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Preface

Thisbook presents the essentidgheory, mathematics, and software needéat a
modern, complete interactivegraphicsapplication It is designedor an upperlevel,
college course in computer graphiggogramming and develops techniques through a
series of exercises.

Theshader architecturéo which this book subscribedlowsprogrammers to create
complexscenes oreveryday computerdt exposes virtually allgraphical datathus
providing numerous pedagogical opportunitiesll the theoretical conceptand
mathematicsdeveloped in this text are demonstratedith working implementations.

Examples and exercises uSe+, OpenGL, and GLBhe exerciseareincremental and
designed to develop skill and understandifidney may bechallengingbut not, it is
hoped, undulydifficult.

Rather than survey theiide range otechniquesthis bookfocuseson the mostbasic
anduseful preseningthe material in as direct a path as possitiender engines, game
enginesandother higherlevel programming methodare not discussednstead this
book seeks to demonstrate that ab initio software can be as effective.

A briefhistory of computer graphics is offereid providecontext formodern

techniques.Seminakontributions are acknowledged, but feachperson mentioned in
this text,manyothers havecontributed.

Jules Bloomenthal
Seattle, Washington
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Chapter 1Introduction

Computer graphics is the processimgndering of geometry (usually twaor three-
dimensionalerticeg to a display (usually an arraymikels. Interactive, eaktime
computer graphics implies a minimumteh or sonewframes(displayskgachsecond
with the difference between frames resulting from animation or usgeraction.

Computer graphics isch in theow, with algorithms thatchieve speedndqualityin a
wide variety of visualfeaturesand practicabpplications.

Analysis Optics lllustration

Figure 11: Alargedomain ofapplications

Animationfrom The Storytellecourtesy Lon Koenig Ganmes
Illustrationfrom A NonPhotorealistic Lighting Model for Automatic
Technical lllustratioicourtesyGooch, Gooch, Shirley and Colhen

Modern graphicsoftware architecture is, howevecpmplicated it requires the
graphics programmer tgrappk with many arcane detail8ut its mastery yields a
universe of possibilities

This bookdescribes modermshader architectureas embodied byDpenGl(a freely
available application programming interface) aBtiSl(a graphics shading languagk)

this chapter wedescribethe technical requirements, software contexts, and rationale
for moderngraphicsprogramming practice

First, let usbriefly acknowledgehe true meaningof computer graphics
Magic

Computer graphics conjures an image; likagic it is illusion.It canrecreatea memory,
a dream, or a desigiike magic, there are many techniques to master.



Graphics programmers transform mental images into visual reality; they apply principles
of light and geometry in their software to represent, manipulate, display, and even
manufacture objects.

1.1 Modern Graphics Programming

With the new millennium, @phics programming beme morecomplex Therewasa

*Z](% 8} reZz & € Z]8 3uE _U AZ] Z GgraphjcEprockssbgP E u
unit (GPU. To understand the rationale and impaudtthis architecture a brief review of
graphics development iselpful.

First Line Drawings, thehadedmages

For his 1963Joctoraldissertation, lvan Sutherland develop8#etchpadthe firstreal
time, interactive,and mostinfluential, computer graphics program. The display was an
oscilloscope connected to computeontrolled digitalto-analog converterd.ater, at
Harvard, Sutherlandnd colleaguesdeveloped the firsvirtual realitydisplay. Both
displayswereline drawing.

3

Figure 12: left: Ivan Sutherland and SketchpatiLincoln Lap1963
right: first virtual realityheadmounted displayHarvard, 1967

Line drawings could be ambiguous anttealistic however. Greaterealism required
shadedimages These were first produced with a filracorder, which was nonreal
time cathoderay tube that exposedilm scan line (aisplayrow) by scan line. This
required ordering objects for each scan line, and, thus, initiligre was considerable
researchemphasis on sorting methods.

Shaded display at interactive rates and/or rendering in random order requiresha
memorydevice: a rectangulalasterof picture elementqpixelg. The first such devices



(or frame buffers) were built in1969(General ElectritNASA, 1972(XeroxPAR{; and
1974 (BEvans & SutherlandU. of Utah).

With a frame buffer, xels internal tca shape€.g.,a triangle, areassigned valug The
raster of values isetrieved from memonyduring displayWith the addition of an
ancillary raster, the-buffer, many sorting requirementsere eliminated.
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Figure 13: SuperPainby Dick ShoupXerox PAR@972
(courtesy the Computer History Museum)

Hardware and OpenGL

Through the 1970s, speciplirpose hardware wassedto produceshaded images of
three-dimensional objectst interactive rates. In 1981, whiteachingat Stanford
University, Jim Clark developed theometry engingthe first VLSI circuit to support
common graphical operations. He founded Silicon Graphics (@@¢hproduced the

first interactive graphics workstation affordable by computer science departments and
modestly sized businesses.

Figure 14: Jim Clark and a geometry engine
(used with permission)



In the early 1980s, SGI developed a graphics lib@lyfor its workstations In 1992 it
released anpen_version,OpenGLprovidnga standard for graphics development.

OpenGL (version 1) is an API that prosicentrol for basic shading, lighting, camera,

and texturing functions. Advanced methods (such as Phong shading, demonstrated in
1974) could not be supported in retiine by SGI hardware (not in 1982 when GL was
written, nor in 1992, when OpenGL was released). Version 1 was, however, satisfactory
for many graphial applications through the 1990s.

Renderman

For applications in which image qualisyparamount, such as production animation,
non-interactive(i.e., software, not hardware) methods were developén.his1984
paper,Shade TreefRob Cookroposed ashader architectureonsisting oshader
programs~~eZ (Ee+ ¢ §} ¢} ] § A]3Z Fhpwmedv@&rthitpctureoud
permit greater control over graphicabmputations

final color

<

t/\‘color
AN TN

weight of ambient weight of specular
ambient specular
component component

normaol  viewer surface
roughness

Figure 15: Shade tree for copperRob Cook
(used with permission)

dZz & Z]§ SpuE A « A oRendeidwanp stfjwBreEehderer released in
1990. It supported a graphics languagetfue shader programsOne of its designers,

Pat HanraharexplainedU D} o]vP SZ }%S] 0 % E&}% ES] « }( &
(poo P v & 0]8C }( % E}PE uu]l]vP o vVPU P Y € « }%0%0}
% E u § E]l +Z ]JvP u} oX_

Depending on scene and shading complexity, Renderman required substantial
computation time. In response, Pixar createthalti- Ju%ops € "E v E ( Eu_
producethe first, fully computergenerated feature animation,Toy Story

Ne¢



e ey

2 -—
==
==

=

Figure 16: Pixar cefounderEd CatmullandV] £ E[« E v & ( CGuU id
(used with permission)

GPUHardware

Alsoin the early1990s Nvidia Corp.developedVLStircuitry with an everincreasing

number of processors. When a large number of vertices must be processed and a large
number of pixels must behaded the vertex and pixel calculations are parceled

amongst the processors, greatly increasavgrallthroughput.

6000
Giga-FLOP/sec

5000 /
4000
Single-precision

GPU
3000

2000

1000

Single-precision
- v

2002 2004 2006 2008 2010 2012 2014

Figure 17: Computational power of the CPU and the GPU
(source: Nvidia CUDA Programming Guide)

dZ u} Ev 'Wh ]Je 3Z u}*8 %}A E(u0 }u%o pconimerciad A] ]
market, and its power continues to increase. In 2012 a-eigth laptop GPU had 350
processors. Five years laténe comparable produdbad 2500.



Changes to the API

With the programmableGPUs releasedlfter 2000, realtime rendering possibilities
dramatically expandedlhese new possibilities required three significant changes to
graphics programming.

1) With increased computational power, the range of ridae techniquesexpanded
beyond any one shading modéiccordinglysinceversion 2 OpenGlhasnot provided a
defaultshadingor viewingmodel. Transformations, lighting, and shading were deleted
from the API and became the responsibility of the graphics programmer.

fe d} /£ us <}(3A & }v 3Z 'WhUnastBe wiierdn GShRABgU » _
languagqglike GLSl.compiled,linked,downloaded to the GPlWand executedThis
introducedan additionallayer to the software

3) Internal GPU bus speedse much greater than CPU/GPU transfer rates; to prevent
bottlenecks, vertex data was required to reside in GPU menmfanangement of and
access to GPU memory became the responsibility of the programmer

These changes underlibe reputation ofmodern graphicprogrammingaschallenging

IsShader ArchitecturBetter?

OpenGL version 2 allows the graphics programmer to control thed@BItb access
virtually all variables affecting graphical processes. With this access and with the
expressive power dhe shading language, the programmer can create interactive,
complex, and higlyuality imagery on a laptop (and, somewhat, on a cellphone).

Thisimprovedaccess also improves pedagolyythis book we are able to demonstrate
with working softwaresachtheoretical development presented.

The non-programmertoo has remarkable access. Consider the web browser. In 2006
Google Earttwas able to displatextured 3D buildings. In 2011 WebGL allowed HTML
commands to access the GPahd today nest web browsers suppoghader
architecture.



Figure 18: Advanced graphics exeoori on a web browser
(source: GoogleMaps)

Since2013 the Firefoxdebuggethas been able to display GLSL code as it executes on
the GPU. If the user invokelset debuggefF~ife v ¢ o S« "Z & ]S}E_U
displayed, and can be edited.

For example, the code below, which is executed for each pixel, tests whether a point on
the table is in shadow. If it is, the pixel intensity is dimmed by 50%, in the code at left. At
E]PZ3U 8Z ]Jv3 ve]8C » 0 E A « uvp ooC 138 38} iXiAU C]

if (doShadow == 1) { if (doShadow == 1) {
float a = RaySphere(v_point, L, vec4(balll float a = RaySphere(v_point, L, vec4(ballf
if (a 5= 8.) if (a 3= 8.)
intensity = .5*intensity; intensity = 1.5%intensity;

1 ¥

Figure 19: GLSlon a browser
Applicationsrequire agood deal more than the Firefox debugghowever In the

exercises in this text, the programmeust cobbk together all the pieces necessary for
an executableapplication

(Uv(}ESuv 8§ oCU 352 UPP E[s »Z fram Filgdd®E mid-3018.)u} A



Other APIs

Most GPU manufacturers support OpenGL, and all magonputerlanguages provide
OpenGL binding®©Other APIs that support a shader architecture include DirectX
(Microsoft) and Metal(Apple).

This text provides only OpenGL examples. itash programmersmay be able to use
BootCampto acces®OpenGL driver®r, all but one or two exercises can be
implemented with WebGL, which should run on any modern web browser.

Future developments may alter the computatiorsatucture of computer graphicsbut,
for now, shader architectures a powerful andstablebasis for graphics programming

1.2 Resources

TextMaterials

This text develop graphics techniques through a series of exercises. They can be solved
with the text and its code fragments, as well as libraries, application examples, and
sample data fileen www.bloomenthal.comThe online examples provide guidance
regardingthe exercisesand solutions provided.

The website also contains all figures, in color, from this book.

It Jev[S %o (o pyidespecifications for OpenGL subroutinésis bookdescribes
only a few.The OpenGland GLSteferencewww.khronos.org/registry/OpenGL
Refpagegprovides detailed descriptionsas well as colorfullgrganized reference casd

The web offersiumeroustutorials andabundantcommentary about OpenGL, but
seldom erroffree. Several websites and twitter accounts are devoted to sharing
innovativeshaders anépplications.

Astandard, comprehensive referenceGemputer Graphics: Principles and Pradtize
Foley, varDam, et alThere are numerous introductory, advanced, and reference texts
devoted to OpenGL.



SIGGRAPH

Beginning iM973 SIGGRARH special interest group igraphics of the Association of
}Ju%puS]vP D Z]v EC ~ DeU Z ¢ «%}ve}E C EoC }v( CE

most innovative work is presentedcademicians, researchers, manufacturdeaders

in animation and other graphics related aregather, providingopportunitiesfor

students to connect with the industry.

Figure 110:Inside a Quarkl984 SIGGRARIbceedings
(cover imagecourtesy Ned Greene)

Graphics advances are no longer reserved for production howsesyationstudios, 3D
tool developers, game companias,computer science departments. Thegn nowbe
implemented by individual&ith consumerlevelcomputers and freely available APIs.



Chapter 2Nut, Meet Bolt

Thespecific requirements of a graphics applicatame best understood in terms of the
underlying implementation of most graphiaschitectures the graphics pipeline

2.1 The Graphics Pipeline

The calculation of pixel valu@svolves a pipeline of operationSimplified there are
these primarystages:

Figure 21: Simplified graphics pipeline

1) Geometryis typically defined byertices which are twe or three-dimensional
locations (with optionaattributessuch as color). Vertices are fed into the pipelioe
form aprimitive, i.e, three or fourvertices thatrepresent a triangle or quadrilateral

~Zv (JGEw=dY "

2) Transformation %% 0] « A] A ~* u E _+» 8} § Eu]v 3Z ]*%o
vertices.

Figure 22: Transformed geometry
3) Rasterizationdetermines those pixels covered by the transforngdnitive. This is

shown below, where pixel is a point at the intersection of a row and colufapixel is
not a rectangle bounded bie lines).

10
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Figure 23: Pixelgin green)covered by a triangle

4) Shadingoccurs for eacltovered pixelthat isindividual pixelsare assignedgba
values(red, green, and blue for color, and alpha for opacity).

Rasterization is a tedious process that, fortunatéypenGL implement3he other
stages, however, are the responsibility of the developer.

2.2 Example: Clearing the Screen (version 1)

Our first example uses OpenGL version 1, wHmds notsubscribe to shader
architecture.ln the next sectionwe compare it with a shadelbpasedimplementation

Figure 24: First example

The following code,-DemoClearScreewl.cpp, implements three stages of the
graphics pipeline: stage 1 sets the vertex grouping to four and sends four vertices into
the pipeline; stage 2 is implied (OpenGL version 1 maintapasreeratransformation

that defaults to identity; and stage 4 caltfColor Stage 3, rasterization, is performed

by OpenGL and requires no implementation by the programmer

/I'1 -DemeClearScreen -vl.cpp - OpenGL vl

#include "glad.h" /I GL definitions - must precede glfw3.h
#include <GLFW/glfw3.h> /I application toolkit waccess to window mgr

11



#include <stdio.h> /I for getchar

int  main() {
// initialize toolkit, create window
glfwinit();
GLFWwindow W = glfwCreateWindow(300, 300, "Clear" , NULL, NULL);

/I establish GL context for this window

glfwMakeContextCurrent(  w);

Il establish GL subroutine pointers

gladLoadGLLoader((GLADIloadproc) glfwGetProcAddress);

glColor3d(0, 1,0); I/ define a vertex 'attribute’ (ie, green)
glBegin(GL_QUADS); /I define a square object

glVertex2d( -1, -1);

glvVertex2d( -1, 1);

glVertex2d(1, 1);

glVertex2d(1, -1);

glEnd();
glFlush(); /I complete all GL operations
glfwSwapBuffers( w); // swap double - buffered frame
getchar(); /I wait for user keystroke to exit

}

Discussion

ClearScreedepends on three librariestdio supports the call to getchaglfw3
supports window creation and OpenGL initialization, gledi accommodates the
specific OpenGL version supported by the GPU.

Instructionsregardingneeded libraries are included with the first exercise, at the end of
this chapter.

> Shnriefly consider GLFW arglad.
GLFW an OpenGLToolkit

A graphicgoolkit is a library that negotiates with the operating system to create an
application window and then an Open@Gantextfor the window. Our examples use
GLFW(for Graphics Library Framewqrkn addition to supporting the graphics display,
GLFW providesallbackmechanisms for keyboarahd mouse input.Compared with
alternate toolkitssuch asSDL and QTGLFWs light-weight

12



glad: an OpenGLLoader

The definitions for the callable subroutines in the OpenGL library depend on the OpenGL
versior(s)supported by the GPUhesedefinitionsmust be loadedefore compilation
subroutine pointersare then establishedt runtime.

A customloader(seewww.khronos.org/opengl/wiki/OpenGL_Loading_Libjargnbe
built for this purposeBut perhaps the simplesiethodis to use a website (such as
http://glad.davld.de/)to generate appropriatelefinition files. The examples in this
book useglad (exercise Tontainsdetailed instructiors).

2.3 Example: Clearing the Screen (version 2)

Since 20040penGl(version 2andbeyond features shader architectureéMajor
elements are related in the diagram below.

Figure 25: Organization of a shader application

This architecture@equires shader progrants be written n the Graphics Library Shading
Language (GLSOhe application must load GLSL code into the GPU, manage the
graphics state through calls to OpenGL, respond to user input, and access any needed
files from disk.

Theexamplebelow is annotated regarding the three requirements (sec. 1.5) for shader
architecture:

1) transformation and shading,
2) download and execution of shading language code, and
3) transfer of vertex data.

The library GLXtras.h is added to simpifiewshader operationsGLSL defines basic
type, vec2 which is used as an input to the vertex shao@dulebelow.

13



/I 2-ClearScreen -v2.cpp - use OpenGL shader architecture

#include <glad.h> /l GL header s

#include <glfw3.h> /I GL toolkit

#include <stdio.h> /I getchar, printf, etc.
#include "GLXtras.h" /I convenience routines

GLuint vBuffer = 0; /I GPU buf ID, valid if >0
GLuint program = 0; /I shader ID, valid if > 0

/I a multi -lineshader maybe givenas a Raw string literal (C++11)
/I alternatively, lines may be continued by ending with \n\

/I vertex shader: operations before the rasterizer
const char  *vertexShader= R'(
#version 130
in vec2 point; /I 2D pt from GPU memory
void main() {
/I REQUIREMENTA) transform vertex:
gl_Position = vec4(point, 0, 1); /I ibuilt -in j outputvar
}
)"

/I pixel shader: operations after the rasterizer
const char  *pixelShader= R'(
#version 130
out vec4 pColor;
void main() {
/I REQUIREMENIB) shade pixel:
pColor = vec4(0, 1, 0, 1); /l'r, g, b, alpha
}
)"

void InitVertexBuffer() {
/I REQUIEMENT3A) create GPU buffer , copy 4 vertices

float  pts[][2] = {{ -1,-1}{ -1,1}{1,1}.{1, -1}, // square 'object’
glGenBuffers(1, &vBuffer); /I 1D for GPU buffer
glBindBuffer(GL_ARRAY_BUFFER, vBuffer); /I make it active
glBufferData(GL_ARRAY_BUFFER, sizeof (pts), pts, GL_STATIC_DRAW);
}
void Display() {
glUseProgram(program); / I set local shader
giBindBuffer(GL_ARRAY_BUFFER, vBuffer); /I activate vertex buffer
/I REQ UIREMEN 3B) set vertex feeder
VertexAttribPointer(program, "point" ,2,0,( void *)O0);
glDrawArrays(GL_QUADS, 0, 4); /I draw entire window
glFlush(); /I complete all GL ops
}

14



void Keyboard(GLFWwindow*w, int key, int scancode, int action, int mods){

/I test for exit
if (key == GLFW_KEY_ESCAREaction == GLFW_PRESS)
glfwSetWindowShouldClose( w, GLFW_TRUE);
}

void QfwError( int id, constchar *reason) {
printf(  "GLFW error %i: %s \n", id, reason);
}

void APIENTRYGsIError(GLenum source, GLenum type, GLuint id,

GLenum severity, GLsizei len, const GLchar *msg, constvoid *data) {

printf(  "GLSL Error: %s \n", msg);
}

int  AppError( const char  *msg) {
glfwTerminate();
printf(  "Error: %s \n", msg);

return 1;
}
int  main() { Il application entry
glfwSetErrorCallback( QfwError); /l'init GL toolkit
it (Iglfwinit())
return 1;
I create named window of given size
GLFWwindow t = glfwCreateWindow(300, 300, "Clear" , NULL, NULL);
if (1w
return  AppError( "can't open window" );
glfwMakeContextCurrent(  w);
/I set OpenGL extensions
gladLoadGLLoader((GLADIloadproc) glfwGetProcAddress);
glDebugMessageCallback( GslError, NULL); [} *** only for  OpenGLv4.3+
/I REQ UIREMEN 2) build shader program
if (!(program = LmkProgramV|aCode(&vertexShader &pixelShader)))
return  AppError( "can't link shader program" );
InitVertexBuffer(); /I set GPU vertex memory
glfwSetKeyCallback( w, Keyboard); /Il establish callback
glfwSwaplnterval(1); Il'p revent frame backlog
/I event loop
while (IglfwWindowShouldClose( W) {
Display();
if  (PrintGLErrors()) /I runtime GL error test
getchar(); Il if error , pause
glfwSwapBuffers( w); /Il swap double - buffer ed
glfwPollEvents();
}
glfwDestroyWindow( w);
glfwTerminate();
}
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Discussion

Theshader example2-DemoClearScreew?2.cpp is quite a bit longer than thférst

version It would beevenlonger but for its use o¥ertexAttribPointerPrintGLErrorsand
LinkProgramViaCodw®hich areconvenience subroutines in GLXtrasSome added

o vPSZ ] pn 8} 8Z JvSE} p S1}v }I( Z ]*%0 C 0}}%[ Vv I

In $Z %o %o 0 ]madi Jusf &s in the previous versioseveralGLFWtalls establish the
application windowthen,a call togladLoadGLLoad@&stablishes addresses for those
OpenGL extensions supported thye particularGPUexecuting the software

The vertex and pixel shader strings are compiled and linkethin, and vertex data is
transferred by a call ttnitVertexBuffer A callback subroutine is registertat keyboard
events; it terminates the application in response to an <ESCprkeyg.

Finallymain v8 E+ v ~ A vS8 0}}% U AZ] Z %}o0+ (}E VvC pe E
display.Before it does, however, it limits the number of frames between frame buffer
swaps by callinglfwSwaplinterval

Display EE vP « (}& $Z 'Wh § §} ( S} SZ "%}]lwi_ ]V %o
a call toVertexAttribPointerlts arguments (after identifying the shader program and

the input name) include the number of components of the data (in this case, 2 for two
dimensional), distance in bytes between adjacent points, and any offset into the data

Displaythen callsglDrawArraydo send the four buffered vertices to the vertex shader.
These form a singlguadrilateral, i.e., thentire screen, which is then rasterized. The
rasterizer determines those pixels covered by the guaduling inevery pixebeing set
by the pixel shader.

GLSL

The syntax and semantics of GLSL are similar to C, but without pointers.

GLSL supports several basic types in additianttandfloat; this text ussvec2 vec3
andvec4(correspondingo vectors in 2, 3, and 4 dimensions) andt4 (a 4by-4

matrix, described in chapter 6). The vector and matrix elements are gingtésion

floats (i.e., 32 hits). They correspond with the C++ vector and matrix types defined in
VecMat.h
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dZ % %0] 3$]}v v 00 38Z +«Z &+ Plv £ pdianAgsz -
which can be confusindut its meaning is usually clear from context.

GLSWersiors

Between the release of OpenGL v2.1 (and GLSL v1.1) in 2004 and the release of OpenGl
v4.5 (and GLSL v4.5) in 2012, increased functionality was carefully and incrementally
introduced. The examples in this text should all function with OpenGL v2.1 and GLSL
v1.3, with the exception that examples in chapter figéellatior) require OpenGld/

and examples in chapter 2thé geometry shadgrrequire OpenGl3s

The GLSL version used by the GPU is determined Bivéreionstatement of a shader.
It is reasonable to redudhis number as much as possible, allowing the code to run on
more hardware. But version 110 code that runs on one machine may not run on

vi§Z EX dZ]e v E epoS ]Jv ]Jv]S8] o EE}E *3 S u vse ep Z
AN ES vellv vIE A Jo o ]Jv  pEAEcordingby the miinitium GLSK
version specified in this text is 130.

