3 ¢ = ( v[0] + v[1] + v[2] ).xyz [/ 3.0;

/I Compute original triangle’'s normal

vec3 vO01l = ( v[1] — v[0] ).xyz;

vec3 v02 = ( v[2] — v[O] ).xyz;

vec3d tn = —cross( v0l, v02 );

/I Compute middle vertex position

vec3 mp = ¢ + 0.5 kn;

I/l Generate 3 triangles using middle vertex

for (int i = 0; i < gl_VerticeslIn; ++i) {
/I Compute triangle’s normal Fi . P P - .
- . - . . gure 15. Spike Effecshader applied in combination wiffhong Shading
vol - ( vI(i+1)%3] — v[i] ).xyz; (left) and Environment Mag(right).

v02 mp— v[i].xyz;
tn = —cross( v0l, v02 );




VI. SHADERS SUMMARY

During the last sections we have introduced the GLSL
language through a few examples. Since it has a very simil

agrliMaxTextureUnits, \

gl _Color
standard ) gl FragCoord
varyings ) gl TexCoord[ ]

built-in constants _~ user defined varyings
i A ]

structure as other programming languages, such as C, the iexure maps—» Fragment Shader P uilt;in uniforms

real challenge resides in learning how to design the shaders
within the rendering pipeline. More specifically, the data
flow is one of the most important points to have in mind,

that is, knowing what flows in and out of each stage.

gl _Vertex

gl Normal
gl_Color
¢l_MultiTexCoord0

standard
atributes

built-in constants -
gl _MaxLights, \

texture maps—  Vertex Shader

__~user defined attributes
|
<—built-in uniforms

i '\\ user-defined uniforms
- ]
“user defined varyings

special variables { gl _Position (shader must write)

standard { &l_FrontColor
varyings {gl_TeXCOOI‘d[ ]

Figure 16. Input/Ouput summary of the vertex shader.

Figures 16, 17, and 18 illustrates the input/ouput vargble
of the each shader. Note how attributes coming in th
vertex shader may be passed forward as special or varyingr

variables.

gl_PositionIn[gl VerticesIn]
standard ) gl FrontColorln[gl VerticesIn]
atributes ) gl TexCoordIn[gl VerticesIn]

built-in constants
gl Verticesln, ...

‘ _-user defined attributes
v A -

<«—Duilt-in uniforms
texture maps—>» Geometry Shader

i A user-defined uniforms
AN .
~user defined varyings
special variables gl_Position (shader must write)
functions
tandard { &l_FrontColor - -
s 3 gl_TexCoord ] void EmitVertex();
yings i void EndPrimitive();

Figure 17. Input/Ouput summary of the geometry shader.

gl_ModelViewMatrix, ...

e

gl_ModelViewMatrix, ...

gl ModelViewMatrix, ...
i user-defined uniforms

special keyword

discard;

Figure 18. Input/Ouput summary of the fragment shader.

special variables {gliFragCOIOr (shader must write)

A. Upcoming Features

Recently OpenGL 3.0 was released where many fixed
functions are marked as deprecated, and, in fact, have
already began to be removed from the API with the newer
3.1 and 3.2 versions. GLSL is also being reformulated and
versions 1.3, 1.4 and 1.5 have been released in a very narrow
time frame. The newer versions point to a future where
shader programming will not be an option, but a requirement
for working with the graphics API, since most of the pipeline
will have to be written by the programmer himself. At first,
this might difficult the learning curve for newbies in graghi
programming, but it will force them to gain a better grasp
of how graphics computation is handled, and consequently
design better and innovative graphics applications.

Another clear evidence of this tendency is the introduction
new programmable stages: the hull and domain shaders
plus the tessellator, which is a configurable stage. However
up until this point, they have not yet been integrated with
the hardware and are implemented only via software.

VIl. GENERAL PURPOSEGPU

Since the GPU comprises such a powerful parallel ar-
chitecture, many programmers have been using it for other
purposes other than graphics, a trend known as GPGPU, or
General Purpose GPU. The essence of stream programming
is the data, which is a set of elements of the same type.
A set of kernels can process the data by operating on the
whole stream.

We recall that the graphics hardware cannot handle all
type of parallel paradigms since it is not good at solving flow
control issues; on the other hand, it performs extremely effi
ciently within the streaming paradigm. Multicore processo

As an example, lets analyze how the color valuefor example, many times perform different tasks in parallel
flows through the pipeline. It first enters the vertex which is different from parallelizing a single task. Thekac

shader asgl _Col or and leaves agl _Front Col or;
the geometry shader receives each vertex color

gl _Front Col orl n[vertexld]

as gl _Front Col or for each emitted vertex; finally

of complex control structures also partially explains why

a&PU’s performance has increased in a rate much higher
and outputs again than CPUs: it is easier to assemble more processor together

if they can act more independently and the global memory

the fragment shader receives the interpolated coloaccess requires little control.