Error Handling

There are three levels of error handling iretprevious example

Initializationerrors are detected imainif there is a problem opening the window or
buildingthe shader program. Runtime OpenGL errors are detect&lsplayby a call to
PrintGLErrorswhich is defined in GLXtras.h.

It is during execution of the application that the shader program is built. If there are any
type mismatches or undefined usages, or any runtime GLSL egroos messagewill
appear when the program is run, in the console window. They can be cryptic compared
to C++ compiler errors.

t]3Z K% v'> d3XiU -XEA 0}8k E PP }ud% puse_ A E % E}A]
is done inmain by registering an error callback usiglipebugMessageCallbackhis
subroutine is undefined (and should not be calledh earlier versios of OpenGL.

A GLSL coding error will likely produce subsequent runtime failures, such as the inability
to locate shader input variables. These runtime ermmaaquickly consume the console
window, obscuring the initial error report. This can be remedied by adding a call to
getcharin eacherror routine, or by sliding the scroll bar to the top
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For brevity, the remaining examples omit error handling.
Quads vs. Triangles

In 2008, the primitive GL_QUADS was deprecaattiough sveral manufacturers
continue to support it f GL_QUADS is undefined, a quad must be displayed as two
triangles. For example, in ClearScreen, the four vertices would become six (duplicating
the lower left and upper right points):

float  pts[][2] = { {-1,-13}, {-11}, {11}, {-1,-1}, {11}, {1, -1} ;
and the call to draw the vertices would become:
glDrawArrays(GL_ TRIANGLE, 0, 6); /I draw entire window

OpenGL dividedlaquads into triangles before rasterization. Thisoducesshading
artifactsthat are discusseth sec.20.3 (Quad Interpolation).

OpenGlssues

The OpenGL API is designed for efficient programming despite its awkward (at times)
naming conventionsit was written for C, not C++, and so does not support subroutine
overloading(thus, for example, there are 68 subroutines with a name beginning

A"Po §SE] _X dZ v tarPseemadkwirdu

There are arcane differences in variadfer closely relateddpenGL subroutines; these
inconsisten@s can lead t@programming errors that are difficult to locate.
www.khronos.org/opengl/wiktan be helpful in this regard.

2.4 Exercise

Part 1: Setup

Thisfirst exercise is to modify ClearScreen so that it draws a chessboard. The book
website contains OpenGL setup instructions, a very short VersimsGprogram, and
2-DemoClearScreew2.cpp

Part 2: VersionGL

After setup, ompile and run VersionGL.cpp, a simple program to determine your
Ju% pus E[+ '@pbenGlcapabilities.
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Part 3: Chessboard
Rename a copy &-ClearScreen.cpi Chessboard.cpfddd GLXtras.cpp as a source

file (this simplifies building the GLSL shader program).

Now, modifyChessboard.cppo that, rather than clear the screeihdraws a
chessboard of eight columns ae@yhtrows, with alternating black andhite squares.
This only requires changes to the pixel shdther final pixel shader is about 10 lines)

It should be emphasized that the pixel shader is called by the rasterizer for each pixel
covered by a primitive (in this case, a quad that covers the entire screen). Thus, the pixel
*Z (€& ++]Pve A op (}JE +]JvPO %]& oX dZ o}-]¥}v }( &
variablesgl_FragCoord.x andgl_FragCoord.y ;these areghe coordinates of the pixel.

Hints

There should be no loop in the pixel shader; there is no way to shade any pixel other
than thesingle one specified byl_FragCoord .

a) If the window is 400 by400 pixelsgl_FragCoord.x andgl_FragCoord.y will
range from 0 to 400 (and a checkerboard square should be 50 by 50 pixels).

b) Create a subroutin®ddthat determines whether an inpunteger is odd or even;
this subroutine may be defined immediately before tin@in subroutine in the pixel

shader.

Unlike C and C++, the declarations at the top of a GLSL shader are within scope
throughout the shader, even if the shader has multiple subroutines.

c) Determindf the pixel belongs to an odd or even row, and whether to an odd or even
column. If row and column are both odd or both even, color black, else color white.

Bonuses

Bonus 1: make the upper half of the chessboard a checkerboard (i.e. dvldcid).

Bonus 2produce a circular patterrsuch aselow (should be about 7 lines of pixel
shader).
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Figure 26: Circular patterns

Bonus3: what if we addgl_FragCoord.x andgl_FragCoord.y ? The resulting
pColor must consist of red, green, and blue values between 0 and 1 (inchisoveran
this be accommodated?
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Chapter 3RayTracing

Chapter2 presented a simplified graphics pipeline that proceeds from object
representation througho pixel shading; that is, the pipelineabjectto-screen It is
highlyefficient and the most common method for retine display otwo-dimensional
and threedimensionalgeometry.

Before wedevelop our use atfhe pipeline inthe following chapterswe reconsider the
exercise fronthaptertwo. The task was to produce a checkerboard by modifying the
pixel shader. For each pixel, the shader determiméetther a black or whitsquare
covered the pixelrenderingthe imagescreento-object Might the pixel shader compute
a scenewithout the rasterizer processing individual scene elements?

Such an approach dates to the Renaissance, when artists devetopgdd methodto
draw with perspective. Thmethod, depictedbelow, is similar to computemy tracing.

Figure 31: Woodcut etching by Albrecht Direr

This chapter developa simple, animated ragracer, implemented almost entirely in the
pixel shader. In the next chapter we return to the graphics pipeline.

3.1 Ray Geometry

Toray-trace, a ray is generated for each pixel of the display; the ray emanates from the
uE ~}JE "C U Euve SZEIUPZ §Z %]A oU v ] § 8

the scene. In the figure belawaray reflects off an objectthen strikes arother object

the background, or the light source.
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Figure 32: Primaryray through displaynd secondary ray

The first raytraced image below,demonstrates reflection, refraction, and shadows.
These and other optical phenomenlié caustics, glossiness, and atmospherics)fare
more readily achieved with yatracing than with pipelined rasterization.

Figure 33: Frst raytraced imageby J.Turner Whitted
(used with permission)

Because adjacent rays can strike different objelatayever,raytracing does not enjoy
pixetto-pixel coherenceEach ray intersection must be solved independeiahd, thus,
ray tracingis much slower than rasterization (its relative efficiency does, however,
improve aghe processor/pixel ratio increasg For this reason, rayacing isusually
reserved for specialptical effects.

3.2ATest Program

d} u}ve3E 35 U o §[« A di¥ing prdgrémahai@is@ays several
spheres, one of which is highly reflective, against a backdrop of flat. Wwhksprincipal
geometric operation will batestas towhether a ray from the eye, through a given
pixel, intersects a sphere or a wall.
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Changedo the VertexShader

For mostof the examples in this textbook, GLSL code is stored as a character string
within the application source. Thisiprovesportability, and usually the vertex and
% |/ 0 *Z &+ }Vv[S UV poC o VPSZ v §Z %% 0] S]}vX

The pixel shader fdhis test progranis sufficientlhjongto warrantits own file; in the
excerpt from RayTrace.cpp below, the pixel shader is read from the file RayTrace.glsl.
Thus, RayTrace.glsl candi®nged withouthe need torecompik the application.

The vertex shader is written inline and relies on the bmilvariablegl_VertexIto index
one of the four verticestored in the arraypts.

const char *quadVertexShader = R'(
#version 130
vec2 pts[] = vec2[4](vec2( -1,-1),vec2( -1,1),vec2(1,1), vec2(l, -1));
void main() {
gl_Position = vec4(pts[gl_VertexID], 0, 1 );
}

)"
Changeso the Application
We can use the application from the previous chapter, with some modifications.

Theinline vertex shader isompiled differently than the pixel shader, which is stored in
a file. The two shaders are then linked into a program:

int v = CompileShaderViaCode(&quadVertexShader, = GL_VERTEX_SHADER);
int p = CompileShaderViaFile( "RayTrace.glsl" , GL_FRAGMENT_SHADER);
program = LinkProgram(v, p);

The display subroutine draws a single quadrilateral, causing thekiaed vertices to

be fed to the rasterizer. These vertices-{tin XandY) are the corners of the default
OpenGL display. Thuss in the previous chapter (sec. 2.3), all the pixels in the display
are shaded.

Animation

Because the display subroutine is called repeatedly by the event loop, we can animate
the scene by changing the location of the spheres over timBidplay the time elapsed
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since the beginning of program execution can control an angle of revolution (in this
case, around the center of mass of all three spheres). This is applied to each sphere
defined in RayTrace.cpp.

We represent apherewith avec4 whose first three componentsx(.y, and z) define
its center and whose fourthw, defines the radius. In the followinBjsplayupdates the
sphere centers and othemiforms(explained below) and caltggDrawArrays causing an
image to be raytraced.

#include <time.h>
time_t start = clock(); /I app start time

void Display() {
glUseProgram( program);
/I set window sizes , let viewPoint and viewDirection default
SetUniform( program, "windowWidth" , ( float ) winWidth);
SetUniform( program, "windowHeight" , ( float ) winHeight);
/I send planes, light to GPU
SetUniform4v( program, "planes" , 6, &planes[0].x);
SetUniform( program, "light" |, light);
vecd ave = (spheres[0]+spheres[1]+spheres[2])/3;
vec3 ¢ onfave.x, ave.y, ave.z); /I center of mass
Il revolve spheres around center of mass
float elapsed = ( float )(clock() - start)/CLOCKS_PER_SEC;

float a=3.1415f* - 60.f*elapsed)/180.f; // 60 deg rees/sec ond
float ¢ =cos(a), s = sin(a);
vec4 xSpheres[3];

for (int i=0;i<3;i++) {
/I move origin to ¢ .0.m. , rotate, move back, set xSphere
vec4d sph = spheres|i];

vec3 g = vec3(sph.x, sph.y, sph.z) -com;
vec3 xq =vec3(g.x*c -Q.z*s, q.y, g.X*s+q.z*c)+c om
xSpheres][i] = vec4(xq.x, Xq.y, Xq.z, sph.w);
}
/I transfer 3 transformed  sphere s to shader, redraw
SetUniform4v( program, "spheres" , 3, &Spheres[0].x);
glDrawArrays(GL_QUADS, 0, 4); /I shade all pixels
glFlush();
}
Uniforms

Because the program displays only spheres and planeis,ithersectiors with a rayare
readilycalculatel without intervening geometrye.g..triangles). Thus, the application
doesv [&eate a GPU vertex buffer or estableshertex fetch.
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The application communicas¢he camera location angiew direction, the sphere and
plane parametersand light location to the GPU aaiforms which are variables thato
not change during frame generation.

Only basic types can be downloaded as a unifoarstruct or classcannot be used as a
uniform input to avertexshader.

The RayPrimitive Intersection

To raytrace each primitivén a scene, it is necessary to compute the intersection of a
ray with that primitive. For example, the ray/sphere intersect@an be computed as
the parametric distancéalong a ray, aderived below.

substituting forp

parametric rayp = o+tv lo+tv -s| 2-r? =0
dot product same as magnituekguared

(o+tv-s€|o+v-s)-r2 =0
substitutingg= o-s

(tv+g€|tv+q)-r2 =0
expanding

t2(v|v)+2t( vg+qlg-r? =0
assuming is unit length

implicit spherejp -s| %-r?2 =0

1’4

= t2+2t(v|a)+qlo-r? =0
Q now solve fort with quadratic formulawith
0, 1, or 2 roots

a=1 b=2(v]|g), and c =q|g-r?

Figure 34: Calculation of ray/sphere intersection(s)

This readily converts to a GLSL subroutine, below, used by the pixel shader (the same
subroutine is used to test for shadow in figur@}L

float RaySphere(Rayr ay, vecd s){
/l return least pos alpha intersect ofray /sphere(or -1lifno ne)
vec3 g =r ay.o-S.Xyz;
float vDot= dot(r ay.v, q);
float sq =vDot*vDot - dot (g, q)+s.w*s.w;

if (sq<0)
return -1,
float root= sqrt (sq),a= - vDot- root;
if (a<0)
a= -vDot+root ;
return a>= 0?a: -1;
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The Pixel Shader

Thecompletepixel shadeand application are available online (see sec. 1.2); in this
section wesummarizets functioning.

The pixel shader begins with uniform declarations that specify screen size, viewpoint

and view directionwhich areneeded tocalculatethe rays. Aradditionaluniform

specifies a single light sourdénally three spheres and six planes are each represented

as an array of 4D vectors. A 4D vector naturally describes a plane, and it also describes a
sphere in terms of its 3D center and a radius.

A single output, an rgba color, is then declared.

Built-in GLSL variables are scoped (i.e., defined) everywhere within the shader, and so
the subroutine RayDirection is free to accgsgragCoord (the coordinates of the pixel
presently being shadedd compute theray direction from camera through pixel.

The pixel shader subroutines RaySphere and RayPlane compute ray intersections
analyticallyafast and accuratenethod. One of the three spheres is considered
reflective, so that should a ray strike it, it is reflected, using the GLSL fumefiect

GLSiIprovidesseveral functions useful to graphical computation, dag, min, max, sin,
cos abs pow, asin acos log, sqrt, ceil, round, clamp crossanddot products, reflect,
andrefract.

Figure 35: Image generated by RayTrace.glsl

The principal subroutines of the pixel shader inclirbySphereRayPlanginShadow
and Shade GLSL supports structures (but not as uniforms) and so the pixel shader
defines a ray structure that includes isiginand direction.
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The light source location is used to shade a pixel according to rules developed in
chapters9 and 10. The colors of the spheres and walls are defined as constants.

Raytracing excels at spheres, but with more intricate geometries its efficiency declines.
And yet it is often in demand for itability to implement sophisticated optical effects.

The pixel shadés isolated from the many practical concerns of the application, but,
with raytracing, is capable of generating complex images.

3.3 Exercises

1. Modify the pixel shader so all spheres are reflective, and a ray may baprtodive
times.

2. Modify the pixel shader so that one sphere is translucent, and the ray refracts.

3. Change the motion of a sphere, say, bouncing instead of orbiting.
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Chapter 4 Triangles

In chapter 3pbjectswere raytraced without triangular approximations or vertex
buffers. For more complex geometries, triang{aad quadsgre preferreddue tothe
speed of rasterization. Trianglase supported byeveralfile formats and are comman
usedfor geometric modeling, animation, rapid prototyping, and web browsing.

A meshrefers to a set of vertices and their connections to fqrrimitives Some meshes
supportn-sided polygoal primitives but OpenGL restricts itself to triangles and
guadrilaterals Associated with each vertex is the direction it facessiggacenormal It

is the magic wand of computgraphicsand @ntral tothe production of shaded images.

Modern shader architectures designed to process a high volume of vertiéesn
primitives,rasterizethem, and shade a high volume of pixedi whilegrantingthe
graphics programmer consideraldecessThe result is a more complex programming
interface which we describe in the next section.

4.1 Data and Control Paths

Consider the control and data paths between the CPU and @Rigrammedbelowfor
a typical OpenGL application

Unij
Application Data transformations, glUniform
misc. variables

triangles vertex char *vertexShader nitshad
& attributes char *pixelShader nitShader

i
1
1 : H
1 InitVertexBuffer : Graphics Processing Unit H
1 : H
’ i vertex i | vertex

Display buffer 17| shader

1

VertexAttribPointer vertex
: fetch : HH

pixel
shader

Pipeline

| screen I

Figure 41: Data and control paths
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Application datapathsarein blue. Transfornations andother variablescan be
controlledby the userandsent to the shadersiaglUniform(sec. 3.2)The trianglegor
guadg and vertices may be generated by the application or read from a file. GLSL
shader code is read from a file from within the application sourceand sent to the
GPU

Paths todownload verticesand controlthem are shown in green The shader code is
compiled and linked withitnitShadey and a vertex buffer is created and filled by the
application ininitVertexBuffer

Data from the vertex buffer must be connected to vertex shader inputschis
arrangedby calls toVertexAttriPointer Vertexattributestypically include surface
positionin 3D spacecolor, surface direction (theurface normgl andtexture (v
coordinate3.

Finally, theDisplaysubroutine callglDrawArraysor giDrawElementscausngthe GPU
vertex buffer to feed the vertex shaderThis begins the pipeline process, shown in red.

4.2 Rasterization

Verticesare distributedto GPU processors, each executing the vertex shader. The
shader transforms each vertex by a given view and passes the transformed Igcation
(and any other vertex attributes enabled bertexAttribPointey to the rasterizer.

For atriangle {1, v2, v3), the rasterizereceives the display location and other attributes
for each of the three vertices. These attribute values are interpolated from the three
triangle corners usinfprward differencing

vy
L Vi VR - R
/ . A
S Vs,
VZ _._.______._.-——"'"_'—'_'_F._-

Figure 42: Bilinear interpolatiorduring rasterization

Referring to figure €, mnsider a vertex attribute, say color, interpolated down the left
and right edgespne scanline (i.e.,row) at a time.
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Along the left edge arsixscanlinesfrom vi to vz, so each line spans 1/5 of the color
change fromvi to vz; i.e.,dColorl= (color-colon)/5. SimilarlydColorR= (colors-
colon)/3. The color aw.is thuscolor =colon+dColorl.and similarly fovr Forward
differencing can now be applied betwegnandvkrto compute thevalues of thénner
pixek (shown in blue)

The result is &ilinear interpolationof vertex attributes across those pixels covered by
trianglevavavs. The interpolation isiaiterative addition, which accounts for itspeed.
The results havpixeHo-pixel coherencahat is, adjacent pixels have similar values.

This method of rasterization hadwaysbeen fundamental to OpenGL.

4.3 A Colorful Triangle

A colorful triangle provides goodexample of rasterization. It requires half a dozen
changes to ClearScreen.cpp

1. The application defines three points (not four) and an array of three colors
iXdz AES £+Z & (Jvese VA]IV%US »}JolE_ v
iX dZ %]&E o0 Z €& (Jve VvV A ]Jv¥kpus "A }o}E_

4. Thepixelshader output is set tds input (the color producedby the rasterizex

5. The display subroutine cleaise screen towhite, and

6. glDrawArrayds calledwith GL_ TRIANGLE®t QUADBand 3 (not 4) vertices

Figure 43: Rendered triangle

The complete program is given beloWo prevent memory leakshe vertex buffer is
freed on exit from the event loap

Unlike thefloat[][2] arraydeclaredin 2-ClearScreen.cpp, we will ugec2[]as an
equivalent but more convenient declaratipsimilarly, vec3[]replacesfloat[][3].
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/I ColorfulTriangle.cpp: draw triangle via GLSL and vertex buffer

#include <glad.h>
#include <GLFWI/glfw3.h>
#include <stdio.h>
#include "GLXtras.h"

/I GPU identifiers
GLuint vBuffer = 0;
GLuint program = 0O;

/I a triangle (3 2D locations, 3 RGB colors)
vec2 points[] = { {-.45f, - .45f}, {.1f, .45f}, {75f, O}
vec3 colors[] = { {1, 0, 0}, {0, 1, 0}, {0, 0, 1} 3

const char  *vertexShader = R'(

#version 150

in vec2 point;

in vec3 color;

out vec4 vColor;

void main() {
gl_Position = vec4(point, 0, 1);
vColor = vec4(color, 1);

}

)"

const char  *pixelShader = R'(
#version 150

in vec4 vColor;
out vec4 pColor;
void main() {

pColor = vColor;
}

)"

void InitVertexBuffer() {
/l make GPU buffer for points & colors, set it active buffer
glGenBuffers(1, &vBuffer);
glBindBuffer(GL_ARRAY_BUFFER, vBuffer);

/I allocate buffer memory to hold points and colors
int sPnts= sizeof (points), sCols = sizeof (colors);

b
/I change #1

/I change #2

Il change #3

Il change #4

glBufferData(GL_ARRAY_BUFFER, sPnts+sCols, NULL, GL_STATIC_DRAW);

I/l load data to the GPU
glBufferSubData(GL_ARRAY_BUFFER, 0, sPnts, points);
/I start at start of buffer, for length of points array

glBufferSubData(GL_ARRAY_BUFFER, sPnts, sCols, colors);

/I start at end of points array, for length of colors

}

void Display() {
glClearColor(1, 1, 1, 1)
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glClear(GL_COLOR_BUFFER_BIT); /I change #5
/I access GPU vertex buffer

glUseProgram(program);

glBindBuffer(GL_ARRAY_BUFFER, vBuffer);

/I connect vertex buffer to position input of vertex shade r
VertexAttribPointer(program, "point" , 2, 0, (void *) 0);

/I connect color in vertex buffer to input vertex buffer
VertexAttribPointer(program, "color" , 3, 0, (void *) sizeof (points ));
/I re  nder three vertices as a triangle

glDrawArrays(GL_TRIANGLES, 0, 3); /I change #6
glFlush();

int  main() {
if  (!glfwlinit())
return 1;
GLFWwindow *w = glfwCreateWindow(600, 600, "Triangle" , NULL, NULL);
if  (w){
glfwTerminate();
return 1,

}
glfwMakeContextCurrent(w);
gladLoadGLLoader((GLADIloadproc) glfwGetProcAddress);
printf( "GL version: %s \n", glGetString(GL_VERSION));
PrintGLErrors();
program = LinkProgramViaCode(&vertexShader, &pixelShader);
if (!program)

return  O;
InitVertexBuffer();
glfwSwaplnterval(1);
while (!glfwWindowShouldClose(w)) {

Display();

glfwSwapBuffers( w);

glfwPollEvents();

// unbind vertex buffer, free GPU memory
gIBindBuffer(GL_ARRAY_BUFFER, 0);
glDeleteBuffers(1, &vBuffer);
glfwDestroyWindow(w);

glfwTerminate();

4.4 Colorful Triangles

To represent and display multiple triangles, a natural extension to ColorfulTriangle is
increasen the number ofpoints and colors. For example, below are 10 vertices that
form 9 triangles, andhe resulting shadedmage.
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LE| Letter from Triangles - B

Figure 44: Design and rendering of a colorful letter

OpenGlofferstwo methods to send theevertices to the vertex shader.

DrawArraysvs. DrawElements

In ColorfulTriangle.cpp the call BrawArrayscauses three vertices to lheansferred

(E}u 'Wh u u}EC Jvs} 3Z A E3 £ «Z EX /v 8z e }( 8z
implies 27 vertices must populate the vertex buffer (i.e., the center would appear 9

times in the array, and each of the perimeter vertices would appear twice), rather than
the original 10 vertices. The process of converting 9 triangles to 27 vertices in the GPU
buffer accounts for the connection in figure 4.1 betwaeanglesandInitVertexBuffer

As an alternative t®rawArrays the DrawElementsnethod requires only unique

vertices in GPU memory, that is, the original 10. The same 27 vertices must be fed to the
vertex shader, but they are obtained from the original 10 indirectly via an array of 27
integer indices.

dZ e« Jv] « E E JoC & S }v ]ve% S]}v (}& sz Z [V
appears nine times; the other indices each appear twice
int triangles[][3] = {

{0, 2,1} .{0, 3, 2}.{0, 4, 3}.{0, 5, 4} {0, 6, 5},.{0, 7, 6},{0, 8, 7}.{0, 9, 8}.{0, 1, 9}
J#

DrawElementsequires a pointer to this triangle array, which accounts for the dashed
line connectingtrianglesto the Displaysubroutine in figure 4.1.
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4 5 ExerciseA Colorful Letter

In this exercisewe modify ColorfulTriangle to display multiptelorfultriangleswith no
visibleseams This can be done with the following steps:

Step 1)Rename a copy of ColorfulTriangle.cpp to ColorfulLetter.cpp.

Step 2)Pick a letter of the alphabet, draw its outline on graph pap@rideit into two

or moretriangles, labethe vertices, and connect thetto form triangles.Triangle edges
should connect to other vertices, but not cross them (otherwise the resulting colors will
not be continuous everywherelror examplegiven the following outline at left, it

should be triangulated as shown at right, not as shown in the middle.

TN

Figure 45: Incorrect and correct triangulations

Step 3)Measure the vertex coordinates, ¥andY. Center and/or scale the coordinates
to be in a +/ 1 range (the default OpenGL display range).automated methodfér 3D,
but can be used for 2D) is in sec. 1(52ale and OffsetyalledSetUnitSize

Step4)/v }o}E(po> 88§ EGU Z vP §Z *II SE&] vPo _ }uu vS§
a) increase the size dhe points array to correspond with your letteand
b) increase the size dhe colors arrayo correspond with the points array.

Step 5)After the vertices, add an array of triangles:

a)add a // triangles_comment
b) for each triangle tripletd, b, c), create an entryd]lD, bID, cID} in the array e.g.,

int triangles[][3] = { {0,1,2},{1,2,3}... };

Step 6)In Display callgiDrawElementsnot glDrawArrays change3 to the number of
verticespassed to the vertex shader (i.e., the number of indices in the triangles array)
and provide a pointer to the triangle indices

int nVertices = sizeof(triangles)/sizeof(int);
glDrawElements(GL_TRIANGLES, nVertices , GL_UNSIGNED_INTtriangles);
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Step 7)Check

a) the letter should look like the one you graphed
b) all the vertices should be colored
c)the colors should be continuous (smooth) at the vertices

Contiguous vs. Interleaved Vertex Attributes

/v }o}E(HOodE] VPO X %% Vv }o}E(HO0> 8§85 EX %% SZ
vertex colors are stored as adjacehtt separate, contiguous arrays in the GPU vertex
buffer. That is, the GPU buffer looks like:

| point[0] | point[1] | point[2] [ color[0] | color{1] [ color[2] |

Figure 46: Adjacent arrays

For applications that haveumerousvertex attributes, it can be advantageous to store
attributes interleaved, so that entire vertices appear in sequence. That is, the GPU
buffer would look like:

| point[0] | color[0] | point{1] | color[1] | point[2] | color[2] |

Figure 47: Interleaved arrays

This is readily achieved with a structure:

struct  Vertex {
vec2 point;
vec3 color;

2
dZ Zan berepresented byl0 vertices, each with axy location and arm,g,b color.

Vertex vertices[] =
Vertex( -.15f, .125f, 1, 1, 1), Vertex( - .5f, -.75f, 1, 0, 0),
Vertex( -.5f, .75f, .5f, 0, 0), Vertex( .17f, .75f, 1, 1, 0),
Vertex( .38f, .575f, .5f, 1, 0), Vertex( .38f, .35f, o, 1, 0),
Vertex( .23f, .125f, 0, 1, 1), Vertex( .5f, -.125f, 0, O, 1),
Vertex( .5f, - .5f, 1, 0, 1), Vertex( .25f, -.75f, .5f, 0, .5f)
b

In InitVertexBuffer copying the vertices to the GPU becomes simpéther than one

call toglBufferDataand two calls t@IBufferSubDatawe need onlya single call

glBufferData( GL_ARRAY_BUFFRERizeof (vertices), vertices,  GL_STATIC_DRAW
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The calls iDisplayto VertexAttribPointemust changen two ways.

Thestrideargumentindicates the distancéhumber of bytes)n memory between
sequentialvertex attributes When usingontiguousarrays, two sequential colors (for
example) are adjacent to each other in memory and thus their stride is GhBugtride
of interleaved attributess, in the present instancsizeof (Vertex).

Theoffset (last) argument remains 0 for the point attribute, but for the color attribute it
is no longer the length of the points array, but rather the length of a sipgiet. Thus,
the two calls tovertexAttribPointer become:

VertexAttribPointer(program, "point”, 2, sizeof (Vertex), (void *) 0);
VertexAttribPointer(program, "color”, 3, sizeof (Vertex), (void *) sizeof (vec2));
/I shader name dim stride offset

This arrangement of subroutine argumeratifowsflexible access to GPU memory, but
the programmer must take cate avoid errorswith these calls

Bonusl: Interleaved

Modify your solutiorto exercise 4.%0 use interleaved attributes.

Bonus2: Alternating Triangles

Modify Displayso that itdrawscolors every othetriangle, with the alternate triangles
having a flat shade. As a hint, triangles can be drawn individually as follows:

int ntriangles = sizeof(triangles)/ (3*sizeof(int)) ;
for (int i=0;i<ntriangles;i++)
glDrawElements(GL_TRIANGLES, 3, GL_UNSIGNED_INT, trianglesli]);

A uniform variable in the pixel shader can control the type of shading (flat or colorful).

An alternative is to create a second shader program that only flat shades (i.e., define a
second pixel shader that sets its pixel output to a fixed color). TherglcéProgram

for the first program and colorfully shade the cddmbered triangles; then call
glUseProgranior the secondorogram and flat shade the everumbered triangles.
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Chapter 5Geometric Transformations

In ourpreviousexamplesthe vertex shader has had little to dthis chapter consider its
useto transform thelocationof an inputvertex We examine the basic twdimensional
transformations of scale, translation, and rotatidn.the next chapter, these are
extended to three dimensions.

5.1 Scalef a Pointand Translationof a Point

A given point (X, y) can be scaled by a fastior produce a scaled point:

(X[Y[+ AXsy).

A point (x, y) can be translated (moved in a straight line) a distahcdy):

(X[W[+ 2dx y+dy).

5.2 Rotation of a Point

Rotation is not as obvious as scale or translatidre easiest developmei viathe
angle sum identities

(5.1) cos(r+t) = cosf) cos(t) tsin(r) sin(t)

sin(r+t) = sin() cos(t) + cosf) sin(t)

These identities were discoverbdg 10" centurymathematicianandastronomer Abual-
WafaBuzjani.

Figure 51: Abu alWafaBuzjani
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Considefa point(x, y) in the XYplaneand its rotationcounter-clockwise about the origin
by the amount radians.

Figure 52: Rotation of X, y)

For conveniencep S[e < <X V) is on the unit circléthe resultswill hold for any
radiug. Thus the point &, y)is€osrdinre v 3SZ &} Sx[yPe } fosi+t),
sin~r=teeX %% 0C]JvP §Z VvPo -egivexandy [is{erms o y, aud t.

(52) X[ éos~r=tcoArcosttsinrsint AcéBt-ysint
y[ #in~r=tsitArcost =osrsint Ac@st+xsint

Rotation about arArbitrary Center

The above rotation has the origin as its centerpfa@ducea rotation about an arbitrary
center(cx, ¢y), we shift the coordinate system toby a subtractionrotate, and then shift
backby an addition
(53) X[ &t+Xx=)cost >yx)sint
y[ &+x%)sint+ (y>)cost

5.3 Exercise A Rotating Letter

This exercisenodifies %olorful letter_to “*otating colorful letter. It will be convenient
to represent points as a vector, i.ex)( is of typevec2and(x,y,2 of typevec3 These
types are defined in VecMatthus,requiring an#include statemeny

We define a rotation angleé and,in the event loopmake it proportional tahe
% % 0] S]}v[e qa¥d-sendi}to the vertex shader as a unifolmthe vertex
shader,' > >dimandcosare used to rotate iput verticesaccording tcequation5.2.

Changes to Vertex Shader

No change is needed to the pixel shader, but the vertex shader must rotate incoming
vertices. Tk angleof rotation is declaredin the vertex shadebefore main:
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uniform float radAng = 0; // rotation in radians

The vertices passed to the vertex shader are rotated sytaoutine that should follow
the uniform declaratior{unlike C syntax, the uniformngis within scope of the body of
Rotate2D):

vec2 Rotate2D(vec2 v) {
return vec2(...); //returnv rotated about origin byradAng

Finally, in themain subroutine of thevertex shader, th@assignmento gl_Position
becomes:

vec2 r = Rotate2D(point);
gl_Position = vec4(r, 0, 1)// 2D r is promoted to 4D! (explained later)

Event Loop Animation

Animation is achieveih the event loop of the application. Each iteration célisplay
which sets the rotation angle based ttre SJu 0 %o* ME]JVP §Z %o %00]
execution. This should produce a smoothly rotating object.

To determine elapsetime, a reference time is declared and initialized as a global
variable. A rotational speed is also given:

time_t startTime = clock();
static float degPerSec = 30;

void Display() {
glUseProgram(program);
/I compute elapsed time, determine radAng, send to GPU
float dt = (float )(clock() - startTime)/CLOCKS_PER_SEC
SetUniform(program,  "radAng" , (3.1415f/180.f)*dt*degPerSec);
I . Z3f" = %" f>Y —ef f''he «Sftt”
glClearColor(.5, .5, .5, 1);
glClear(GL_COLOR_BUFFER_BIT);
I set vertex feed for points and colors, then draw

VertexAttribPointer(program, "point" , 2,0,( void *) 0);
VertexAttribPointer(program, "color" , 3,0,( void *) sizeof (points));
int nvertices=  sizeof (triangles)/ sizeof (int );

glDrawElements(GL_ TRIANGLES, nvertices, GL _UNSIGNED_INT, triangles);
glFlush();
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Coding HintVerify Shaders Work

The software in this exercise is relatively simple and not prone to erronvButmore
complex methods, it can be useful to susperdhnimation in order to ensure there are
no GLSlcompilation errors This is because, once the animation runs, additional errors
may be written to the console, obscuring any initial GLSL erAdtexnatively, if the
application uses error handlers, a callgetcharin each will pause the console output.

Bonusl: Scale

In addition to rotation, apply acalethat changes over time.

Bonus2: Speed Control

We can control the rotation speed with the keyboard, so it will increa&§, decrease
(D), reverse R),orreset@) C & P]*s E]VP 00 | Jwma@rZ %o %0 0]

glfiwSetKeyCallback(window, Keyboard);
Once registered, the followingubroutine iscalled whenever the user types a key.
void Keyboard( GLFWwindow *w, int key, int code, int action, int mod9 {

/I speed up, down or reverse rotation
switch (key) {

case 'A' : degPerSec *= 1.3f; break; // fast er
case 'S' : degPerSec = degPerSec < 0? -30 : 30; break; // reset

case 'D' : degPerSec *= .7f; break; // slower
case 'R' : degPerSec *= -1; break; // reverse

Bonus3: Improved Speed Control

In bonus 2, there is a sudden jump in the angle wheneegiPerSeis changed;
implement code to prevent th jump

Bonus4: Multiple Letters

Define more than one letter, and rotate each around its own center.
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Chapter 6 Matrices

In the previous exercise waentan angle to the vertex shader, where it was used to
rotate input vertices. It is in the vertex shader that vertices are efficiently transformed
from their defining coordinate system to that of the displaythis chapter we examine
basic geometric transformationsypicallyperformed by the vertex shader

We also examina matrix of four rows and four columnsvhich can represent any
combination of these transformations. For this reason, a matrix, rather than an
individual paramete(e.g.,radAngin sec. 5.3)isprovidedto the vertex shader.

The dimension of a matrix refers to the number of its rows and columns, givemasn
(n rows andm columns), usually abbreviatadX m To representand operate ora
matrix, we usemat4, defined in VecMat.h.

A summary of vector algeband matrix operationss found at the end ofthis chapter

6.1 The Matrix as a Geometric Transformation

In the 1960s, Larry Roberts introduced megsto his work incomputer visiorand
computer graphics. Heoted UTHe interpretation of a matrix as a geometrical operator
is the foundation of mathematical transformations useful in computer grapKics

Figure 61: Larry Roberts

Rotation and Scale
> §[+ & }ve] & $Z E}5 §]}v «<p 8]}ve (E}u §Z % E Allp-e

(61) x; A }e jy>]v }
y; Ae]v Jy=je }
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This is dinear systemit isa system because two input variables yield two output
values; it idinear because the equationmerform only linear operations (as opposed to,
say,exponentiaton) on aninput variable.

The systenis readily representedsa 2X2 matrix because multiplication of a matrix by
a 2D vector obeys the following rule:

ax' o @& b oxa oaxd by
L D « D «
62) Y 1, ¢ -d )71/4 _,(33(1/4 dy.
Applying(6-2), the algebraic equations {8-1) are represented in matrix form by:

a' o @S 17

' Vs, coF  vi

(6-3)

Similarly, he algebraic and matrix forms for scale are:

Algebraic form Matrix form

x'=5x xS, 0| x
y.- = syy -1_-' 0 S.T _1.-
Whens: =s,, the scale isiniform, otherwise it igifferential

Translation

Equation6-2 can be understood as a componemisedot productof the input vector

with the corresponding row of the matrix. Because the result is a linear combination of
the inputx andy, it cannot be offset by a constant. That is, equatfie? does not permit
translation(straightline motion).

To accommodate translation, a colurimaddedo the matrix for the translation
components. Because the multiplication requires the vector dimenk@eaqualto the
number of matrix columns, we also addhamogeneous coordinat@lefaulting to 1) to
the vector &, y):
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Algebraic form Matrix form

o . xa

SO ° Sx-— X2 100 ta

>0 ° §— « » « y«
y_l 0]/41 t—|

y ]Sﬂ

t  }u%o S, foexamplepy a dot product otthe first row of the matrix with the
input vector:

(1,0,8 {(x,y, 1) = 1(x) + O(y) +3( x +t

The translation results from thadditionin the dot product, buit is disguised as a
matrix multiplication (Incidentally, because the matrix can now produce translation, it is
no longer said to be linear, baffine.)

Compared with the above 23 matrix, asquare 3 X3 matrix is preferred because:

t only asquare matrix is invertible
1t avector multiplied by a square matrjieldsa vector of the same dimension
1t square matriceswhen multiplied, yield a square matrix

Thus, an extra rows addecdto the matrix:

Te s r PTT
elkiLer s PUHJ
Se r r s S

This multiplicatioryields the same x' and y' result, and an additidmainogeneous
coordinate w (in this case, equal to 1).

6.2 The Homogeneous Coordinate

ANYulP v Yue— eiRVEI(ferms in an equation are of the same degree, which is
true if the above translation treats, y, andwas variablesin this way homogeneous
coordinates enable translation to be treated in the same manner as scale and rotation.
(They have an important additional use, described in the next chapter.)

Thehomogeneous coordinate systemdassystemin whichn+1 values represent am
dimensional pointlt wasintroduced in 1827 bydbiuswho defined a 2D point within a
triangle as a weighted sum of the triangle vertices: the three coefficients expressed the
point in a ‘barycentric coordinatehomogeneous system.
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Homogeneous coordinates have a natural application to computer graphics, ever since
their use by Roberts in 1963. As we will see, they can represent points at infinity with
finite coordinates, andhey allowformulasto be more compact and consistent than
thoseexpressed in Cartesian coordinates.

6.3 Thed X4 Matrix

Although te scale, rotation, and translation matrices developdxveare for two-
dimensionalpoints, they are readily extended to three dimensions.

For example, twalimensional rotation is the same as thrdanensional rotation in the
XYplane, i.e., rotatiorabout theZ-axis. The-coordinate is accommodated by adding an
extra row and extra column to produce a 4 X 4 matrix. It yields the same
transformations tox andy while the z-coordinate is unchanged.

cos@ —sin@ 0 O [,
i i i i sin@ cosf 0 0| |y
[xcosA-ysinA xsinA+ycosA 0, 1]=| 0 1 ol |z
0 o o 1|1

z-rotation

Here are the 44 matrix representations for the most common geometric
transformations.

scale translation

Although scale and translatian 3Dsimply requirean additional row and column
rotation in 3D must contend with three rotation axeleir corresponding matrices are
below( is in radiank
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1 0 0 0 cos# 0 sinf O cos —sin@d 0 O
0 cos@ -—sin@ O 0 | 0 0 sinf cos@ 0 O
0 sind cosd O —sinf 0 cos@ O 0 0 1 0
0 0 0 | 0 0 0 1 0 0 0 1

rotation about Xaxis rotation about Yaxis rotation about Zaxis

Vector and Matrix Types

VecMat.his found onthe text website it is a header file that definemat4, a 4X4
matrix classas well awvec2 vec3 andvec4vectorclassesldenticaltypes are defined in
GLSL

VecMat.himplements the abovéransformationswith the followingsubroutines

mat4 m = Scale(sx, sy, sz);

mat4 m = Translate(tx, ty, tz);

of—-k e ° ‘—f—% «x£Z -+ n degrees)
of-k e ° ‘—f—f «x€Z

ef-k o ° ‘'—f-F ex€Z

A transformation can be applied to amdinary 3D pointvec3p(x, Y, 2) if pis first
promoted to a homogeneous point and then pmaultiplied by the transformation
matrix, yielding a transformed homogeneopsint xp:

vecd xp = m*vec4(p, 1);

Conventions

In orderthat z-depth increase into the screen, early graphics development used a left
handed coordinate system, ambints represented asw vectorswere postmultiplied
by matrices.

Moderntexts develop computer graphiegith atraditional righthanded coordinate
system in which the-axis pointsout from the screen and column vectors are pre
multiplied by matricegas in the previous sectionppenGland GLSL subscribe to these
conventions
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Rotations subscribe to the rigitand rule in which the right thumb points along an axis
and the fingers curl in the direction of positive rotation.

rotation Iy

\ axis

/

Zz

—_—3> X

Figure6-2: Rght-handedrotation and righthandedcoordinate system

Storage of a matrix in memory is calledv-major orderif the first four elements in
memory areits first row, namely m[0][0], m[0][1], m[O][2], and m[0][3the matrix is
columnmajor orderif its first four elementform the first column, namelyn[0][0],
m[1][0], m[2][0], and m[3][O].

OpenGland VecMat.rsubroutines expect a coluramajor matrix, i.e., a seriesf 16
floatsas described above&some OpenGL subroutines provide an optiotrdasposethe
matrix, which convertbetweenrow and column order.

Concatenations

Multiple transformationse.g., [T][S][R[R][R4, can beconcatenatednto a single,
mathematically equivalent, matrix. This is simple to express given the opérator
overloading invedMat.h. For example:

mat4 m = Translate(dx,dy,dz)*RotateZ(30)*RotateY(15);
/I rotate about Y, then about Z, then translate

In text, we write mamz to suggest two matrices are multiplied in leé-right order. In
C++, however, we code from rigtit-left. This is a consequence of the matrix layout in
memory and the fact that column vectors are prailtiplied by matrices

Therefore, if a 3D poink(y, 2) is to be transformed first byn: and then bymg, it would
be coded as:

vecd p(x,y,z,1);
vecd q = m2*ml*p;
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Or, alternatively

mat4 m = m2*m1;
vecd q = m*p;

The resulting 3D point ig| g.y, g.2).

6.4 Transformation Order

Theconcatenatiorof 3Dscale, rotation, and translatiomatrices any combination in
any order, yields a singleX 4matrix representingan affine transformation The
geometric meanig depends on the order of transformations. In particular, very
different orientationsand locations caresultwhentransformations are reordered.

Effect ofRotation / TranslationOrder

Consider a point, a rotation, and a translation in two dimensions:

vec4d p(1, 0, 0, 1); /Il same as 2D point in XY - plane
mat4 R = RotateZ(90); /I rotation in XY - plane
mat4 T = Translate( -1, -1,0); /I translation in XY - plane

If pis first rotated (blue arrow), it becomes (0,1) and then, when translated (green),
becomed-1, 0).

vecd xp = Translate( -1, - 1,0)*RotateZ(90)*p

AY
Rp=1(0,1) '[ é\
/ p=(1,0)
> - » X
TRp = (-1, 0)

Figure 63: Sequence 1
If, however pisfirst translated (blue arrow), it becomes (61) and, when rotated
(green), returns to (19).
vec4 xp = RotateZ(90)*Translate( -1,-1,0)*p;
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TY

p=(1.0)

/ RTp=(1,0)
Tp=(0,-1) W ‘/\

Figure 64: Sequence 2

Effect ofRotation/ Rotation Gder

In two dimensions, a series of rotations may beordered because the combination
amounts to a summation of the rotation angles. This is not the case in three dimensions
because there are multiple axes of rotation.

For examplegiventhesetwo rotations:

mat4 Rl = RotateX(90);
mat4 R2 = RotateY(90);

A pointp can undergo two possible transformations:

vecd xpl = RL*R2*p; // rotate about Y - axis, then X
vecd xp2 = R2*Rl*p; /I rotate about X -axis, then'Y
Y
oY y y ¥ )'. X
x .:y
/\TT_Y-_' X
z X
o

Figure 65: Rotationorder

The path ofkplis shown in cyan, beginning at the blue dot. First is the rotation around
theY- /E]e ~+Z}Av « o E] « }( ZC[+ v JvP & BX@&isv }3+U §.
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~eZ}Av « Z/E[e v ]JvP § (E xp2isSshywn ih ordags Zng yields a
completelydifferent result.

6.5 Matrix Use in the Vertex Shader

In the previous exercise, we passediAngto the vertex shader:

in vec2 point;
uniform float radAng;
void main() {
float ¢ = cos(radAng), s = sin(radAng);
gl_Position  =vec4(c* point .x -s*point .y, s*point .x+c* point .y, 0, 1);

With a matrix, the shader becomes simpler and more general:

in vec2 point;
uniform mat4  view;
void main() {
gl_Position = view *vec4(point, 0, 1);

}

The 2D input point is promoted to 4Dnth zequal to0 andhomogeneousv equal tol).

The application computea matrix given a rotation angle and pasg to the vertex
shader. This can be donelisplay

mat4 m = RotateZ(radAng);
SetUniform(program,  "view" , nj;

The use of a 4 X 4 matadowsDisplayto send in a standard formanyaffine or (as
A [oo « v §Z v gEdjectXetaisi@Emationto the vertex shader.

The Importance of gPosition

Aprimary responsibility of the vertex shader is to set the homogengumiist
gl_Position We will considegl_Positiorand homogeneous coordinates further in the
next chapter.

6.6 Exercise: RotatelLett8D

> $inedify the exercisefrom the previous chapteso that

49



a) the letter rotates in response to user input,
b) the letter rotates in three dimensions, and
¢) a matrix is used for transformations

The previous exercise rotated verticaisout theZ-axis(i.e.,in the XYplané). In this
exercised A [oo E}S § A EXJnd¥axesubthdlze extent of rotation
dependent onthe amount the user drags the mouse. The resulting transformed letter
will no longer be parallel with the screeliwill appear to rotate in three dimensions.

Mouse Interaction

To controlXand Yrotations with the mouse, we need several new variables, a callback
to handle mouse buttons, and a callback to handle mouse movement.

A) New Variables

In order to maintain rotational continuity between mouse clicks, we define the following
global variables:

vec2 mouseDown(0,0); /I location of last mouse down
vec2 rotOld(0,0), rotNew(0,0);
/I X is rot ation aboutY -axis, in degrees; .y about X - axis

As the rotation will be usedriven, we replace theegPerSetariable of the previous
exercise with this generic speed factor

float  rotSpeed = .3f; /I degree rotation per #pixels dragged by mouse
B) Button Callback

The following callback is needed to respond to mouse clicks.

void MouseButton(GLFWwindow *w, int butn, int action, int mods){

/I called when mouse button pressed or released
if (action == GLFW_PRESS) {

/I save reference for MouseDrag

double x,vy;

glfwGetCursorPos(w, &x, &y);

mouseDown = vec2(( float ) x, ( float )y);
}
if (action == GLFW_RELEASE)

I/l save reference rotation

rotOld = rotNew;
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Thiscallbackis registeredn main with:

glfwSetMouseButtonCallback  (window, MouseButton);

C) Motion (Drag) Callback

The following callback is needed to respond to mouse movement:

void MouseMove(GLFWwindow *w,double x, double y){
if (glfwGetMouseButton(w, GLFW_MOUSE_BUTTON_LEFT) == GLFW_PRESS) {
/I compute mouse drag difference, update rotation
vec2 dif (( float )x-mouseDowrx , ( float )y - mouseDowly );
rotNew = rotOld+rotSpeed*dif;

}
}

This callback modifies theandy rotation values based on the amount the mouse is
dragged after it is clickedown. It is registeredn mainwith:

glfwSet CursorPos Callback (window, Mouse Move);
Euler Angles

The rotation matrices given in section 6.3 defgeparate rotations around th¥, Y, and
Zaxes In combination these can produce a rotation about any .a@flectively, they

are calledEuler anglesfor the 18" century Swiss mathematician and physicist Leonhard
Euler If an airplane few parallelto the x-axis, with thez-axis up, wecan call theotation
about they-axispitch, rotation about thez-axisyaw, and rotation about the«-axisroll.

po E vPo « & *]JoC Ju%o u v3 V % E}A] 8Z pe E
orientation. They are not always intuitive to use, however, and are subjagimbal
lock, in which combinations of angles severely constrain subsequent rotations.