as the gl _Col or variable and writes the result to

While the GPU has few levels of memory hierarchy, the

gl _FragCol or . Figure 19 illustrates this particular flow CPU has different cache levels, swap, main memory among

of the color values.

other resources. This requires a high control level and many



two threads in play, one for the CPU that adds commands,
and another for the GPU that reads commands. How fast the
gl_Color commands are written or read determines if our application
is CPU or GPU bound. If the GPU is consuming commands
faster than the CPU is writing, at some moment the buffer

‘ Vertex Shader ‘ will be empty, meaning that the GPU will be out of work
and we are CPU bound at this point. On the other hand, if

Q 2 gl_FrontColor

we fill up the buffer the GPU is not able to handle all the
commands fast enough, and we are GPU bound in this case.
Fortunately, the CPU-GPU interaction is handled in a
smart way by the APl and we do not have to worry about
most of the problems that one might have with bottlenecks
gl Color{0,1,2] from sequentially adding commands. The GPU can process
most commands in a non sequential manner and is able to
substantially reduce the latency; for example, it does § ver
‘Geometry Shader ‘ good job of continuing with other tasks when a current job
is waiting for some information to arrive.

gl_FrontColor[0,1,2] VIII. CONCLUSION

In this survey, we have exposed an introductory walk-
through to shader programming using the GLSL language,
while at the same time pointing out some important aspects

9l_Color of GPU programming. Unfortunately, it is by no means a
‘Frag‘ment Shader‘ complete reference as this is not possible to be achieved
in a few pages. Many surveys with more specific and
)gl_FraQCOIOF detailed information are available on the internet [1],, [2]
m [15], [16], [17], [18], [19]. Other source of specialized

information is the GPU Gems books series, offering a variety
Figure_19. 'Th_e flow of the color variables through the shadesisle the of advanced examp|es on app”cations and effects that can
rendering pipeline. only be achieved using the graphics card and programmable
shaders [20], [21], [22].

GPU Programming is not anymore a small specialized
transistors must be dedicated to the task, but the advaistagenjche of computer graphics, it allows the developer to
that it allows the CPU to significantly reduce latency issueschieve a wider and more efficient variety of visual effects.
i.e. the time to fetch information. It is also embedded in a big turn that software development

The GPU has an immense parallel computational powelis making as a whole, theThink Parallel slogan is ev-
operates on many primitives at the same time and computesryday more imminent, be it within GPUs, clusters, Cell or
arithmetic operations extremely fast; nevertheless, ilt st multicore processors.
needs data to compute. Modern graphics hardware have |t is no wonder that over the last decade the GPU’s
decreased considerably the difference from CPU to GPWrowing curve, on what matters GFLops/sec, is astonisping|
memory capacity, with some achieving the mark of 1Gb ofhigher than those of the CPUs. In fact, a single CPU
memory. Even so, a common bottleneck is transferring therocessor has undergone little evolution during these last
data to the graphics card. A large memory capacity partiallyears, what we acknowledge is the growth in number of
solves the problem, because in most cases the data can pgcessors per unit.
uploaded once to the GPU and used thereafter, avoiding the The general purpose GPU programming languages, such
slow CPU-GPU transfer. In fact, many games rely heavyas CUDA and OpenCL, are unlikely to overtake all kind
on compacting data to be able to fit everything in memoryof graphics hardware implementation. Programming shaders
and avoid this problem. On the other hand, general purposgill still be a major skill for those working closely with
applications usually have to handle this deficiency witreoth its real objective, which is to write modifications on the
strategies since even the compressed data may not fit graphics pipeline to achieve different, better, and faster
memory, or the data might be dynamic and change everyisual effects. This is specially true for the game industry
frame, such as with simulation applications. where shaders are heavily employed. As an illustrative

The CPU-GPU interaction works as a command bufferexample, a modern game may achieve the mark of a few
and transferring data is one of such commands. There ateundreds or more shaders.



To summarize, even though GPU Programming was only16] “Gpu shading and rendering course.” [Online]. Avail-
a few years ago an exotic and h|gh|y technical part of able: http://old.siggraph.org/publications/2006cn/course03/
computer graphics, is has evolved into a valuable skill and ~ ndex-html
by now a reqwrement f°r_9raph'?5 progrf’:lmmers. EXplo"[mg[l?] “Textures in glsl.” [Online]. Available: http://www.ozone3d.
the graphics card capability at its best is much more than ~ nettutorials/glsltexturing.php
learning a new language such as GLSL, it requires a deep
understanding on how shaders fit into the graphics p|pe||né18] “Glsl introdL_Jction.” [Online]. Available: http://nehe.gamedev.
and how great efficiency can be reached by profiting from  net/data/articles/article asparticle=21

the GPUs parallel power. [19] “Clockwork coders glsl tutorials.” [Online]. Available:
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