An alternativeto Euler anglesthe quaternion, iglescribedn chapter21. Its application
within a hierarchyof transformationsis considered in sectio®?2.2.

Changsto Display

Before drawing any triangleBjisplaymust compute the transformation matrix using
routines inVecMath. It then updates the matrix shader uniform.

mat4 view = RotateY (rotNew.x)*Rotate X(rotNew.y);
SetUniform(program;,'view", view);
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Bonus 1iMove

For thisbonus we wish the mouse to control translation (move) if the SHIFT key is held;
otherwise,the mouse controls rotation.

Aswith rotOld, rotNew, androtSpeedwe need a set of variables to control translation
but it will be convenient to define translation in three, not two, dimensions

vec3 tranOId(0,0,0) tranNew(0,0,0)
float tranSpeed = .01f;

MouseButtonrmust be modified

if (action == GLFW_RELEASE) {
rotOld = rotNew;
tranOld = tranNew;

AndMouseDragnmust be modified

vec2 mouse((float ) x, (float ) y), dif = mouse mouseDown;

bool shift = glfwGetKey(w, GLFW_KEY_LEFT_SHIFT) == GLFW_PRESS ||
glfwGetKey(w, GLFW_KEY_RIGHT_SHIFT) == GLFW_PRESS;

/I translate or rotate
if  (shift)
tranNew = tranOld+tranSpeed*vec2(dif.x, -dify ,0);
else

rotNew = rotOld+rotSpeed*dif;

Finally,Displayshould include the translation gmart of thematrix concatenation

mat4 m =Translate(tranNew)*RotateY (rotNew.x)*Rotate X(rotNew.y);
SetUniform(program,'view", m);

Bonus 2: Roll
Use the mouse wheel to contrdlrotation. This can be done with a callback:

void MouseWheel(GLFWwindow *w, double ignore , double spin ) {
/I registered with glfwSetScrollCallback
/I spin is amount of wheel rotation : + one direction, - other
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Ups and Downs

Rotation about thex-axis or translation along the vertical axis might produce rotation or
translationoppositeto that expectedTypicallydownwardmousemotion increagsthe
y-coordinate- this is opposite the convention observed BypenGLn whichincreasing
y-value is upwardgBonus 3 of exercise 2.4 is a good demonstration that the OpenGL
screen origin isit lower-left.)

A mouse (cursony-coordinate can be converted to OpenGL screen space sinihly
vecd vp;
glGetFloatv (GL_VIEWPORT(float *) &vp);
float screenHeight = vp[3];
y = screenHeight -yMouse

In practice, tlis conversion need occur in only a few routines
CameraMouseDown/MouseDrag
Draw::ScreenDSq
Widgets:MouseOvel(see chapter 11)
Mover::MouseDown/MouseDra¢see chapter 11)

6.7 GeometricNotes

Now that our application uses matrices and can rotageticesin three dimensions, it is
useful to summarize elementary operations and notation for matrix algebra and vector
geometry.

Rules for Matrix Multiplication

The product of twat X4 matrices is a X4 matrix whose elements each represent the
dot product of a row of the first matriwith a column of the second matriXhat isjf m
=ml*m2, then for each elemenm[i][j] is the dot product ofhe i-th row of m1 with

the j-th column of m2. This is implementedfiue lines of code in VecMat.h.

The identity matrix is a square matrix whose elements are all 0 except those along the
diagonal, which are 1. Multiplication bydoes not alter a matrix:
MI =M

The inverse M of a matrix is such that;: MM=1.
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The transposeM™ of a matrix swapelements across the matrix diagonal, thatN&fj][j]
is exchanged witM[j][i].

Based on the multiplication rules, the following identities can be deduced
A(B+C) = AB+AC
(A+BY = A+B'
(ABY = BAT
(A= (A)?

Additionalmatrix properties and operations are discussed in numerous texts

A Summaryf Vector Geometry

Length [ V] = (v {W)}?

Negation tv = (tw, tw, tvo)

Scale SV = (S, SWy, Sv2)

Unitization u=v/|v|

Addition ViH2 = VixtVax, Viytay, VizHzz)

Dot Product(alsocalledscalaror innerproduct)
The dot product of two 3D vectors yields a scalar
V1 { V2 =V1xVax+ ViyWoy + Vi2z
For unitlengthvi andvz, vi {v2 = cos}, with }angle between vectors

Cross Produdglso calledrectoror outer product)
The cross product of two 3D vectors yields a vector
Vi X V2 = (V2 ViN2y, VINV2cVIV2z, V1V2y-ViyV2x)
dZ]e ]* -Z ®]P ES@ioduct: if right thumb isn, first finger isvz,
then secondfinger points towardsi Xvz; vi Xvz: is perpendiculato vi and tove.

Point Point Distance | p2 tps]
Interpolation p1+t (p2 tpl)
Perpendicularity vi {v2=0
Coplanarity 3 Vectors vi {(v2Xv3) =0

Paralldism of2 Vectorsvi {v2=|vi| | V2|
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L. 85 é6
Projection of yvonto v @— A
6 é6

Staying Centered

To rotate a point aboua fixed center ¢, ¢,), move to c origin, rotate, then move back:

FE [ xA ~ Acoes} > Gysin}

C[ ¥ ~ Aisin} = ~ g)cos}
These three steps can be represented in matrix form, but, although we write the steps
above ‘move c to origin, *otate , ‘move back from left to right, wecodethe
corresponding matrices right to left, so that the first step is neapest

p[ RORNT(-c)p

In code:
vec3 pTransform = Translate(c)*RotateZ( D*Translate( - c¢)* vec4(p, 1);

Similarly to scale a point p with respect ®fixed center ¢, ¢,), movep, scale, then
move back:

FE[CHS(Px-Cx);

CHAorts/(py-oy)

In matrix form

p[ RO9)T(-op

In code:
vec3 pTransform = Translate(c)*Scale(s)*Translate( -c)* vecd(p, 1);
Planes
Y N
Z X

Figure6-6: Plane geometry

The plane with normah passing through poinp is given byd, b, ¢, d) = 6, ny, nz Up {).

If (&, b, ¢) is unitlength, then the distance from a point (x, y, z) to the plane is given by
ax+by+cztd; for a point on the plangthisvalue is zero.
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Chapter 7Perspective

7.1ProjectiveTransformations

The previous chapter described two groups of geometric transformations:

1) Euclideatransformations ( rigld body_operations that include rotation,

translation, and, sometimes, reflectioh\ith these transformationsangles remain
congruent, the distance between any two points is unchanged, parallelism is preserved,
and straight lines remain straight.

2) AffinetransformationsincludeEuclideartransformations as well asniform or
differential scale and sheawith these transformationgparallelism and ratio of parallel
distances are preserved.

Projectivetransformationsform athird group, in which points are projected along rays
(projectorg that emanate from @enter of projectionif the center of projection is
infinitely faraway, then the rays are parallel and the transformation igaaallel

projection otherwise, the center is finite, the rays diverge, and the transformation is a
perspective projectialWith projective transformations, straight lines remain straight,
but none of the other Euclidean or affine propertig@ngruency, distances, and
parallelism)old.

Parallel Projection Perspective Projection (one point)
faces parallel to image plane are unchanged further edges appear smaller; parallel lines do
parallel lines remain parallel image plane not stay so unless parallel to image plane

\—) finite Center —

gy

infinite Center of Projection —
of Projection — -
< | _ _"‘-——._"— )

Figure 71: Parallel and perspective planar projections

If points in a scene are projected along rays taraage planethe result is glanar
geometric projectioni.e., aflat, two-dimensional imageOpenGL is optimized for this
form of rendering.
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Parallel projections are useful for design and manufagtbut they do not produce
realistic images. As first understood during the RenaisséamFig. 4), realism
requires perspective projectiqrwhich is achieved by the perspective transformation

7.2 Perspective Transformations

Chapter 6 described the use of homogeneous coordinates to support transitahrin
particular,allow a 4X4 matrix multiplication to represent any combination of scale,
rotation, and translation.K ( §Z]s > EEC Z} &3+ AE}S ]v idooU ~dZ
coordinates throughout is extremely important in order to maintain the simplicity of the
results, although its original purpose was to allow perspective transformations."

Both parallel and perspective planar projections may be represented bY4 4
projective transformatiommatrix.

To understand the perspective transformation and its influence on our programming,
we must examinghe homogeneougpoint more closelyAsPeter ShirleypbservedU ~dZ]e
4D coordinate system is one of the most subtle and beautiful constructs used in
computer science and it is certainly the biggest intellectual hurdle to jump when

0 EV]vP }u%pusS E PE %Z] X _

7.3 Homogeneous Coordinates

Homogeneous coordinates allow perspective transformations because they inherently
represent division: by definition, the followingro conversions hold:

1) v "}JE Jv EC_ 1 %}]vs ]4DhpmagéRedus pdint with the addition of
a fourth coordinate w, set tol:

(X1 Ys Z) O (X1 Y, 2, 1)

2) A 4D homogeneous point is converted to an ordirDypoint with the division byw
of the first three coordinates:

xV, zw) Ow,ylw, zZ/w)

The conversion from homogeneous to ordinary point implies that two homogeneous
points, one a scalar multiple of the other, are equivalent; thatisy,(z, w) ~ kx, ky, kz,
kw). It alsoimpliesthat variation inw acts as a projection.
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Projection to the w = 1 Plane

To illustrate(using a 2D, not 3D, examplepnsider arordinary2D point &, y) and its
3Dhomogeneougquivalent k,y, 1), shown below in three-dimensional
homogeneous coordinate system.

The conversiofrom homogeneous pointq y, w) to ordinary point ¥/w, y/w) is shown
below asaline from the origin tothe homogeneous point. The divisidny w acts as a
projection, moving the poinalong the lineto the w = 1 plane.

(2,3,4)

7

<inf>

(2,3,2‘)‘:,»"/ 'f
sy
(28.112)

2,3,0)

w = 1 plane 0,015 ;
/i o homogeneous point

e projectionto w = 1 plane

000

Figure 72: Division by the homogeneous coordinate

This is shown for five homogeneous points (2vB,withw of 4, 2, 1, %2, and 0. Their
projections to thew = 1 plane are shown as a seriesolidblue @nd onered) dots.

Points at Infinity

Asw approaches 0 in the above illustration, the projection moves along the dashed red
line and, in the limit, reachesgoint at infinityin the (2, 3) direction. A point at infinity

is equivalent to alirection, i.e., a vectorThat is a 3D homogeneous point,fy, 0) is
equivalent to an ordinary 2D vectax, {/), whereas a 3D homogeneous poirty, 1) is
equivalent to an ordinary 2D poirn,(y).

When a 4D homogeneous point at infinity is multiplied byX4affine transformation
matrix A (whose @row is (0, 0, 0, 1)}he resultingw is O:

T T T

#tYi LYY
Vet
r s r
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That is, the result remains a point at infinity. In effect, the translation components of the
affine transformation are ignored.

7.4 The Perspective Matrix

Within the 4X4 affine transformation matrix, different elements control different
aspects of the transformation. In threpresentationbelow, thes elements refer to
scale refers to rotation, and refers to translationThe product of the affine matrix
with any homogeneous poink(y, z, 1) results inA =1.

ONNP T ™ L
NONGP:U U U
fN N OpijijV,JLfVJ
r r r s s s" S

In contrast, the followingprojectionmatrix, which has a nozero element, 1/Din the
A _row and %z _column, results inv [beingproportional toz.

r r r T T T
r s r r..U. U u .
fr I rJfVJLfV,JLf v &Yz, yD'z, D)
ror sé&r g g" V&

Tocompute the equivalent ordinary point requires a divistpnw[ which is
proportional toz. This division is calldtie perspective dividelThe effect orzis a
projection to thez [=D plane, but the effecbn xandy is to scale themyieldingsimilar
trianglesasshown below in thérZplane.

Y image
plane

point in
scene

(pxr pv’ pz) S//D = p//pzand S/D = p‘/pz

(S« 8) = (DR/pz Dp//p2)

side view

Figure 73: Projection to the image plane
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The division by is a nonlinear operation in three dimensions, but it is formulated as a
linear relationship in foudimensionsin other wordsmatrix multiplication of a
homogeneous point is a linear operation, but therspectivedivide is not.

If avector (i.e., poirdat-infinity) is multiplied by a perspective transformation matrix (or
the productof an affine and perspective matrix), the reswibuld havea nonzero
homogeneous coordinate (unlike the case with an affine transformatidhat is, lhe
homogeneous divide and projection to the image plane yieldsvdrashing poinfor

the vector.For example, given a pair of railroad tracks, one need only know their
direction to determine the point on a perspective image where they disappear.

D Jvd JvlvP Z vP (}&E I]

With the previous matrix, all points are projected ortee z=D plane. This loss of depth
information is due to the linear dependence of the third and fourth rows of the matrix
The linear dependence impligise matrix is nornvertible.

It is preferable thatl vary for several reasons: thmatrix will be invertiblg and I tan
be used for clipping and depth comparison (described in the next section).

The View Frustum

Conventional displays afiat andrectangular, so the projectors of a perspective image
sweep out a pyramidal volume, with the eye at the apex and bounded by left, right,
bottom and top planes. Wheaugmented withnear and far planes, the resulting
truncated pyramid is calleddew frustum

Figure 74: View frustum in eye space
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The view frustum is irye(or camerg space that is, ordinary space with theaxis to
the right, they-axis up, and the eye at the origin looking down the negatiagis.

In the perspective matridbelow, the nonzero term in the fourth column does not affect
x[ w[U ferZ =nearz[=-i v (}E | A ( E Ue Euchddax sppte Frear,
far) is compressetb z[ A-1, 1).

s, 0 0 0
0 s 0 0 nis distance along the axis to the near plane
0 Oy F-n -2nf fis distance along the axis to the far plane
f-n f-n
0 0 -1 0

After the perspective transformation and perspective divitlee view frustum becomes
a rectilinear solid. The top and bottom planes become paralladodbe left/right and
near/far planes

Figure 75: Perspectivespace

Points inperspective spacare givenin normalized device coordinat¢dDC)In this
space the location of a point on the screen is determined soleljtby andy
coordinates.

Another illustrationof the perspective transformatioshowsthe effect of the

perspective transformation ogeometry. At left, in eye space, a row of eqaied

numerals aligawith the z-axis; the eye is at thmiddle ofthe ZfAi[ 0}}I]JvP $§}A & + §
Zp3Z v & v (€& %ove & |38 35z zafjkedz (EU*SHU ]°

v

Y P near far
T / ~. | top / ~
) A 7 +1 T
T ;g\lﬁ Z
1234567/89 — k5

87

3 NN

~
_____ 4 \ b
------ & Y y N
near | | \Zop, s R NG
far
Eye space Perspective space

Figure 76: The perspective transformation
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In perspective space, after the perspective divide, the eye is infinitety fdue left
(towards+z}, and so thenearest objecthe eye seesisZ }A E+]1 (E}vS }( §Z
§Z v » « ZO[ $ZE}udedredst itUsiZeZ Th infinitely distdr@come zero in

size +inf wraps totinf, and the space behind the eye is transfornsmithat it seean

]vA (E §prozkgdingo the rear half ofan inverted Z fi [ X

In the next section we discuss clipping, which limits the display to the view frustum.

7.5 Additional Stages in the Graphics Pipeline

There are additional stages in the graphics pipeline that were omitted in chapter 1 but
are now relevant. These include three stages before the rastepzienitive assembly
clipping against the view frustunand theviewport transformation Following the
rasterizer is aepthtest. These stages are handled automatically by OpenGL, but they
influence the design of the perspective matrix and the vertex shader.

[representation]ﬁ[ transformation] primitive clipping_& _—
assembly persp. div. !

Figure 77: Additional stages in the graphics pipeline

Primitive Assembly

The pipeline receives a sequence of vertices ftbenvertex shaderEveryn verticesis
treated as grimitive, i.e.,a point f = 1), segmentn(= 2), trianglerf = 3), or quadr(=
4). The fetch of vertices commences with a caljidorawArraysor glDrawElementan is
implied by the first argument (GL_POINTS, GL_LINES, GL_TRIANGLEZJADS).
The assembly of the primitive is simply a groupingfertices.

Clippingand the Perspective Divide

Once a primitive isssembledOpenGL automaticallglips itagainstthe view frustum
Clipping against the left, right, top and bottom planes prevents unneeded rasterization.
In the example below, a portion of a large triangle, shown as dashed, is clipped and the
remaining part is converted to two smaller triangles, that are then rasterized.
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triangle
clipped by
top plane

.'J 4+——discarded

far plane

view frustum

4 ' display
Figure 78: Clipping to the view frustum

Consider the need to clip agairtsie near plane Referring to the perspective matrixA

is proportional toz, which is to say that #is negative, thenlfpndw|[ @& v P §]A U
I[ A [s positive. That is (see Fig6), points behind the eye transform to the front of the

eye unless clipped before the perspective division. For this reason, the vertex shader
sets the homogeneous transformed poumit Positionwithout performing the division.

Although clipping could be performed in eye space, it is simpler to perform in
perspective space (that is, after the perspective transformakiohbefore the
perspective divide). For example, the right clipping plane after the divide mustsbe at
1, which means clipping in homogeneous space is (trivially) againsttheplane.

The projection transformations presumecamera at the origin, facing the negatize
axis. The near clipping plane should be a distaéthatong the negative-axis, and the
far clipping plane greaterdistanceFalong the negative-axis, withF>N> 0 (N = .005
andF= 1000 are reasonable defaults).

OpenGL automatically performs clipping and then the perspective divide. Upon
completion,

gl_Position.xy/gl_Position.v8 in anormalized device spacé +/-1
gl_Position.z/gl_Position.ig used by the rasterizer for the depth test.

Viewport Transformation

After clipping and the perspective divide, a vertex ip@mspective spaceanonically
defined as +1 inx, yandz. The +{1 xyrange is mapped tecreen spacpixel
coordinates by theviewport transformationa simple twedimensionakcale and
translation In this space the rasterizer determines those piteét areto be shaded.
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Normalized Device Screen (application)

Coordinates (+/- 1) Space (pixels)
N
\\‘\
\ far ANAN
1) MR 1 byte each for red,
near o I\w‘jl'jj\u’:p Wt green, blue, and alpha
NV N
o 0,0 I\}jdjﬂ‘\l\' (s,s,) 2 bytes for depth
T AN SN
aX he, \‘\‘\y‘\ [ S ——
Xy z screen L

space
perspective space

Figure 79: The viewport transformation

Screen spacelimensions are the same @&Z %o %0 0] §]}v pn idifjalizaion, the
OpenGlviewport defaults tathe full window.

If multiple viewports are definedthe mousedown callbackmust determine which

viewport contains the mouse, and cglViewportaccordingly. This is because some
interactive operations (see chapter 11) require a pixel location given a 3D point, or a 3D
line given a pixel; in both cases, the curilgrdctiveviewport is used.

The viewport transformation is relevant whenever a user resizes the application
window. Recall ar chapter 4application thatrequests a window sized 600 by 600:

GLFWwindoww = glfwCreateWindow(600, 600, "Colorful ~ Triangle",  NULL, NULL);

The viewportwill be mapped to the 600 by 600 window.itfis subsequentlyesized, the
viewport is unchanged; it still maps to a 600 by 600 window. This results in the image
being clipped if one of the dimensions is shortened, or being stretched if one of the
dimensions is lengthened.

N Colorful Tri... OB Colorful ..

O Colorful Tri.. — o

square window stretched window with glViewport

Figure 710: Resizing a window
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One methodo prevent the distortion is

int  width, height;

glfwGetWindowSize(w, &width, &height);

int minSize = width < height? width : height;
glViewport(0, 0, minSize, minSize);

But this solution confines the rendering #oportionof the window.

A better solution is fothe view transformatiorto compensate ThePerspective
subroutine in VecMat.ladjuss the relative scale between th€and Y axes according to
the aspect ratio of theviewport.

So that the program can respond should a user resize the window, a callback procedure
can be provided:

void Resize(GLFWwindow *w, int width, int height) {
/I recompute persp  ective matrix and reset viewport
persp = Perspective(fieldOfView, aspectRatio, nearDst, farDst);
glViewport(0, O, width, height );

}

It can be registered imainwith glfwSetWindowSizeCallback

Depth Test

Referring to figure B, in addition toone byte for red, green, blue, and alpheach pixel
stores two bytes fothe perspective spacevalue ¢1to 1in the view frustun). This
layer of the pixels calledthe depth buffer(or z-buffer).

The zbuffer solvesthe hiddensurface problemBefore the newly computed,ig, b, a,
and depthvalues for a pixel are stored, tmewly computeddepth is compared against
that stored in the uffer; if it is closer tharwhat isalready storedthe pixelis updated.
Thisprevents an object behind another from obscuring it, regardlegh@fendering
order. It is a general method in use since the 1970s.

The depth test is typically used when displaying 3D objects; it is enabled by calling
glEnable(GL_DEPTH_TEBijingthe display of legendsontrols or other 2D
markings the depth test can bedisablel with a call toglDisable(GL_DEPTH_TEST).

Z-buffer values are betweel andF, the distances to the near and far clipping plarés.
and Fmight have reasonabldefaults but if the scene extends a knovdepth, it is
prudent to setN and Faccordinglythe smalleris FN, the more precise the deptlest.
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7.6 ExerciseCube in Perspective

In section6.6, we interactively rotatel a 2Dletter in three dimensions. For thexercise
we wish to add:

1) a perspective view,

2) interactive adjustment of the fieldf view, and

3) display of an object with volume, both shaded and-tinawn

The Cube

Rather than a flat letter, it is easier to demonstrate perspective with a solid object. A
cube is a good choice as its parallel and ederdith edgeseadilyshow changes in
length and paralléémon the imageplane (i.e., thedisplay).

We can define a colorful cube as eight points centeabdutthe origin connectedo
form six square faces

float1=-1,r=1,b=-1,t=1,n=-1,f=1; // left, right, bottom, top, near, far

float points[J[3] ={{l.b,n}, {L.b,f}, {Lt.n}, {Ltf, {r.o.n}, {r.b.f, {r.t.n}, {r.60}; /'8 points
float colors[][3] ={{0,0,1},{0,1,0},{0,1,1},{1,0,0},{1,0,1},{1,1,0},{0,0,0},{1,1,1}}; // 8 colors
int faces[][4]={{1,3,2,0}.{6,7.,5,4}.{4,5,1,0}.{3,7.6,2},{2,6,4,0}.{5,7,3,1}}; /1 6 faces

The field of view, and scale and stretch factors for the csiheuld be defined
float fieldOfView = 30, cubeSize = .05f, cubeStretch = cubeSize;

Thestretch factorwill allow us tolengthenthe cube along the-axis, to emphasize the
foreshortening due to perspective.

For versions of OpenGL that do not support quads sikgquadfaces canbe replaced
with twelve triangles

int triangles(][3] ={ {1,3,2}.{1,2,0},{6,7,5},{6,5,4},{4,5,1},{4,1,0},
{3,7,6}.{3,6,2},{2,6,4},{2,4,0},{5,7,3},{5,3,1} I

and the call to draw faces changed to:

glDrawElements(GL_TRIANGLES, sizeof (triangles)/ sizeof (int),
GL_UNSIGNED_INT, triangles);
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Changes t@haders

d} Juu} 8 8Z i %}]vsieU 3Z A ES £ Z & JV%hUS “%o}]
vec3, not vec2. The assignmentgb Positiormust change accordingly:

gl_Position = view*vec4(point, 1);

No change is needed to thmxelshader but several are needed isplay

Movement along the-axis

It is usefuto modify the default value for tranNew because the cube is defined about
the origin; moving it away from the eye avoids the near clipping plane.

vec3 tranOld, tranNew(0,0, -1); /I old/new translate

C}v EV]VP 0]%%]vPU A [oo Z VP §Z D}ue tZ o (uv §]}v
that it controls dolly; this allows us to experiment with the effects of the near clipping
plane. So rather than modifptZ, we modifytranNew.

tranNew.z += spin > 0? -.1f : .1f; /I dolly in/out

Depth Test

dZ u ]+ 8Z (JE*3}i $A[A Ev E 3Z§ Vv}euE ]
use of thez-buffer by adding &the beginning oDisplay

glClear(GL_DEPTH_BUFFER_BIT);
glEnable(GL_DEPTH_TEST);

The depth test works for points, lines, triangles and quads.

Other Changes to Display

As the vertex data is now 3Dstablishing the feedo the vertexbuffer must change to:
VertexAttribPointer(program, "point", 3, 0, (void *) O0);

If we changeDisplayto accept aGLFWwindow *vargument, ve can obtain the current

display size (in pixels) with the following:

int screenWidth, screenHeight;
glfwGetWindowSize( w, &screenWidth, &screenHeight);
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This enables u® compare a solid rendering with a line drawing by dividing the screen
into left and right viewports. Sahe aspect ratio is computed by:

int halfWidth = screenWidth/2
float aspectRatio = (float ) halfwidth / (float ) screenHeight;

ThePerspectivesubroutine inVecMath acceptsnear and far clipping plandistances
andderivesthe left, right, top and bottom planes from the fieldf view and aspect ratio.
It then constructs a matrix similar to that of sec 7.4.

float nearDist = .001f, farDist = 500; //dist ance on -z axis
mat4 persp = Perspective(fieldOfView, aspectRatio, nearDist, farDist);

We now computanodelviewmatrix asthe product ofseveral affine transformations
tranNew iS now a vec3, so it can be passed as a single argumd&natslate

mat4 scale= Scale(cubeSizeubeSizecubeStretch); // unit cube too big, z stretch
mat4 rot = RotateY (rotNew.x)*RotateX(rotNew.y); // mouse-specified

mat4 tran = Translate(tranNewy); /I mouse-specified

mat4 modelview=tran*rot*scale; /I all affine transformations
mat4 view=persp*modeliew; /I one matrix for all xforms
SetUniform(program;'view", view); /I send to shader

Toshade the cube on the left of the displaye set the viewport to the left half of the
screen. And we repladeL TRIANGLBE&th GL QUADSthe number of vertices to fetch
is the number of elements in the faces array.

glViewport(0,0, halfWidth, screenHeight); /I left half of app: solid cube
glDrawElements(GL_QUADszeoffaces)kizeofint), GL_UNSIGNED_IN&ces);

On the right halbf the display,A [oo & 3 ol]v. A E-]J}vU }v u
usingglDrawElementsGL_LINE_LOORther than GL_QUAD&uses OpenGL to draw
lines between sequential verticemd toconnect the last to the first.

glViewport(halfWidth, 0, halfWidth, screenHeight); /l right half: line-drawn cube
glLineWidth(5);
for (inti=0;i<6;i++) /I draw outline each face

glDrawElements(GL_LINE_LO®@RGL_UNSIGNED_INgfacesli]);
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The display should look like:

Figure 711: Cube shaded and drawn in perspective
Bonusl: interactive fieldbf view and cube stretch

We can interactively adjust the field of view and the cube stretch factor aitbyboad
callback to respond takey presof f (increase field of view) @ (increase stretch);
holding the SHIFT key causes a decrease

void Key(GLFWwindow *w, int key, int scancode, int action, int mods) {
if (action == GLFW_PRES$S)
bool shift = mods & GLFW_MOD_SHIFT;
if (key=="F") {
fieldOfView += shift25 : 5;
fieldOfView = fieldOfView < 5? 5 : fieldOfView > 150? 150 : fieldOfView;

}
if (key=="S) {

cubeStretch *= shift? .9f : 1.1f;
cubeStretch = cubeStretch < .02f? .02f : cubeStretch;

}

Adjusting the stretch yields images with obvious foreshortening:

Figure 712: Stretched cube in perspective

Bonus 2extrudethe 2D letter to make a 3D shape, and render.
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Chapter 8Camera and Scene

The transformations developed in the previous chapters are central to the placement of
objects within a scene, and the creation of an image of a scene. To undetktande,

A v §} }ve] & ( A "e%oatransfonnatibhAake us from onespace

to another.

8.1 Coordinate Systems

In chapter 9 v will see that it is irye(or camerg spacethat we must evaluate the
illumination ofa scene, but it is iperspective spaciat rasterization and bilinear
interpolation of vertex attributeoccur. Thismplies (for shaded image#)at the vertex
shader must transform points into two different spaceghich is whyhe modelview
and perspectivaransformations ardypicallysentseparatelyto the vertex shader.

Object Space and World Space

Anindividual object isnodeled inobject(sometimes callednode) space an associated
geometrymatrix Gtransforms it toworld (sometimes calledceng space

Y

world space

object
space

object

object space space

Figure 81: Objectspacesand world space
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Eye Space

The eye transformatiolis a matrix that transforms world space ége(or camerg
space. This is a space such that the eye (camera) is at the origin, looking down the
negativez-axis, with they-axispointing upwards.

A point defined in object space can tsansformed to eye space viaultiple
transformatiors.

p[ BGp

where Gis a transformation of poinp into world space anéis a transformation from
world space to eye space.
v]
world
SPB(E
P PN

-y \_;. ~y

P AN b
= « PR \w
G, G, = T
& e camera
~
[[\ . space
G, = Scale(.8)RotateX(45)Translate(2,2,0); .
- = Scale( 8)RotateX(45)Translate(2,2,0); E = Translate(5,0,5); .

G, = Scale(1.5)Translate(3,2,0);
G, = Scale(.2)Translate(4,2,0);

E = LookAt(from, at, up);

Figure 82: World space and eye space

TheG(geometry)and E(camera) matrices may hmncatenated inta single view
matrix, M =E G as, for example, in the exercise in chapter 7. A matrix must be
computed for each object (using its correspondi&pin the scene.

Matrix multiplications are writtersymbolicallyleft to right, but their effect onX, y, z, 1)
is accumulated from right to lefthen coded That isthe point is written last andhe
matrix closest to the point is the firstansformationapplied to the point The point(x,
Y, 2) goes from object, to world, to eye spacehefollowing illustrationsummarizes
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perspective  eye  world object
space space space space | 4

N

[PTEVG,] ... [G.][G.] |
1
modelView
, NDC screen
X space space
1_Positi )Z; = cli @w'l@‘”ewm”l
gl Position w’ P divide transform

Figure 83: Application ofmodeMew and perspective matrices

G Y 'hare affine transforms (scale, mowva, rotate). Eaclobject ha anindividual set
of these transformationsafter their application, the objestreside in a&common, world
(i.e.,scene) space.

Eis the worldto-eye space transforprafter this transformation the camera éssumed

to be at the origin, facing the negatizeaxis. This matrix may be specified as a series of
transformations, or as a single transformation derived from ¢heneraand lookat
locations and the uplirection (sed_ookAtin VecMat.h)

If an object is to b illuminated by a light and shaded accordingly, the calculatwes
performed in eye space.

An eyespace%o}]vd ~/A[U C[U I[U A[- Ri€Hn percp€ttive sgacEEthisP Z
space, grimitive is ready to be clipped. Aftetipping,the perspective divide and
viewport transformare applied the primitive isthen rasterized.

Where is the Camera?

In the case where the camera location is specified interactively as a series of rotations
and translations, the final location in world space can be found by transforming the
camera in eye space, which by definition is at the origin, by the inverse transform of the
[E] matrix.

For example, consider the unit cube we defined in chapter 7; it is centered at the origin.
By default, the camera is located at the origin, and therefore most of the cube is not
visible. We applied a translation of (0,-00) to the modelview matrix, so that the cube
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locations were translateellO inZ This transformatioris applied to all vertices coming
into the vertex shader. In this case, the camera is now 10 units away from the cube,
rather than being at its center.

If we ask the question where is the camera in the original world space, the answer is
necessarily that the camera is at (0, 0, 10). This is the inverse questiowbére does

the origin transform in eye space. So, the modelview transformation applied to the cube
has the inverse effect on the camera.

Thus, given thenodelviewmatrix M, the location of the camera in world space is given
by:

o]
~
\
=
=
~ o oo

Conversely, we can consider the problem of positioning the camera to some arbitrary,
specified poinip. If M is given by a rotation and a translation, thatNé=TR then, by
the above argument,

p=M'0=RT'O

From this it follows that, the translation vectoin T, must equalRp

8.2 A Camera Class

Recentexamples and exerciseslied upon the mouse (and keyboard) to move or rotate
the cameraMuch ofthis computation and state can be stored in a clagdthough the
application must still register handlers for mouse events.

The class defined in Camera.h manages the rotation and translation parameters needed
for mouse down and mouse drag, and provides access to the modelview and
perspective matrices.

The class also provides the subroutbetRotateCentemwhen passed a 3D point, all

future rotations will occur about it as center. This igs&fulcapability when attempting
to look closely at geometric poinfrom different angles.
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Camera Stabilization

The camera class implemes# virtual archall (see chapter 21). The arcball performs
geometrically natural quaternion rotation¥heserotations, howevercanhave an
unsettling effect if the horizon does not remain level.

Figure 84: Maintaining a level horizbn

The blueXZplane is in world space; the yello@¥planeisin camera spaceThe plane
normals are the world spacéaxis and the camera spaZeaxis; theicommon line isy.[
To level the horizom&amea Must be rotated byr aroundZamerato y.[

/I compute camera axes in world space

mat4 r = arcball.Rotation()inv = Inverse(r);

vec3 xCam = normalize(vec3(inv[0][0], inv[1][0], inv[2][0]));

vec3 zCam = normalize(vec3(inv[0][2], inv[1][2], inv[2][2]));

/I camera X¥plane normal is zCam, world X¥Zane normal isy-axis

vec3 v = normalize(cross(vec3(0, 1, 0), zCam))y is xCam rotated to world Xzlane

float ¢ = dot(v, xCam); /I cosine angleof rotation
c=c<l?-1:c>1?1:¢; /I }8 }( ~v}Eu vetscan exceed 1
float rad =-acos(c); /I angle in radians

vec3 zz = cross(xCam, v); /I test rotation direction

if (dot(zz, zCam) < Oad =-rad;

mat4 zrot = RotateZ(radt80/3.14159j; /I corrective roll

modelview = Translate(tran)*zRot* /1 horizon now level

Calculation o AJoo ( ]Jo ]( $Z isev@&trlie ubJorAkue down, in which case
there cannotbe a corrective roll.

8.3 Exercise
Revise the previous exercise (CubePersp) to use the Camera class. The camera should b
declared at the top of the file:

int  winWidth =500, winHeight =500;
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Cameracamera(win Width/2, winHeight , vec3(0,0,0 ), vec3(0,0, -1), 30);

This declares a camera with no initial rotation, but an initial translatiorilbgZ, and a

(] o }Y(AlA}(ii PE <X dz u & A] 8Z ]» « 338} Z o( 82
display one half of the screen at a tirfess in CubePerspyhey-inversion described in

sec. 6.6 (Ups and Downs) is (by default) performed by the Camera class.

There is no scale capability within the camera, but a view matrix that incorporates scale
can be created by:

mat4 m = camera.fullview*Scale(cubeSize, cubeSize, cubeStretch);
:t_ .(A:u..vnx%onf.Y |~<¢W1Y

In all the mouse callbacks, internal com@st usethe appropriate calfrom Camera.h
For example, in MouseButton, rather than modify the varialesiseDownrotOld,
andtranOld simply call camera.MouseDown or camera.MouseUp.

And, finally, include Camera.cpp in the library source file list.
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Chapter 9Shading

The previous chaptetisavedeveloped the basic techniqués representandaccess
verticesin order to transfornthem, form primitives and rasterize themThe resulting
images are geometrically correct, but lack realism.

Realism in computer graphics began to improv&968,whenlvan Sutherland and

David Evans established a federally funded program of computer graphics research at
the University of UtahPhD graduatesf the programinclude John Warnock (Adobe),

Jim Clark (Silicon Graphics), and Ed Catmull (Pikeayalso foundeda companyto
commercializéhe nascentechnology

Figure 91: The Picture System was a line drawing (vector) device, useful for
design and night flight simulation. Sutherland and Evans examine circuitry, 1969.
(courtesy Evans & Sutherland Computer Corp.)

Earlydeviceswere line drawing Greater realism requireshaded imagesreated by
applying a model of surface illuminationtat individual pixels of a rastatevice

9.1 Lighting

To assign argb value to a pixel, aillumination modekalculates the brightness of the
surface at the pixel. For ddeal diffusesurface, the amount of light reflected, according
to Lambert,is proportional to the cosine of the angle betwethe incoming light
direction, L, and the surface normaN.

For an idealdiffuser, reflected light is omnidirectional, i.e, the angle betwééand the
eye direction does not affect the intensity.land N are unit length, the cosine of the
angle between them equatbeir dot product (provable with théaw of Cosings
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no light

A light unit-area
max light source surface

d=min(0,max(1,L {N))
Figure 9TW > u @ES3§[+ > AV :}Z vv > u ES

A light isinfinite if the vectorLisfixed; surlight, for examplecanbe representedthis
way. If a light idocal, then the vectolL varies with each pixdlecause a pixel represents
a different pointalongthe surface and, thus, the direction to the light varies

The diffuse intensity is usually augmented withmbientand specularcomponents;

ambient light suffuses an area indirectly and can be mimicked as a small comstant,
Exponentiating the diffuse term produces a small bright region suggestive of a highlight.
That is, a specular term wasmputedass=d*. Thus, an early shading formula was

(9-1) 1 =max0, min(1, a+d+3)

wherel is intensity,a is the ambient term (perhaps ~ .1%)js the diffuse term, andis
the specular term, wher&is large (320). Increasingc Z « $Z (( § }( Z*Z E % Vv
cosine, producing a smaller, brighter region.

Equation 91 assumes the eye is on the same side of the surface as the light and the
surface normal faces the light. This esided shadings appropriate for closed, opaque
objects.

Two-sided shading, in whicth= | cos 3 = abdL {N), is appropriate for anfbpen _
object (like a bowl) or a sertiansparent objectTo bewell-illuminated anobject
generally needs multiple liglsiources

Graduate studentsat the Universityof Utahdigitizeda Volkswagen Beetle in 19&hd

applied formula®-1, produdngthe first objectrecognizable computegenerated
shaded image. Surface normals were calculdtedachfacet (quadrilateral or triangle).
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Figure 93: Digitizing and renderingVW Beetle
(in photograph, Ivan Sutherland is at left, Bui Tuong Ph®ag right)

We can take aimilar approaclin the Displayroutine of CubePersp.cpp, where faces are
displayedsequentially Foreach faceDisplaycancalculate a surface normal, apply-19
and send the resulting intensity to the vertex shader via a uniform variableufiifem
would thenmodulatethe output:

uniform float intensity;

vColor = vec4(intensity*color, 1);

This approach is poor for large numbers of faces because a) update of shader uniforms
is relatively slow, and b) the CPU processes the faces sequentially, whereas tharGPU
process them in parallelt is moreefficient forthe face normalgo reside in GPU

memory and the vertex shadéo perform the shading calculatiofThis isdemonstrated

in the next section.

9.2 Faceted Shading

With faceted shading, the surface normal of the primit{ize., triangleor quadrilateral)
not the vertex is used for shadind3ut OpenGL shader architecturedsven bythe
vertex buffer Thus for a given vertex, coincident (same position) vertices must be
created, one for each primitive that surrounds the vertex. Eafctihe coincident
verticeshas the same positigiout a different surface normal.

Many objects|ike the cube, are intentionally faceted; for some design tasks faceted
shading is preferredn this section, w describe the changes needed to CubePéssp.
8.3)to convert the right side of the display from a line drawing to a faceted rendering,
asshownbelow.
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Figure 94: Original colorful cube (left) arfdcetedversion

The pixel shader needs no modification. Bhie vertex shader needs, in addition to
location and color, a surface normal:

in vec3 normal; /] stored in vertex buffer

It also requires the light sourairection (which iassigned default)

uniform vec3 lightVec = vec3(5,-1);

Inthe exercise CubePersp.cpp, we sent a single matrix to the vertex shHader
representedthe combination of geometritransformationsandthe perspective
transformation Its only use was to compute the homogeneous outgluPosition

For faceted shading, however, waustsend the matrices separately:

SetUniform(progam, "modelview", modelview);
SetUniform(progam, "persp", persp);

This allows the surface normi@ be modified bymodelview(a geometric
transformation)but not bypersp(a display transformation)z §2 & §Z v <]JvPo 7
matrix, the vertex shader instead accepts tmatrices

uniform mat4 modelview;
uniform mat4 persp;

The vertex shaddransforms thesurface normal and apigls equatior9-1:

/I set gl _Position to input point transformed by both matrices
gl_Position = persp*modelview*vec4(point, 1);

/I transform normal by modelview , set to unit length:

vec3 xnormal = normalize((modelview*vec4(normal, 0)).xyz);

/I ensure light vector is unit length:
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vec3 vlight = normalize(lightVec);

/I set ambient, two - sided diffuse, and specular coefficients:
float a = .1;
floatd = abs( dot(xnormal, vlight) );

float s = pow(d, 50);

/I set intensity and output color:
float intensity = clamp(a+d+s, 0, 1);
vColor = intensity*color;

The input normal is promoted to a homogenearectorby adding a homogeneous
coordinate of 0lts product with the matrix is a homogeneousctorwith w= 0. The
Xyzcomponent of the result is the transformed vector. If tidelviewtransform
contains any scale, however, the vector must beoemalized(set to unit length)

We review the vertex shader in detail at the end of this chapter.

Differential Scale and the Normal

Consider a 2D line through the origin and a pqint @, b). The direction of the line &

= (@, b). A second line, through the origin and perpendicular to the first, must necessarily
be described by a direction vecter= (b, a), or a scalar multiple thereof, because the

dot product,vi A, must be zero.

If we scaled, b) differentially, say by (1, 2p,becomesp [= @, 20). In order fon2[ 3§}
perpendicular tov: [ it must equal b, a); so, whereas1 [ e stretched verticallyy: [is

vz stretched horizontally. That is, if a transformation with differential scale is applied to
vertex locations, it cannot be applied to surface normals.

N = (-b,a), N'= (-b/2,a)
V = (a,b), V' = (2a,b)

Figure 95: Stretching a point causes contraction of a normal

In the figure aboveN A/= 0. We can introduca 2 X 2 matri#, capable of rotation
and uniform or differential scaling, and its inverse:

N AMMV=0
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because MMV = V. If we move one matrix to the other side of the dot product
(because both dot product and matrix multiplication are linear operations), and replace
Ds A]3Z 8Z SE ve(}Eu s]

NM? As[ A 1U «pPP % qwes EQu o E[U }E
E[] ATR

That is,if apoint is transformed byM, an associatedormalis transformed byM-1T (the
inverse transpoge

This generalizes to three dimensions and 4 X 4 matrices. Transformations applied to
vertex locations affect vertex normals inversely. In the case of a pure rotation, the
inversetranspose is the same as the original; in the case of uniform scale, the inverse
transpose is a multiple of the original; thus, for uniform scale and/or pure rotations, the
normal can be transformed (and then unitized) by thedelviewmatrix.

But if the scale is differential, the invers@nspose must be used to transform the
normal.If M is not invertible, itanatrix of cefactorsmay be usednstead

Duplication of Vertices

Modern graphics architecture is optimized to operate on GBtfices faces (triangles
and quadrilaterals) are assembled frahem. If a face normal is to reside in GPU
memory, it must be as a vertex attributAsdescribedn section 9.2for faceted
shading a separate vertex must be buffered for each fticat shares avertex.

For the cube, each corner is shared by three faces; thus, each corner appears as three
separate vertices, all with the same location and color but each with a different surface
normal. Rather than 8 vertice®4 are stored.

Because a vertex now includes surface normal as well as location and color information,
it is convenient to defingas we did in exercise 4.8)vertex structure

struct Vertex { vec3 point, color, normal; }
Vertex verts [24] ;

InitVertexBuffemust be modified to fill the vertex array from the given points, colors,
and faces array/ and then copy the array to a GPU vertex buffer.
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Thevertexarray is filledface by faceFor each face, the surface normal is computed and
then repeated for the four face vertices. Oncéefil, the vertex array is copidd the
GPUwith a single call

/I create vertex array

int nvrts = sizeof (faces)/ sizeof (int ), nfaces = nvrts /4;
int vsize = sizeof(Vertex)
for (int i =0; i < nfaces; i++) {

int *f = faces]i];
vec3 pl(points[ f[0] 1), p2(points[ f[1] 1), p3(points[ f[2] 1);

vec3 n = Normalize(Cross(p3 -p2, p2-pl)); //usenfor4 face verts
for (int k =0; k <4; k++) {

int vid = flk];

vertices[4*i+k] = Vertex(vec3(points[vid]),vec3(colors[vid]),n);
}

}

/I create and bind GPU vertex buffer, copy vertex data

glGenBuffers(1l,  &vBuffer);

glBindBuffer(GL_ARRAY_BUFFER, vBuffer);

glBufferData(GL_ARRAY_ BUFFERnNvrts *vsize , verts .data() , GL_STATIC_DRAW

There are severahodifications v §} $Z %o %o Dippldy]Bedause our vertex
buffer is an array of vertices, rather than separate arrays of points, colors, and mprmal
the calls toVertexAttribPointemust change. In particular, therideis changed from 0

to sizeofVerte® and the offset becomes an offset into thertexstructure.

Because a vertebs repeatedior eachof its impingingaces, no index array is created
andthe call toglDrawElementss replaced with a calb glDrawArrays

glUseProgram(prog ram);

VertexAttribPointer(prog ram, "point" , 3,

sizeof (Vertex), (void *) 0); Il no skip
VertexAttribPointer(prog ram, “"color" , 3,

sizeof (Vertex), (void *) (sizeof (vec3)); /I skip point
VertexAttribPointer(prog ram, "normal" , 3,

sizeof (Vertex), (void *) (2* sizeof (vec3))); // skip point and color

SetUniform(prog ram, "modelview" , camera. modelview);
SetUniform(prog ram, "persp" , camera. persp);
SetUniform(prog ram, "light Vec", vec3(.7f, .4f, -.2f);
glDrawArrays(GL_QUADS, 0, sizeof (verts )/ sizeof (Vertex ));
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In this sectionfaceted shading was achieved through a duplication of vertices. We will
see in chapter 15 (meshes) that this technique supports faceted/smooth combinations.
We will also see a simpler method for facetedly shading.

For a (mostly) smooth object like th8V Beetle,afaceted appearance is objectionable
Theremedy issmoothshading described in the next chapter.

9.3 Exercise

Modify $Z % & Al}pue A E ] 3} % E} ( 8§ B X /8]
viewport.

Bonus 1

Like the previous exercise (sec. 7.6) that split the screen left/right, display the colorful
cube on the left and the faceted cube on the right.

This can be accomplished with a test in the pixel shader:

uniform bool colorfulShade;

i.f'(;:olorfuIShade) {...}
else{...}

Alternatively, one caireate two shader programs using the same pixel shader, but
different vertex shaders.

progColorful=LinkProgramViaCode(&vertexColorfulShadé&pixelShader);
progGouraud= LinkProgramViaCode(&verté&aceShader &pixelShader);

Finally use a different viewport for each shader program; the same cajlDvawArrays
can beusedfor both viewports. Switch between shader programs vgtbilseProgram

Bonus2

Create a flat, shaded cube such as the following. Where in the code is this ¢asiest
achieve
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Figure9-6: Flatshaded cube

9.4 Review of Vertex Shader Code

The need for lighting calculations requires sepaatespand modelviewmatrices, so
that points and surface normals may be transfornoedy by the modelview matrixn
order for use in pixel shader for shadinthese are explicitly declared as outpuBint
andvNormal

The graphical operations implemented by OpenGL (primitive formation, clipping,
perspective division, rasterization, and depth comparison) require only theibuilt
variablegl_Position This variable is set by transformitige input point by the
modelview and perspective matrices into 4D homogeneous perspective space.

This explains the input and output arrangement for the following, typical vertex shader
(exceptin chapter 12 A [o0 o0 (Eather Thahvec3color, vec2textureCoordinates
ispreferredas an input).

1 char *vertexShader = "\

2 #version 130

3 in vec3 point;

4 in vec3 normal;

5 in vec3 color;

6 out vec3 vPoint;

7 out vec3 vNormal;

8 out vec3 vColor;

9 uniform mat4 modelview;

10 uniform mat4 persp;

11 void main() {

12 vPoint = (modelview*vecd4(point, 1).xyz;
13 vNormal = (modelview*vec4(normal, ©)).xyz;
14 gl_Position = persp*vec4(vPoint, 1);

15 vColor = color;

16 s

Lines 35: The vertexshaderexpecsthree attributes: point (location), surface normal at
the point, and color. These attributes are stored in the GPU vertex buffer.
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Lines 68: These are the named outputs of the vertex shageint and normalwere
input from object space, but the outpwtPointandvNormalare in eye space; the built
in output gl_Positions in perspective space.

Lines 910W dZ %o %o Displéycpmiputes themodelviewand perspmatrices and
passes them as uniforms to the vertex shadeodelviewis the combination of
transformations that bring the vertices from object space to camera space. If there is to
be no shading, then a single matrix can be used:

mat4 view = persp*modelview;

Line 12 The shader computes ¢fproduct ofmodelviewand point (promoted to a vec4
homogeneous pointwith w = 1). Becausmodelviewis an affine transformation, the
product yieldsw [= 1, which is to say that the reswfPoint is an ordinary point in
camera space. Once the primitive is assembled and clipped, the rasterizer will, on a
pixetby-pixel basis, interpolatePointand send it to the pixel shader, where it is used
for lighting calculations.

Line 13 The shader computes the productrobdelviewand normal (promoted to a
vec4 homogeneousgector, i.e.,w = 0); the result, just as withPoint exists in camera
space. The rasterizer will interpolat®ormaland send it to the pixel shader for lighting
calculations.

Line 14 The shader computes the product\d?oint which exists in camera space, with
persp The result, defined in homogeneous perspective space, is assignedPtsigion
a builtin output variable.

Line 15 The inputcoloris assigned, unchanged, ¥€olor which will be interpolated by
the rasterizer and sent to the pixel shader.

The perspective divide (division gl Position.Wis not performed by the vertex shader.

It is automatically performed by OpenGL after a primitive has been clipped by the view
frustum (clipping prevents points behind the eye being inverted forward by the

division). The division yields a point in perspective space that is then transformed by the
viewport. The rasterizer interpolates these points to determine those pixels to be sent
to the pixel shader.
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Chapter 10Smooth Shading

For a surfacé¢hat is primarily smooth, like the VW Beetthe faceted appearance of
figure 9.3 is objectionablén 1971 Henri Gouraudusing a softwareasterizer
developed the previous year by Gary Watkins, introduseoth(or Gouraud shading
It performed bilinear interpolation, scan line by scan line (see4&g, to computeA € [
and I for the visible portions of a polygoit.supported one additional input, which
Gouraudused to interpolatdntensity.

Gouraud usedhe Lambert reflection model to compute a shaded valuedach mesh

vertex; theintensitieswere sent to the rasterizer. Of the ressitie wrote, Visual
discontinuities between adjacent polygons disappear, thus restoring the apparent
*U}}SZv eo }( SZ pCE( v Jv & ¢]JvP PE 350C §Z & o0]-1

Intentional creases on the body of the Beetle were created by duplicating each vertex
along a crease, coincident in position but with a different normal.

Figure 161: Smooth-shadedBeetle, Henri Gouraud
(used with permission)

With bilinear interpolation, adjacent polygons that share vertex attributes will be
continuous incolor, texture, andsurfacenormalalong their common edgéf the normal
field is smooth as, e.g., belowthen so will be theshading across polygons
il
1l

'Nl

!

Figure 182: A smooth normal field
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Unfortunately, Gouraud shadingan exhibitartifacts For examplegepending on the
illumination model,a highlight in the middle of polygonis severely attenuatedby the
bilinear interpolation ifit } sv[S o0} %o %olygBnvertex

And, although the shading values are continuous across an edge, their gradients are not.
This results in an artifacékin to the Mach band effecin which a barely perceived
brightnessappeas. Below, the green arrow points to a slender, vertical, bright artifact
(readily perceived on a computer monitor but less noticeable on the printed)page

Figure 183: Faceted and smooth shading with visual artifacts
(used with permission

Toeliminatethe gradient discontinuityGouraudproposed a cubic interpolanihis was
not implemented however, aghe rasterizerwas limited tolinearinterpolation.

10.1 Phong Shading

In 1973 Bui TuondPhongresolved he Gouraud artifacts bysing a software rasterizer
to interpolate the vertex normalather thanthe vertex shadeWith this shading model,
the interpolated normamust bere-unitizedat each pixel

Phongalsoimproved onthe lighting modeby explicitly calculating, the light vector
reflected about the normal. If the eywere in the directiorRfrom the surface
represented by thepixd (for an ideal reflective surfacethen it would be exposed most
directly to the highligh So, Phong usetthe angle between the eyeectorEand the
reflected vectorRto compute the specular componefur reflected light
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I=a+dL |[N+s(R |B*=a+dcos(}) +scos( )«
Figure 184: Geometry of Phong lighting

When the Phong lighting model is combined with the Phong shading model, the results
are significantly improvedompared with Gouraughading. In the figure belowhé
resolutions of the sphereare the same

Figure 165: Comparison Gouraud (left) and Phong (right) shading

These early shadingodels distinguished between a diffuse col@ar namely the color
of the surface, and a specular cof@y typically the color of the light. Thus, the previous
equation can be rewritten to compute a final colGr

C=aG+dcos(}) G+scos( )G
wherea, d, s, andk are coefficients selected by the programmer or user.
RealSJu % % 0] S]}v }( W 2%eeBdedhe Gprgpility of mostgraphics

hardware before 2000Until then, Gouraud shading had been standard practice for
interactive applications.
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Figure 166: Bui Tuong Phornig 1974
(courtesy F. Crow)

In his 1976 dissertation, Jim Blinn improved shading through consideration of-micro
geometry. In the early eighties, Rob Cook studied the subtleties in computing a final
color. Additional shading developments include soft shadows, effects of global
illumination, subsurface light scatteringandradiosity. They each improve the realism
of a shaded scene. But for many applications, the Phong shading described in this
chapter proves satisfactory.

10.2 Exercise: Amooth-Shaded Face
This exercisseeks tarecreate theclassiovork of Gouraud by digitizing a human face.

W [o0o0 ulaDbt&vious assignmer(8.3 or 9.3s0 that it

1) useghe shape of a fagenot a cube,

2) implements smooth, not faceted, shading, and

3) implements Phong lighting (that is, a more realistic highlight) and Phong shading
(that is, interpolating the surface normal at the pixel level).

Mark and Photograpthe Face

For this exercise it is useful to wdrkpairs a painterand paintee.|f thisis convenient,
an inexpensive plastic mask is suitable. Or, megasurableobject.

1) photographthe full-face of the paintedor object) for later useas atexture map

2) apply eyeliner to the painte@r mask)ala Sylvie Gouraud, beloffFigure 167 has
about 80 vertice$; especially, increase detail near the eyes, lips, and rthst.mark the
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left or right half of the face; you can then render just the half, or reflect it for a full face.
If reflecting, the straighter the centdine, the better.

Figure 167: Sylvie Gouraud with lined face
(used with permission

3) Take fulface and profile pictures, keeping the two close in scale.
4) Carefullyremove te eyeliner.
Labé the Pictures

Transfer the three images (fiflice before paintingfull-face and profile after painting)
to a computer.

Label each vertex in the painted images with an identifying irfilenay be easieto
print the imagesand thenlabel the verticesvith pen or pencil.

Start your indexing at 0. Be certain the indices used in profile correspond with those in
full-face.

Define Vertices

Create a points list for the verticglast option not supported by all versions of @++

vec3 points[] ={ float points[] [3] ={ vec3 points[] ={
vec3(x0, y0, z0), {x0,y0,z0 1}, {x0,y0,z0 1},
vec3(x1, y1, z1), or {x1,y1,z1 1}, or {x1,y1,z1 1},
;/é(.:3(xn, yn, zn) {xn yn,zn } {xn yn,zn }
} b h
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Obtainx andy coordinates from the fulface image and-coordinates from the profile

a)readthe pictures into a paint program and obtain coordinatesm the cursor, or
b) print the pictures and measure coordinategh aruler

Scale and Offset the Vertices

It will prove convenient ithe pointsare scaled and offsetothat their coordinates are
within +/-1. This can beachievedwith:

include <float.h>
void SetUnitSize () {
int  npoints = sizeof(points)/sizeof(vec3);
/Il scale and offset so that points all within +/ -linx,y,and z
vec3 mn(FLT_MAX), mx( - FLT_MAX);
for (int i=0;i< npoints; i++) {
vec3 p = pointsi];
for (int k=0;k<3;kt++) {
it (p[k] < mn[k]) mn[k] = p[K];
it (p[K] > mx[k]) mx[k] = p[K];
}
}
vec3 center = .5f*(mn+mx) ,range =mx -mn
float maxXY = range.x >range.y?range.x :range.y;
float maxrange = maxXY > range.z? maxXY : range.z;
float s = 2/maxrange;
for (int i=0;i< npoints; i++)
points[i] = s*(pointsli] - center);

Define Triangles/Quadrilaterals

Number the triangles/quadrilaterals on the imag@&$en, ceate a list of triangles
and/or a list of quadrilaterals for use witliDrawElementsAs with thetriangulationof
the colorful letter (figure 4), a triangle edge should not cross a vertex.

Althoughno lines aredrawn across the eyeer lips, attempt to triangulag them.

Triangle Orientation

Care must be taken that the triangldgefined bythe trianglesarrayare properly
oriented By OpenGL conventioatriangle (or quad) thatppearsconnected incounter
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clockwiseorder when viewed from outside iforward-facing, with the surface normal
facingthe viewer.

Thesubroutine cross in VecMat.h isaright-handedcross product; for &rianglewhose
verticesvl, v2, andv3 appear CC\Wross (v2-v1, v3 -v2) will face the viewerlf the
verticesarelisted in clockwiseorder, the resulting triangle normal withce away

In the following section we compute surface normals for each vertex by averaging the
normalsof those trianglesurrounding the vertex. If the triangles areonsistently
oriented, the average can beeryinaccurate resulting inincorrectshading

é\-g
.Y
LTz

o

R

Figure 168: Bad surface normals from inconsistently oriented triangles

ComputeSurfaceNormals

With a smooth mesh, vertex attributes (point, color, normal, and/or texture)sirared
with those faces (triangles or quads) that surround the vertex.

If unknown, avertex normal can bapproximatedas the average afurface normals of
those faces that surroundhe vertex. t the geometry is meant to contain creases,
however, the resulting normals may be inappropriate

Figure 109: The vertex norma{green)as average of surroundirigangle normals(red)
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This is implemented for triangles by the following:

/I declare array of normals, one for each point
constint  npoints = sizeof (points)/ sizeof (int );
vec3 normals[ npoints ];

Now, initialize the array and set the normals

/I zero array
for (int i=0;i< npoints ; i++)
normalsli] = vec3(0, 0, 0);

/I compute normal for each triangle, accumulate for each  vertex
for (int i=0;i<ntriangles; i++) {

int  *t = trianglesi];

vec3 pl ( points[t[0]] ), p2 (points[t[1]] ), p3 (points[t[2]] )

vec3 n = normalize(cross(p3 -p2, p2 -pl));

for (int k=0; k<3; k++)

normals[t[k]] +=n;

}
/I set  vertex normals to unit length
for (int i=0;i< npoints ; i++)

normals]i] = normalize(normalsi]);
Changes to InitVerteRuffer

In InitVertexBuffethe points and normalsust be copied ta GPWertexbuffer:

void InitVertexBuffer() {
Il create GPU buffer, make it the active buffer
glGenBuffers(1, &vBuffer);
glBindBuffer(GL_ARRAY_BUFFER, vBuffer);
/I allocate memory for vertex positions and normals
int sizePts= size of (points) , sizeNms = size of (normals);
glBufferData(GL_ARRAY_BUFFER, sizePts+sizeNms, NULL,GL_STATIC_DRAW);
/I copy data
glBufferSubData(GL_ARRAY_BUFFER, 0, sizePts, points data() );
glBufferSubData(GL_ARRAY_BUFFER, sizePts, sizeNrms, normals data() );

Changego the Vertex Shader

Gouraud shadingomputesintensities(i.e., the diffuse and specular colois)the vertex

shader and interpolatethem in the rasterizeX /v §Z]« /A& & PhdigAhjding e

whichis more realistién that the rasterizer interpolatea geometricentity (the surface
normal) and the pixel shader compuws¢he intensity.
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t eJu%o0](C SZ %%o0] S]}v C V}S *p%%e}ES]VP }0o}E -
reintroduce it in chapter 12, aexture). The vertex shader stékpectsa normal and

point as inpus, but color is no longer stored in the buffer or sent to the vertex shader.
t]3Z §Z]+ &£ € ]+ A [00 % E} p graysoalglimagez]s ~]X XU

The pixel shader will perform the shading, so tladculation ofd ands, done by the
vertex shader in the previous exercise, must be moved to the phaaer.

The default ambient ternshould also be moved to the pixel shader:

uniform float a = .2;

The vertex shader must still transform the input normal and input point:

vPoint = (modelview*vec4(point, 1)).xyz;
vNormal = (modelview*vec4(normal, 0)).xyz;
gl_Position = persp*vec4(vPoint, 1);

Changes to the Pixel Shader

The pixel shademnow receivesa surface normahnd a positioras input
in vec3 vPoint;

in vec3 vNormal;

d} u%Z ]I 3Z «<p 0]3C }( WZ}v Ploedlight Ribderthfo thep »
infinite light usedfor the color cubeTo do this, replace the unifortightVecwith the
following input for the pixel shader:

uniform vec3 lightPos = vec3(1,0,0); // 3D light location w/ default
Colors are no longer sent to the pixel shader from the vertex shader, but we can provide
a default color as a uniform input to the pixel shader:

uniform vec3 color = vec3(1, 1, 1); // default is white
The pixel shader receives an interpolated surface norAwinterpolated normal is not

unit length, and sothe incomingvNormalmust bere-normalized to unit length
(normalize is a builtin function of GLSL)

vec3 N = normalize(vNormal); /l'unit - length surface normal

The light vector must be computed from the light position and the input point:
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vec3 L = normalize(lightPos -vPoint); /I light vector

The diffuse calculation is moved from the vertex shader to the pixel shader
floa td= abs(dot( N L)); Il two - sided diffuse
With Phongshading, the specular coefficient depends on a highlight term that is

computed by applyingo u E3[+ o A 3§} §ZEar@ thAreflep@&d light vectoR
(seefigure 164).

Recall thalis the (unito vP§Ze+ 0]PZ8 A $}E ~ ]E 3]}v (E}u §Z
the light source) and thall is the (unitlength) surface normal at the point. The veck®r
is the reflection of the light vectdraround the surface norma.

GLSlprovides a builin reflectfunction, so we cacomputeRas:

vec3 R =reflect(L, N); /I reflected light vector

Ris unitlength (already is, and reflection does not change vector length).

dz ~ C _ Kisthp@nitlength direction from the surface point to the eye
(camera). Recathat in camera space the eye (camera) ishat origin,so Eis simply.

vec3 E = normalize(vPoint); /I eye vector

Thehighlighth, specular reflectiors, andintensitycannow be computed; the pixel
value is then output:

float h = max(0, dot(R, E)); /I highlight term
float s = pow(h, 100); /I specular term
float intensity = clamp(a+d+s, 0, 1);

pColor = vec4(intensity*color, 1);

Changego Display

The vertex fetchinstructionsmustincludepoint and normal, but not color:

VertexAttribPointer(program, "point* ,3,0,( void *) O0);
VertexAttribPointer(program, "normal” , 3,0, ( void *) sizePts);

Unlike with the cube, théaceshould be rendered witlglDrawElements

95



Bonus Reflect the Vertices for a Full Face

Within your application, ieate a reflected set of vertices for a complete, symmetric
face.Determine the midine of the face and its-goordinate,midX Vertices from one
side should be reflected around this rdide:

vec3 reflected = vec3(2*midX - oldPoint.x, oldPoint.y, oldPoint.z);

To prevent a crease in the middle of the face, do mdfiect verticeson the midline.

|

:

Figure 1610: Crease due to milihe vertex duplication

Now, create the additional triangles; these will have indices identical to the original
triangles, except offset by the original number of vertices. Also, be sure the orientation
(that is, clockwise vs. countetockwise) is the same for the reflected triangles; because
we are dealing with reflected triangles, this implies that their ordering should be the
reverse of the original triangles.

A Challengindg@onus

To enhance its realisnfigure 103 featuresintentional creasegespecially apparent
along the upper lip As a challeng develop a method to specify those triangle edges
that should be creasedertices on tloseedges must be duplicated, and those triangles
sharing the edge must be determinecheledge vertex ilmust bereassiged for those
triangles on one side of the edge, anelrtices on the creasmust be assigned normals
from the triangles to which they belong
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Chapter 11Widgets

The previous chapters have allowed us to produce simple images of 3D objects. Before
/£ u]v]vP u}@E A v u3Z} « }( ]*%o0 GCU o 8[« }ve] €& Z
interact with the scene.

TheWidgetslibrary supports severaluser interface operations. These includieect
manipulationof 3D geometric entitieghat is, moving or orienting a 3D entity given 2D
mouse input superimposed on the objetinplementation details are in Widget.cpp, but
brief descriptions of the principal functions are given here.

11.1 Picking

Slection is a basieperationfor interactive computer graphics. Given the cursor
location, selection of a point from a collection of points can be done in sespaoe;
that is, after a vertex is transformed to the screen, its distance to the cursor can be
tested. But this hinders selection of a primitive (i.e., triangle) or a location within a
primitive.

ScreenLine

For these reasons, it can lisefulto regard the cursor as on a 3D line viewed -@md
Vertex selection then becomes a 3D testfoint/line proximity and primitive selection
becomes a test for primitive/line intersection.

Given a screen location (in pixelSxreenLineomputes two 3D points that represent a
o]v 3Z 83U AZ v $E ve(}Eu C 58z u & [+ A] AU Epve §Z
perpendicular to the screen

Thisrequiresdefiningtwo points, each with the samgixel(x, y), but with different(and
arbitrary) z-values. By transforminigoth of these devicespace points by the inverse of
the camera transformation, a 3lihe in cameraspace is obtainedlhe actual matrix
inversion and transformatioare performed bygluUnProjecta subroutine from th&sL
utility interface, glu.h Additional inverse transformations can take the line to world
space or to object space.
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Normalized Devic€oordinates
(perspective space)

CameraSpace

Figurell-1: Inverse transform of two points in NIo eye space

Once a 3D line is defined,can, for example, btested for intersection against the
triangles defining a mesh.

11.2 Mower

The user may wish to mow point, such as the light sourd&/idget.cpp implements the
Mover classwhichallows movenentin a plane perpendicular to the view direction
This produces a reasonably intuitive motion

Whena point isselectedon mousedown, a plane is computedvith a surface normal
derived from§ Z u Gglpeline through the selected pointd Z u E [ o]v }(
sight is determined by transforming the negatiaxis by the inversemodelviewmatrix.

Upon mouse dragScreenLineomputes a line given theursorand the dragged point is
positioned at the intersection of the line with the previously computed plane. The line is
determined by a single point on the screen as well as the origin imteaesformed by

the modelviewmatrix.

11.3 Whence and Whither

The arrow is often used to represent a vector, such as a surface normal.

If the base and headf the arroware 2D points, the arrovean be drawn as a connecting
shaftand a fixed vPo Zs[ o} § § 82 Z \ v E }v §Z +Z
shaft direction. The arrow is drawn as three 2D lines.

98



head vh
size
h1 h2
VW vec2 vh = headSize*normalize(base-head);

vec2 vw(vh.y, -vh.x);

base vec2 hl(head-vh+vw), h2(head-vh-vw);

Figurell-2: A two-dimensional arrow

If the endpointsare 3Dand the depth buffeis usedthe arrow should be drawn as
three 3D lines, to allow for depth testing. But it must maintain its 2D appeardinig.is
achieved byDraw::ArrowV whichdetermines 3D points that are transformed by the
camera to the 2D pointslandh2.

11.4 Magnifier

There ardimeswhen one wishes to inspect an imagesely Magnified images are
presented in chapter 13, for example. A common technique disglixek as large
squares. Although nota theoretically correcenlargementthe display can be
informative.

Figurel1-3: A magnified view

A magnifier for use within an application is relatively simple to implement with OpenGL.
The application need only define the tool:

Magnifier mag(xSource, ySource, xDispSize, yDispSize, pSize);

dZ]e +5 0]*Z » §Z ]v]8] o o} &8]}v ~A]8Z]v 8Z %% 0] 3]}V
the display. The size of the magnified display is sexBispSizeyDispSizeand the scale

of the magnified pixel is set f@Size The number of pixels displayed is determined by

those three sizesThe magnifier is displayed by a calMagnifier::Display specifying

the location of the magnified sutyindow.
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The source location can be interactively specified if mouse handlers are connected to
§Z u Pv]DpbwRdndDragroutines. Example magnifier use is inRémo
BezierLOD.cpp.

115 ExerciseLights! Action!

Beginning withthe previous exercisi Phong shading (10.2h) S[e¢ W eMav&rclass
to interactively position the light source.

In addition to theMoverclass fronWidgete U Anéedthe Drawlibrary; include
statements forDraw.h and Widgets.hre needed by the application.

A local, default light should be defined at the top of the application:

vec3 lightSource(1.7f, 1.1f, 1.3f);

The uniformlightPosshould already be defined as an input to the pixel shader. And, as
in the previous exercise, the light location is transformedrimdelviewand then sent to
the pixel shader, iDisplay

vec4 hLight = camera.modelview*vec4(light Source, 1);
vec3 light(hLight.x, hLight.y, hLight.z);
SetUniform( program, "light  Pos", |ight);

At the end ofDisplay wedisplaythe light source by calling thgisksubroutine.
Draw.cpp has its own shader program, whigfirst selected:

UseDrawShader(camera.fullview);
Disk(lightSource, 12, vec3(1,0,0));

After the declaration ofightSource but before the declaration of our mouse callbacks,
we need two variables to control the motion of the light:

Mover nover,; /I to reposition light source
void *picked = NULL; // camera or light selected?

Moverrepositions lightSource in response to a mowasag, assuming the light has first
been selected.

After the above declarations, the only changes needed are to the mouse callbacks;
MouseButtorand MouseMoveneed to callightMoversubroutines.
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TheMouseButtorroutine must first determine whether the light source has been
selected, or (alternatively) the user is modifying the camera:

picked = NULL;
if (action == GLFW_PRES) {
if (MouseOver(x, Y, lightSource, camera.fullview)) {
/I MouseOver is in Widget.h
picked = &lightSource;
lightMover. Dowrg picked , X, y, camera.modelview, camera.pe rsp);

}
else {
picked = &camera;
camera.MouseDown(x, y);
}

}
Finally, theMouseMoveroutine drags the light or camera, depending icked

if (picked == &lightSource)

nover.Drag(x, y, camera.modelview, camera.persp);
if (picked == &camera)

camera.MouseDrag(x, Y);

Bonus: Multiple Lights

To achieve good lighting often requires a large number of lights. Suppose we wish to
extend the light source by defining multiple lights:

TheMouseButtorroutine must test the lights for selection:

for (size_ti = 0; i < lightssiz€)); i++)
if (:: MouseOver(x, y, lights[i].p, fullview, xCursorOffset, yCursorOffsét))
picked =&lightsi];
mover.Down(&(*1).p, X, y, modelview, persp);

Thedisplay subroutine transformithe o |PZ8+ C $Z modelviewgnd sendthem
to the pixel shader:

vec3 xlights[4];

for (int i=0;i<nlights;i++){
vec4 xl(camera.modelview*vec4(lights]i], 1));
xlights[i] = vec3(xl.x, xl.y, x1.z);

}
SetUniform3v(program,  "lights" , nlights, &xlights[0].x);
SetUniform3v(program,  "light Color s", nlights, &light Color s[0].x);
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The pixel shaderan declare an array of uniforms for the light positions and colors

uniform int nlights;
uniform vec3 lights[20];
uniform vec3 lightColors[20];

It then computestotal diffuse intensityof a surface color, and accumulates the specular
highlight colors

float a=.15, d=0;
vec3 specColor;
vec3 N = normalize( normal);
vec3 E = -normalize( gPt);
bool sideViewer = dot(E, N) < 0;
/I compute total diffuse & specular intensit ies
float intensity = .2;
for (inti=0;i< nlights ; i++) {
vec3 L = normalize(lightsi] - gPt);
bool sideLight = dot(L, N) < 0;
if (sideLight == sideViewer) {
d +=max(0, dot(N, L));
vec3 R = reflect(L, N); /I highlight vector
float h = max(0, dot(R, E)); // highlight term
float s = pow(h, 50); /I specular term
specColor += s*lightColorsJi]; /I accumulate spec. color
}
}
floatad = clamp( a+d, 0, 1);
pColor = vec4(ad*vec3(1,1,1)+specColor, 1);
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Chapter 2: Texture Mapping

12.1 Pixel Modulation

Theshadeof a pixel can be modulated by an arbitraexture. In OpenGL, multiple
texture images may be appligthat is,mapped to a surfaceand an image may
represent semtransparent as well as opaque texturene technique was first
implemented by Ed Catmufer a suggestion blyance Williara

Figure 2-1: Firsttexture-mappeal images 1974
(used with permission

Traditionally, texture mapping in twdimensionsconcernsan imagedefined over a
rectangular domain (0, 1) X (0, (Solid texturas defined in three dimensions, babt
considered herg.

12.2 Mapping between Object and Texture

The texture map is associated withrangle (or quad) according to theexture

coordinatesof the triangle (or quad) vertices. These coordinates are specified as, &)(

pair. The effects of changing corners or changing (u, v) coordinates is shown in the next
two figures.

{1,1) (.75, 1) (.5, 1) (.25, 1)
TEXT| |TE - -
URE | | UR U
(0,0) (0,0) (0,0) (0,0)

Figure 2-2: Hfect of changing texture coordinase
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TEXT
URE

(0.0)

(0.0)

Figure 2-3: Hfect of changing shape

The stretchingn the abovefigureis represented in a continuous space. In reality,
texture mappingsamplesa discrete texture mapt intervalsthat depend on pixeto-

pixel spacingPixels in a straight line in screen space remain in a straight line in texture
space, although their footprint and spacingnchange along the line.

o0
~—

Texture Space Screen Space Projected Pixels

Figure 2-4: Pixel spacing with respect to texture

12.3 MeshTexture

In the teacup below, the vertices@amostlysmooth-shadedand continuousBut there
are discontinuities in surface normal and texture along the perimeter of the base (blue
circle), allowing the teacup base and the teacup wall to have different appearances.

As discussed in section 9.2, the poialsng the perimeter must appear twice in the
GPU bufferonce for the teacup wall in which surface normals point outwards @k
for the teacup base in which surface normals point downwards.

The duplicated vertex has the same location but a different surface normal. Also, it is
assigned different texture coordinatepair. Along the bottom edge, thei(v) pairs for

the wall trace out a line in texture space; the Y) pairs for the base trace out a circle in
texture space.
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teacup

/ base

u

Figure 2-5: Textureand normaldiscontinuity

Multiple textures can be defined by a single texture imagjed callecan atlas). The
initial assignmentofi,y }}E Jv § ¢« 3} A €8] ¢ Vv I}E Z§ ESUE % |
with freeware likeBlender

X

| 4

Figure 126: Multipletextures
(model and texture courtesy TurboSquid)

12.4 Exercise: Textured Triangle
Inth]e &£ & ]J» A oo u % 1 JuP }vd} SE] vPo X

Neither OpenGhor GLFWversion 3accessaster image filegthe frameworks SDL and
Qtdo support several raster formatsThere are several populamage formats, and the
content varies in terms of encoding and ancillary information (such as photometry).
t [oo pue SZ o] .lEWKEICdEpEnds on the freely available STB_Image.h)

In order to read the file, d@d Misc.cpp to your projecnd#include Misc.hin the
application
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in this chapter as well as the bump map and displacement map described in later
chapters). Withira shader, an individual map éslleda sampler2D

At the top of ourapplication,we can define a single triangle of three points dhcke uv
texture coordinates. The range of the texture coordinates suggests the upper left
triangular half of the texture image will cover the triangle.

vec3 pts[ | ={ {-.4f, -.5f0,{ -.lf .8f 0}, {6, 5600 )
vec2 uvs[] ={ {0,0} {0, 1}, {1, 1} b

void InitVertexBuffer() {
glGenBuffers(1, &vBuffer);
glBindBuffer(GL_ARRAY_BUFFER, vBuffer);
int sizePts = size of (points) , size Uw = size of (uvs);
glBufferData(GL_ARRAY_BUFFER,sizePts+size Uvs, NULL,GL_STATIC_DRAW);
glBufferSubData(GL_ARRAY_BUFFER, 0, sizePts, points data() );
glBufferSubData(GL_ARRAY_BUFFER, sizePts, sizeNrms, uvs.data() );

Initializethe TextureMap

Texturerelated OpenGL subroutines need two identifiersexture namethat is
provided by OpenGL andexture unitthat refers to a physical buffer in the GPU dad
assigned by the programmer.

LoadTexturés a convenience routine in the Misc library that reads a file and bets t
texture name(with a call toglGenTexturés The namdan unsigned integer identifier$
used as an argument @BindTextureand glDeleteBuffers

Theapplicationdeclares andets the texture unit, andeclares thdexture name:

int textureUnit = 0; /I use GPU buffer
GLuint textureName = 0; /I default, assigned later

After OpenGL has been initialized in maitéxtureNamecan be assigned:
textureName = Load Texture(filename, textureUnit ) ;
dZ %o %o 0]Digpldyeftablishes access to the texture mdjme texture units

v 8} *% 1(C <z (E[+ UEE vS » u%o0 E7 ~]X XU Az]
and it is also an argument tActiveTexture

glActiveTexture(GL_TEXTUREO +textureUnit );
glBindTexture(GL_TEXTURE_2D, texture Namg
SetUniform(program,  "texturelmage" , textureUnit );
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Displayalsoestablishes the vertex fetch:

VertexAttribPointer(prog ram, "pt" ,3,0,( void *)O0);
VertexAttribPointer(prog ram, "uv" , 2,0, (void *) sizeof (pts));

Changes to the Shaders
The vertex shader still acceptsac3 pointand transforms it by the view matrix, but it
needsa new input and output fothe texture coordinates

invec2 uv ;
out vec2 vuv

Theuv coordinates are simply passed through by the vertex shader, to be interpolated
by the rasterizer:

VUV = uv |

The pixel shader can now use the texture map. It requires an inpuifooordinates,
and auniformto access the map:

invec2vuv
uniform sampler2D texturelmage;

Avalueis thenobtainedby a call to the GLSL functitexture, passinghe uv-
coordinates sent from the rasterizer:

vec3 tex Color = texture(texturelmage, vuv) .rgb ; //ignore alpha

This value is modified by the shading intensity (see sec. 9.2) and output as an opaque
pixelvalue:

pColor = vec4( intensity* texColor.rgb, 1); /I make opaque

Thetexturefunction was introduced with GLSLv1.3, and thus requires a minimum
#version of 130. The result should appear similar to the following image.

Figure 127: A textural triangle
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OneSided Texture

The twosided shading described in sec. 9.1 is not necessarily accuratsjdete

shading is likely tbe more realisticThe zcomponent of the surface normal provided to

the pixel shader can be used to determine which side of the surface is being viewed. The
following pixel shader code implements a textured surface on one side atektured

on the other.

gl_FragColor=  pNormal.z>0 *?
vecd(intensity  *defaultColor , 1)
vecd(intensity*  texture(texturelmage, pUv).rgb , 1);

Multiple Colored Lights

Additional light sourcesancompensate for the attenuated illumination of orséded
shading. In the following image, left, a cube is rendered with texture and colored
highlights. he light sources are shown as small circles

Figure 128: Cube with highlights, with texture, and with texture and highlights

RasterizatiorArtifacts

The cube is one of many shapes for which the quadrilateral is a natural modeling
primitive. Butit is nottreated as a fundamental primitive by OpenGL, widalidesa
guadinto two triangles rendering each separatelResulting artifacts and one solution
are described in sec. 2.

12.5 ExerciseTexture-Mapped Face

/v §Z]« /£ & ]+ U A [00 U % § Ahagdd fadeval px8Zises10}3.5The
solution to that exercise, in which vertex dataterd-wired (i.e., not in aseparate
file), can be modified to support textunmapping with the following steps.
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STEP Ilnitialize the Texture Image

Instructions for the application to read the texture file are in the previous exercise
(12.4).

STEP 2: Add an array for texture coordinates
In addition to the points and normals that should already be defiagdtatic arraysve

needan array for the texture coordinates

/I vertex texture coordinates
constint  npoints = sizeof (points)/ sizeof (vec3) ;
vec2 uv s[npoints] ;

Assuminghe (x, y) coordinates of théaceverticeshave been normalized to a -1
range, we can use them to initialize-uogordinates in a €1 range:
uvsfil = .5* vec2( 1+pointsli].x, 1+pointsfi].y) ;

In InitVertexBufferthe vertex buffer musbe enlarged to accommodatehe uv
coordinates, andhe uvdatashould be copied usingiBufferSubData

Thisparameterization of theéexture coordinatess not geodesic; that is, theertexto-
vertexdistance inuv-space is not proportional to the distance in 3D sp&gt. this is
exactly offset by the texture image, so the resslfouldbe correct.

Modern 3D scanners provide a more geodesic parameterization by rotigErsubject,
whichaccounts for the distorted appearancetbk resultingtexture map A similar
distortion can be seen ithe Mercator projection of texture used FRigurel9-4.

STEP Xhangs tothe VertexShader

As in exercise 12.4h¢ vertex shadeneedsan additionalinput and output fortexture:

in vec2 uv;
outve c2vuv;

In12.4, theuviscopied unchanged touv. For the present exercise, to facilitate
alignment of the texture with the mesh, it is useful to provide a general transformation
capability via an input matrix:

uniform mat4 textureTransform = mat4(1);
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textureTransforndefaults to an identity matrix; it will not affect the texture coordinates
unless specifically modified by the application. The vertex shadetraasformuv as
follows:

vuv = (textureTransform*vec4(uv, 0, 1)).xy;

Atexture transformation featuring a translation bydg, dy) and a scale of can be
created and downloaded iDisplay

float dx=0,dy=0,s=1;
mat4 t = Translate(dx, dy, 0)*Scale(s);
:t_ .("lﬂ..!"l%onf.Y i_:té__ll:t Hf.."l".jY _€Z

The default values faitx, dy ands can be modifiedo align the face texture with the
face mesh.

STEP 4Changs tothe Pixel Shader

The pixel shader should be revised as in exercise 12.4.00 P} « A ooU C}uf[oo

e

with your own personal avatar.

439

Figure 2-10: Texturemapped mesh
(courtesy ChusChi Huang and Siyao Xu)

All may not go well, however; common errors include mislabeling of vertices or
mistaken triangle indices. In these situations, it can be useful to number vertices during
display. This idescribedn the next section

12.7 A Practical Use

In Chapter 1dve detail a technique to display arbitrary fonts at arbitrary scale and
orientation. This section previews part of the technique by noting that a texture can
serve as a pattern for texif properly mapped to a quadrilaterat, will display a desired
character. For example, consider the image
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8123456785

Figure 2-10: Texture map for numbers

If treated as a texture map, each digit can be displayed as a quadrilateral by mapping
the corners of the quadrilateral to the appropriate locations of the texture map. This is
implemented by thdibrary, Numberscpp.

For example, an array akc3 pointscan beidentified by labelling each in Display

for (int n=0;n<n Points; n++)
Number(points[i], camera.fullview, n, vec3( 1,0,0), 12);
Uu f—j ’‘<e=Y tce’Zf> o—e *fih gred, point -size 12
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Chapterl3: AnttAliasing

13.1 Artifice and Artifact

The previous chapterBavedeveloped the basic methods that constitute the magic of
Ju%pusS E PE %Z] *X dZ u P]Jve[ } (e E C (}JE] « C

an illusion. In computer graphics, the central artifice is rasterization. If we are not

careful, it is revealed adiasigpU v pv <] E ES]( $ *}u SJu + 00

Frank Crow provided the first analysis of aliasing in computer graphics, describing the
conditions that cause madrpatterns, small details disappearing, and staircased edges.
Although these are less troubling with increased display resolutions, they remain of
fundamental concern to computer graphics.

Figure 131: Images with aliasing; Frank Crow
(used with permission)

There are numerous anéliasing methods, of varied sophistication. OpenGL provides
three that are easy to apply: supsampling (a.k.a. mulampling), coverage blending,
and mipmapping.

13.2 SupeiSampling

If we consider the trianglef chapter 4, its edges appear staircased. This is because a
pixel is set to one of only two values: the color of the triangle or the adfitihe
background
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Figure 122: Enlargement from figure-3

The staircasing can be reduced if the pixel valseidoa blend ofbackground and
triangle. A simple méhod to achieve this isupersampling in which the value of a pixel
is determined through the averaging siib-pixels

In thediagrambelow, at left is asimplyrendered edge; those pixels within the triangle,
signified by a green dot, are shaded red, those outside (black dot) are shaded blue.

oy \
=

Figure B-3: Effect of supessampling on edge

At right, for each pixel computed by the pixel shader, four sepasatepixelsare

written. The method does not increase the number of calls to the pixel shadeuses

a higher resolution-buffer to estimate pixel coverage (e.g., for a pixel inside a triangle,
coverage is 100%, but along an edge, with four sub deptals, the coverage can be 0,
25, 50, or 75, or 100 per cent).

When all thez-buffer sub-pixels have been written, OpenGL writes into the actual
displayrasteran average othe triangle and background colors based on si-pixel
coverage This has no effect inside the triangle, but along its edges the averaging
reduces staircasing.

FYyy

no subpixels 2 subpixels 4 subpixels 8 subpixels

Figure 134: Supersampling
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OpenGL supports 2, 4, or 8 spixels. This requires a commensurate increasebnffer
memory, and may not be supported by all hardware. A framework (GLFW) call is
recommended over lovlevel calls to OpenGL. The following sets stgaenpling to 4
andshould precede the call tglfwCreateWindow

glfwWindowHint(GLFW_SAMPLES, 4);

13.3 Coverage Blending: Smooth Lines

In chapter 7we displayed a cube with line.the image is rendered with super
sampling, the aliasing is reduced.

Figurel3-5: Left: without supersampling; right: supesampled, 4 suipixels

OpenGL offers an additional method to render a bneoothly. blending background

and line color based on coverage of a pixel bylithe. Therasterizer multiplies the
coverage of a pixel (i.e., 100% for an internal pixel, < 100% for an edge pixel) by the
alpha (opacity) returned by the pixel shadBixel coverage by a line can be accurately
computed, so this blend method improves over supampling

Figurel3-6: Coverage blended
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To invoke this blending, at the beginningRitplay add:

glDisable(GL_MULTISAMPLE); // else multisample overrides blend
glEnable(GL_BLEND);

glBlendFunc(GL_SRC_ALPHA, GL_ONE_MINUS_SRC_ALPHA);
glEnable(GL_LINE_SMOOTH);

To reestablish supesampling, simply
gl Enable(GL_MULTISAMPLE);

Thissame blending can be applied titangles and quads, §L_POLYGON_SMO®BTH
enabled This willimprove silhouette edges buwill alsointroduce artifacts along
internal meshedges For this reasoncoverage blending is not recommended for
triangles or quads.

Round Ends

Lines are drawiby defaultwith square endsTo round the end of a line, acirculardisk
can be drawn aeachendpoint. This can be done with coverage blending, first by
enabling point blending and then rendering each vertex as a point:

glEnable(GL_ POINT SMOOTH);
glDisable(GL_MULTISAMPLE);
glPointSize( pixelDiameter );
glDrawArrays(GL_POINTS, 0, npoints );

GL_POINTS_SMOGO%Heprecatedor OpenGL v8 however. An alternative is found in
Draw::Disk

13.4 AntiAliased Texture

OpenGL offers a third artiliasing method, specific to texture maps. The previous two
techniques (supesampling, which improves the quality of the silhouette edge, and
coverage blending, which improves the quality of a line) have little effect on texture.
Rendered éxture qualitydepends orwhether the texture map is properfiltered.

Gonsideran unfiltered chessboard as a texture méipis smapled in the pixel shadey:
pColor = vec4(texture(texturelmage, vuv).rgb, 1);
pColor is set to a value from a single point on the chesshoard texture, which is either

black or white nevergray. Given an oblique view of a textured teactife chessboard
squares appear ragged.
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Figure B-7: Teacup with aliased textur@loseup at right)

As with edge staircasing, the solution involves averaging. If the pixel represents an
average of some region of the chessboard, shades of gray will appear. The simplest
average is bilinear interpolation of the four nearest texture pixels. It is computationally
inexpensive and easily invoked with OpenGL.:

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

(The interpolation can be disabled by passBig NEARESather GL_LINEAR)

Figure B-8: Teacup with bilinearly interpolated texture

This method provides modest improvement to the chessboard edges along the side of
the teapot, where there are many pixels per chessboard square. But along the base of
the teacup, where the distance between pixels increases in texture space, the image is
still badly aliased.

The pixel rate along the bottom is insufficient and thus overlooks detail. Put another
way, there must be a limit placed on the amount of detail in tiveture given a
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particular pixel rate Failure to properlyimit the detail (i.e., before a GLSL call to
texture) produces aliasing, i.e., scintillations, staircasing, andiré patterns.

Giventhe importanceof anti-aliasing, the next two sections considertiigoretical
underpinnings.

13.5 Digital Filtering

The texture image is an array of pixéel$is arrays a twedimensionaligital signalthat
can be digitally filtered. A weighted average is a tgpdigital filter, and several
averaging methods arghown below.

Thecrosssectional profileof each filter(its kerne) is atleft. The weights are symbolized
by vertical red linesThe texture pixels cabe any value, but are shown in blue.

Figure B-9: Filter kernel applied to texture pixels
top row: point and box filters, bottom: linear and cubic filters

To compute the weighted sum, each filteeight multipliesits corresponding texture
pixel value. fie results are summed and normalized by the sum of all filter weigthis.
process representa convolutionof the filter kernelwith the texture image.

The shape of the filter kernel and its effect on reducing aliasing has received
considerable study. The filter footprint is typically circular or, when the textured surface

is not parallel to the screen, elliptical.

For exampleconsiderthe followingimageof a repeating texture. Ro pixels,
representedon the leftby circles are each centered at the base of the.lihese circles
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map to the texture as showon theright. Because of the view angle, the circular pixel
footprint is elliptical in texture space.

Figure B-10: Displayed object (left) andixel footprints in texture space

Ideally, a pixel value is computed as a weighted average of those texture pixels within
the corresponding ellipse. The cypixel, which is furthesfrom the viewer represens
the largest textureregion, onewith considerable variation in color.

At issueis thediameterof the pixel footprint it should be at least twice the distance
between pixels, such as in the figure below, where blue dots represent texture pixels
and the red dots represent pixels in succession along a scan line.

+
B
1
M

M

Figure B-11: Pixels and their footprint&ed) mapped to texture imagéblue)

That the footprintdiametershouldequal or exceedwice the pixetto-pixel distance is
due tothe sampling theorema central pillar of signal processingis of fundamental
significance to computer graphics.

13.6 The Sampling Theorem

In 198, Harry Nyquist, an electrical engineer for A.Tcbncludedthat the number of
independent pulses that could beansmittedthrough a telegraptwire per unit time is
limited to twice he bandwidthof (i.e., highest frequency supportda) the wire.
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Figure B-12: Harry Nyquisand Claude Shannon

In 1949 Claude Shanngoublishedwhat is considered the dual theory, often calldzt
NyquistShannon sampling theorert states thatwhen sampling a signahe sampling
E 5§ upes <po }E £ §A]  3Zi.eJiB ighést frequdnpystis
conditionis criticalin bridgingthe continuous (analog) and discrete (digital) worlds
without aliasing It requires us tdreat the texture map as digital signal

> §[e+ }vepnelimensionakxample.In the figure below, @ontinuous signal

(green) is sampled at regular intervals (vertical lines). The frequency of these samples is
called thesamplingrate. Halfthat rate is theNyquist frequencyGntral to the practice

of sampling is the needefore the signal is samplet, filter (remove) any frequencies

in the original signal that are above the Nyquistquency.That is if a signal is sampled

at less than twice its bandwidth, aliasing will occur.

The following figure provides two examples. A signal (in green) is sampled (red dots) and
reconstructed (in blue). The sampling rate is 2Q Hmsthe Nyquist frequency is 10 Hz.

Both signals (18 Hz. and 14 Hz.) exceed the Nyquist frequency and the resulting
reconstructions are aliased.

green: 18Hz.
red: 20 Hz.
blue: 2 Hz.

1 second }

green: 14 Hz.
red: 20 Hz.
blue: 6 Hz.

Figure B-13: Aliasing (green signal, red samples, blue alias)
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The frequency range of zero to the Nyquist frequency is known addidee band.
Frequencies above the Nyquist reflect back into the base band. If the signal is 18 Hz., it is
8 Hz. above the Nyquist frequency, and will reflect back to 8 Hz. below it, or 2 Hz. If the
signal is 14 Hz., it is 4 above the Nyquist, and reflects back to 6 Hz.

Thus, the higher the frequency of the signal, the lower that of the alias, which accounts
for the difference in aliasing between the side and bottom of the teacup: along the side
there is some staircasing, but along the bottom, whtre pixekto-pixel distance spans
more texture(i.e., higher frequencies)he chessboard pattern is severely degraded.

Texture mapping is a form of sampling in whileh pixel spacingn screen space
determinesthe sampling ratethe textureis a signal whosgequenciesshould not
exceedhalf that rate.To eliminate aliasing, frequencies above the Nyquist frequency are
removdl, i.e.,the signal isconvolvel with alow-passkernel as in section 18.

13.7 Mipmaps

The size and shapef the pixel footprint,in texture space, dependn pixel spacing and
orientation with respect to thesurface, both of which can change from pixel to piXel
compute an elliptical weighted average for each pigebmputationally unsustainable
at runtime. Instead pre-blurred image computed with a circuldilter are used

In 1983, Lance Williams developed a sequence of increasingly blurred textures, each half
the size of its predecessoendingwith a single pixelThe sequences called amipmap
(mip for multum in parvod }E ~up Z ]Jv 9]J530 <%0

Figure B-14: Multiple levels of anipmap
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OpenGL automatically selects the appropriate mipmap léreh pixel(determined

from the changein uv-coordinatesbetween adjacent pixe)sBefore OpenGLva&n
applicationneeded to buildts own set offiltered maps and bundle them together as a
mipmap. Sinc®penGL3, this all can be done with

glGenerateMipmap(GL_TEXTURE_2D);

There are severalays toaccessamipmap. The highest quality is obtainbgaveragng
the two nearest (i.e., bounding) mipmap levelisis achieved with

glTexParameteri( GL_TEXTURE_2@GL_TEXTURE_MIN_FILTERL_LINEAR_MIPMAP_LINEAR

Figure B-15: Teacup with antaliased texture

The above figure is an improvement over figure8L3Vith mipmaps an appropriately
anti-aliased texture majs available regardless of the size of the pixel footprint when
mapped tothe originaltexture image

As screen resolutions increase, aliasing will become less noticeable. But the techniques
in this chapter remain important because aliasing is objectionable even in small
amounts, and is often more apparent with animation.

Figure B-16: Lance Williams
A"dZ ]JPP 8§ ¢« E Vv ]eSZ }8_ Zlv S§Z C
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13.8 Exercises

A) Add supesampling to ColorfulLettgfexercise 4.5). Use the Magnifier widget (or a
zoom tool if you have one) to compare with and without aliasing.

B) Add blending for lines to CubePersp (chapter 7). Compare.

C) Compare texture mapping with mipmapping on/off. Mipmaps can be disabled in the
pixel shader by replacing the cadkture(texturelmage, teUv) with
textureLod(texturelmage, teUv, 0) . Or,LoadTexture can be passethipmapfalse.
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Chapter 14: Bump Mapping

In 1978, Jim Blinn presented a technique to simulate wrinkled surfaces by modifying
surface normals. The process, callrdnp mappingsignificantly enhanced image
realism. It provides the appearance of a bumpy surface without representing bumps
geometrically (i.e., withouadditional vertices). In one approadBlinn generatd a field
of surfacenormalsfrom aheight field

Figure 141: Bumpmapped orange and its height field; Jim Blinn
(used with permission)

The height field is hst of h-values over a (typically) rectangular grid in #yeplane; the
set of &, y, h) defines a surface. It is often stored as a monochromatic imageefuth
map) in which brightness represents heighand the pixel location represenisandy.

Figure 142: Depth map and heights above thgplane (red tallest, blue shortest)

14.1 Computing the Surface Normal from a Height Field

The height field is a functiohi(x, y) whose partial derivatives in theandy directions
can be approximated with central differences. The cross product of the derivatives
yields a vector perpendicular to the surface. When unitized, the vector will kandy
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coordinates in the rangel to 1. Because a height field cannot overhang itself, the range
for the h coordinateis O to 1.

Figure 143: Approximating the surface normal at (i, j)

In the following softwareGetNormalsaccepts a filename, opens the fiend creaesa
depth map From that map itreates an array of uniength surface normals. Support
routines are listed first.

int imgWidth = 0, imgHeight = 0; Il size of array
char *depthPixels = NULL; /I ptr to depth array
char *normalPixels = NULL; /I ptr to normal array
float GetzZ(int i, int j){ /I return depth at (i,j)
char *v = depthPixels+3*(j*imgWidth+i); /I pixelvalue 0  -255
return (( float ) *v)/255.f; /l scale to (0,1)
}
float Dz(int i1, int j1, int i2, int j2){ Il z difbet two pixels
return GetZ(i2,j2) -GetZ(il, j1);
}
vec3 Normal( int i, int j){
/I central differences inside image, forward differences at edge
int i1=i>07?i -1:i,i2 =i<imgWidth 1?0410
int j1=j>07?j -1:j,j2 =] <imgHeight -1?j+1 1 j;
/I approximate partial in x andiny
/I scale by (2/imgSize) maps quad to canonical ( -1,-1)to (1,1)
/I Dz maps pixel range to z in (0, 1)
vec3 vx(( float )(i2 -il) *(2/imgWidth) , 0, Dz(i1,j, i2, j));
vec3 vy(0, ( float )(j2 -j1) *(2/imgHeight) , Dz(i, j1, i, j2));
vec3 v = cross(vx, vy);
return  normalize(v); /l'v.z should be >0
}

void GetNormals( constchar *filename) {
/I given image file of depth pixels, compute corresponding normals
depthPixels = sthi_load (filename , &mgWdth , &mgHeight , ... );
depthPixels = ReadTarga(depthFilename, imgWidth, imgHeight);
/I read from file, set width, height, return pixels
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int bytesPixel = 3, bytesImage = imgWidth*imgHeight*bytesPixel;
normalPixels =  new char [bytesimage];

char *n = normalPixels;

/Il store normal as a pixel: 8 bits each for x, y, z (Targa is BGR)

for (int j=0;]j<imgHeight; j++) I row
for (int i=0;i<imgWidth; i++) { /I column
vec3 v = Normal(i, j);
*n++ = ( char) 127.5f*(v[0]+1); /[ -1,1] maps to red
*n++ = ( char) 127.5f*(v[1]+1); /I -1,1] maps to green
*n++ = ( char) 255.f*v[2]; //10,1] maps to blue
}

/I normal Pixels can now create a sample map by calling LoadTexture

}

For example,n the figurebelow, left, concentric waves merge to formbamp map on
the call toGetNormalsthebumpmapis produced. Thaormal coordinatex,y,zare
encoded as,g,b. When renderinga bump-mappedquadrilateral, defined over a texture
space of (0,0) to (1,1), the pixel shader obtains a surface normal frotvuting map.

Figure 144: Left to right: depth magump map, bumpmapped quad

If there is a vertical scale, its inverse should be applied tedt®ordinate (see section
9.2). A bumpmapped height field is implemented in section 19.1 using a tessellation
shader.

14.2 Local Orientation within a Triangle

Applying bumgmapping to a triangular mesh, rather tharsimglerectangle in thexy-
plane, requires that the normal obtained from theimpmap be transformed by the
local surface orientation, that is, a reference fraid€Ndefined by the surface normal
and two tangent plane vectors that represent the loa@ndv axes. Because theandv
coordinates at each triangle vertex are arbitrary, the lagakis andv-axis are not
necessarily perpendicular to each other.
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uandv are linearly interpolated across the triangkend, thusthe frameUVNis
constant throughout the triangle.

n

Figure 145: Triangle and reference frame

Consideia trianglewith verticeslocated atps, pz, ps and corresponding texturgtu, tz,
ts. There must be an affine transformatidn that transforms the thredu, v)
coordinates to the thre€x, y, zroordinatesThat is, p= Mti, pz = Mt;, and p = Mts.
These three equations can be expressed in matrix form:

plx p2x p3x t1x th tgx
ply p2y pBy = M tly tZy t3y
plz pZz p32 1

Rewriting as® =MT, it follows thatM =PT. This can be expressed in code as:

mat3 P = Transpose(mat3(p1, p2, p3));
mat3 T = Transpose(mat3(vec3(t1, 1), vec3(t2, 1), vec3(t3, 1)));
mat3 M = P*Invert( T);

The2Dtexture-space axes, promoted to homogeneotectors are thentransformed
by matrix Minto objectspace:

UuAxis = normalize(  Mvec3(1, 0, 0));
VvAXxis = normalize(  Mvec3(0, 1, 0));

14.3 Local Orientation at a Vertex

The previous section applies to a single triangle; the reference ftdidis constant
across the triangle. For an arbitrary mesh, the ladektoordinate system at a vertex
can be set by averaging théandV axes computed for each triangle surrounding the
vertex. This is calculated by the application, not the GPU.

TheU andV axesfor each vertexare stored in the vertex buffer; during rendering they
are transformed by the vertex shader and interpolated by the rasterizer. At each pixel,
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the interpolatedU, V, andN (normal) vectors produce a loddVNreference frame
Section 15.6(BumpMapped Meshprovides code.

As there is now &VNframe per vertex, a frame can be interpolated across a triangle.
Thus, theUVNframe can change throughoatmesh.

14.4 Shader Implementation

Once the bump map has been loaded to the GPU by the application and properly bound
in Display it can be used by the pixel shad€he %]/ 0 *Z E v USZ % ]AE
coordinates as well as the lodalaxis andv-axis, and surface normal. Thus, the

following pixel shader inputs are declared:

in vec3 vPoint;

in vec3 vNormal;

in vec2 vUyv;

in vec3 vUaxis;

in vec3 vVaxis;

uniform sampler2D bumpMap;

First, the shader uses the inputto index a vector from thbumpmap:

vec3 BumpNormal() {
vec4 bumpV = texture(bumpMap, uv);
/I map red, green to [ - 1,1], map blue to [0,1]
vec3 bv = vec3(2*bumpV.r -1, 2*bumpV.g -1, bumpV.b);
return normalize(bv);

}

As an asideGGLSL sampler2D values ar¢hie range(0,1). With OpenGL (see
GetNormalsn 14.1), they rang€0,255).

The bump vector, call B, can be transformed by the positidass reference fram&VN
by a matrix operation:

7s & Og
B =MB,whereM=N7; § 0,0
7§ O

The pixel shader perforathis transformation with the following subroutine:

vec3 TransformToLocal(vec3 b,vec3 wu,vec3 v,vec3 n){
// transform vector b by reference frame defined by u, v, n
float xx = b.x* ux+ by* vx+ b.z* nx;
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float yy = bx* uy+ by*vy+ bz* ny;
float zz = bx* uz+ by*v.z+ bz* nz
return normalize(vec3(xx, vy, zz));

}

The main subroutine for the pixel shader can be given as:

void main() {
vec3 b = BumpNormal();
vec3 u = normalize(  vUaxis ), v = normalize(vVaxis) ;
vec3 n = TransformToLocal(b, u, v, normalize(N) );
float intensity = Phonglntensity(point, n);
vec3 color = texture(texturelmage, uv).rgb;
pColor = vec4(intensity*color, 1);

Although perturbing normals in this way creates the appearance of bumpiness within an
object, the silhouette edges of a mesh remain unchanged. We revisit this shortcoming in
chapter19 (tessellation).

14.5 Exercise: BumMapped Triangle

Apply the above section to the exercise from the previous chapter, a textagped
triangle, in order to create a buramapped triangle. First, find a depth map of interest.

In the next chapter, exercise 15.6, we will apply bumgapping to an arbitrary mesh.
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Chapter 5: Meshfrom File

A collection of triangleand/or quadrilaterals is called mesh.This includes the letter,
cube, andace modelsleveloped in recent chapters. In this chapter we consideirthe
storage and display

We will use Mesh.h, a libratiat canread a mesh frona file inone of two popular
formats. STlis confined to faceted renderingdBJ permits smooth and faceted
rendering.

Static vs. Dynamic Arrays

In previousexamplesU A [A A}EI A]8Z «5 3] EE CeU epu Z W
float  points[][3] = { {x1, y1, z1}, {x2, y2, z2} ...

Forthis array:
a)the number of byteoccupiedin CPUmemoryis sizeof (points)
b) the address in memory for the array is givenpmjnts.

Because th@umber of verticesand triangles in a mesh is unknowntil its file is
opened, the vertex and triangle arrays in the application mustiyrgamic A simple
dynamic array can be declared as follows:

#include <vector>
std::vector<vec3> points;

For this dynamic array

a) the number of bytes igoints.size()sizeof (vec3)
b) the address igiven bypoints.data()

15.1STL File FormaFaceted Rendering

STL is an acronyfar Stereo Lithographypppularly calledD printing).Its format
duplicates vertices, so that every three points represents a triangle. A surface normal
precedeseachvertex triplet. Thus, the STL file is readily displayed witbrawArrays

and will render as faceted triangles
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Each vertex of a triangle has the same norntadré are no other vertex attributes (such
as coloror uvcoordinate3. &} E ~d>U §Z (clzapier Z)céhsists of 9 triangles, and
thus, 27 buffered vertices.

The subroutineReadST{in Mesh.h) fills a dynamic array of vertices.

15.2 OBJ File Format

OBJ is a more sophisticated format developedbgs/Wavefront. It supports an
arbitrary number of vertices (points), normals, textues coordinates) and
triangles/polygons. The format supports an arbitrary number of vertices per primitive,
but Mesh.h divides primitives into triangle®olor per vertexis not supported.

The cubeface and VWbbjectsrequire display ofacetedand smooth surfaces. In

chapter 9, weachievedfaceted shadindpy duplicating vertices (same location, diffierg
surfacenormals).The OBJ format permits surfaces that are smooth, faceted, or smooth
with creases by selectively duplicating vertices as needed.

Central to the OBJ format is the specification of a vertex as a triplet of indices: an index
into a point location array, an index into a surface normal array, and an index uno a
coordinate array.

Two vertices are identical if thelinree indicesare equal. If the shared corners of
adjacent triangles have equal triplet identifiers, then the edge between them will be
smooth; otherwise, it will be creased (i.e., discontinuous in texture and/or normal).

Thus,points, normals, and textures can be defined without a-tox®ne

JEE *%}v v X &} E A u%o U S$Z Z [ ] (o SU inkhpvoC }v
file and all the vertices would have the same normal indextices with the same three
indices are identical and need be buffered only once.

Atypical triangle specification consists of three triplets: each triplet contains the indices
for point, normal, and texture for one of the triangle vertices.

The binary file format for OBJ is proprietary; the ASCII format is public and is supported
by ReadAsciOBJIn Mesh.cpp
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ReadAsciOBJills standardemplatelibrary dynamicvector arraysFrom the OBJ
triangle specifications, a set of unique vertitesreated indexed by a integertriangle
array suitable foglDrawElementsinternally, the subroutine utilizese standard
template librarymap classto build the vertex and trianglarrays.

15.3 Faceted vs. Smooth (an epilogue)

Let us consider this issue omeretime. Suppose we have a smooth mesh, in which
vertices are shared, that we wish to display in a faceted manner. It would appear from
prior discussions that this would require an expanded GPU vertex buffer, one in which
vertices are duplicated. An expandedrtex buffer is reasonable for some situations,

but it is unneeded if the entire mesh is to be fagdishaded

Asthe rasterizer processes vertex data, it does so in parallel, with a minimum of four
pixels in a square block being shadgddhe same timeThus, the rasterizer is able to
calculate the changi any vertex attribute at any pixeDpenGL provides functions
dFdxanddFdythat can be used to calculate the surface normsifollows:

vec3 dx = dFdy(gPosition.xyz); /I constant throughout triangle
vec3 dy = dFdx(gPosition.xyz); /[ ditto
vec3 n = normalize(cross(dx, dy));

By calculating the normal in this mannéacetedshading is possibMithout buffered
normalsor duplicated vertices

It should be noted that the dFdx and dFdy functions are with respect to the screen
coordinate system and not the world coordinate system. For this reason, the method to
compute a local reference frame in section 14.2 cannot employ dFdx and dFdy. The
application of those functions to gPosition, however, does produce vectors tangent to
the surface, and their cross product does indeed yield the surface norrmal.

15.4 Backface Culling

TheEuler Characteristi@anotherinsightfrom Leonhard Eulerisrelevant to meshedt is
the relationship

V-BEtF= 22G
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whereVis the number of verticessis the number of face£is the number of edges,
andGis the genus of a 3D mesh.

With an OBJ file, the number of edges is easily cou(itatthis is not so with an STL
file). Genus can be understood as the numbehofes throughan object O for a sphere,
1 for a torus etc

Tetrahedron Hexahedron Tetrahedron unfolded
V=4, E=6, F=4, G=0 V=8, E=12, F=6, G=0 V=6, E=9, F=4, G=1/2

Figure B-1: Examples of the Euler Characteristic
The Euler characteristic tells us whether we have a clgsethanifold) mesh i.e.,one
in which all edges are shared by two and only two primitives. l&sd,assuming surface
normals point outwards, then any primitive whose face normal points away from the

camera will be covered by forwaiffdcing primitives. So, rendering performance can be
increased simply by culling those bdeking primitives:

glFrontFace(GL_CCW); Il front - face should be ccw
glEnable(GL_CULL_FACE); // t‘sh— t<e’Z pack faces

For meshes not closed, however, a related problem arises, and is discussedlig+aec.

15.5 ExerciseTexture-Mapped Mesh

Iv $Z] v 8Z v ES /[£E ShadeMeshO®Siubcpprasatemplate
application The file contains an array of vertex locations, an array of corresponding
surface normals, and an array of vertex connectivity (triangles):

vector <vec3> points;
vector <vec3> normals;
vector <int3> triangles;

For texture mapping, wadd adynamicarrayof texture coordinates:

vector <vec2> uvs; /I vertex texture coordinates
To read the coordinateguvsis passedas the last argument tReadAsciiObj
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STEP I: Obtain a 3D mesh and an image file

Download one of the man®BJ filsfreely available onlingt must containpoint,
normal andtexture A E§ /£ § ~u vC }UDawnlo@d/copy &mX¥nage you
like (some sites offer corresponding OBJ and texture files).

In order to read the image and OBJ files, add MiscasgpMesh.cpp to your project and
#include Mesh.h and Misc.h in the application.

Test thatthe stub applicatiorproducesa Phongshaded image.

STEP 2: Modifthe application

In InitVertexBufferthe vertex buffer musbe enlarged to accommodatehe uv
coordinates, andhe uvdatamust be copied usinglBufferSubData

Instructions to load the texture image are given in exercise 12.4.

STEP Xhangs tothe Shades

The vertex shadeaneedsan additionalinput and output fortexture coordinates:

in vec2 uv;
outve c2vuv;

As n exercise 12.4theuv can becopied unchanged touv.

Thepixel shader requires an input for coordinates, and aniformto access the
texture map:

in vec2 vuv
uniform sampler2D texturelmage;

As in sec. 12.4, the output is determined by the texture map and the shading intensity
pColor = vec4( intensity* texColor.rgb, 1);
15.6 ExerciseBump-Mapped Mesh

This exercise begins with the first two steps of the previous exercise: obtain an OBJ file
and image, and modify the application to supporzarray.
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Test thatyou are able tproducea Phongshaded imagef the mesh

Creakthe U and V Axes

To implement bumpmapping, we need to apply equation 14.1 to each triangle, and
average the result at each vertex, per section 14.2. Firstutiied v axes are declared:

vector <vec3> us,vs ; // uaxisandvax is foreach vertex

The following routine iterates through the triangles, accumulatingtendV axes at
the triangle vertices, and then normalizthe results:

void SetAxes() {

us. resize (points. size ());

vs. resize (points. size ());

for (size_t i=0;i<triangles. size (); i++) {
int3 t = trianglesli];
vec3 pl = points[t.il], p2 = points[t.i2], p3 = points[t.i3];
vec2tl = uvs[til], t2 = uvslt.i2], t3 = uvslt.i3];
/I from sec. 4.2:
mat3 P = Transpose(mat3(p1, p2, p3));
mat3 T = Transpose(mat3(vec3(t1, 1), vec3(t2, 1), vec3(t3, 1)));
mat3 M = P*Invert( T);
vec3 UAxis = normalize(  Mvec3(1, 0, 0));
vec3 VAxis = normalize(  Mvec3(0, 1, 0));
/I accumulate triangle u,v ax es at each vertex
us[t.il] += uAxis; us[t.i2] += uAxis; us[t.i3] += UAXis;
vs[t.il] += VAXis; vs[t.i2] += VAXis; vs[t.i3] += VAXis;

}

/I unitize the axes

for (size_t i=0;i<points. size (); i++) {
usli] = normalize(usli]);
vs[i] = normalize(vsli]);

}

The vertex buffer must allocate additional memory for thandv axes:

int nVrts=points. size () ;
int  sizeVrt = 4*sizeof(vec3)+sizeof(vec2);
/I uaxis, vaxis, point, normal, u, v
giBufferData(GL_ARRAY_BUFFER, nVrts*sizeVrt , NULL,GL_STATIC_DRAW);

Thenthe uandv axes can be stored after the points, normals, and textures:

int sizePts=n Vrts* sizeof (vec3), sizeTex =n Vrts* sizeof (vec2);
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glBufferSubData(GL_ARRAY_BUFFER 2*sizePts+sizeTex ,sizePts, us.data() );
glBufferSubData(GL_ARRAY_BUFFER 3*sizePts+sizeTex, sizePts,vs .data() );

CreateTextureMap and BumpMap

As described in the textured triangle exercise (section 12.4), a texture map requires an
OpenGliexture nameandtexture unit. In this exercise we use two maps: one for

texture (colors) and one for normals (bumps). The following variables control the two
maps:

GLuint texture Name=0, normalName =0;
int textureUnit =0, normal Unit = 1;

If the texture and bump maps are from files, then the Operf@&mes_are setby:

/I read texture and bump images from file, store in GPU
texture Name= LoadTexture(textureFilename, textureUnit);
normalName = LoadTexture( normal Filename, normal Unit );

(Here, ®exture _is used in two ways: a generic reference to any 2D image and,
specifically, a map for coloring.)

If only a depth file is available, the bump map can be compuiittd a callto
Misc::GetNormals It returns normalPixels whichshould be freedfter the call to
LoadTexture

int w, h, nCha;

unsigned char *depthPixels = stbi_load (filename , &v &h, &1Chan 0);
unsigned char *normal Pixels = GetNormals(depthPixels, w, h);
normalName = LoadTexture( normalPixels , normalUnit );

delete [] normalPixels ;
delete [] depthPixels ;

Bumpmaps are widely available on the web; depth maps are not as common. Paired
bump and texture maps or paired depth and texture mapsy behard to find, but can
yield convincing images.

Changes t&haders

The vertex shader will be fedusaxis andv-axis for each vertex, so these need to be
declared as inputs and outputs:

in vec3 uAxis , VAXiS ;
out vec3 vUaxis , vVaxis;
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and the vectors must be transformed by the view:

vUaxis = (modelview*vec4(uaxis, 0)).xyz;
vVaxis = (modelview*vec4(vaxis, 0)).xyz;

The pixel shader must declare inpuandv axes:
in vec3 vUaxis , vVaxis;

and input uniforms for the maps:

uniform sampler2D texture Map normal Map;

The procedure8umpNormahbnd TransformToLocagiven in section 14.4, must be
included with the pixel shader. Tmeainroutine looks like:

void main() {
vec3 n = BumpNormal();
vec3 nn = TransformToLocal(n, vUaxis, vVaxis, vNormal);
float intensity = Phonglntensity(vPoint, nn);
vec3 color = texture(textureMap, vUv).rgb;
pColor = vec4(intensity*color, 1);

Changes to Display

The unit identifier is used in setting the active texture and the pixel shader sampler2D
uniform; the name identifier is used to bind the active texture. Thufisplay the
appropriate textures are activated and uniforms are set as follows:

glActiveTexture(GL_TEXTUREO+textureUnit);
glBindTexture(GL_TEXTURE_2D, texture Namg
SetUniform(shaderld, "texture Map', textureUnit);
glActiveTexture(GL_TEXTUREO+ normal Unit);
gIBindTexture(GL_TEXTURE_2D, normalName);
SetUniform(shaderld, "normal Map", normal Unit);

Two additional vertex attribute pointers must be established for ttendv axes:

int nPts =points.  size ();

int sizePts= nPts*sizeof (vec3), sizeTex = nPts* sizeof (vec2);
VertexAttribPointer(prog ram, "uaxis" ,3,0,( void *)(2*sizePts+sizeTex));
VertexAttribPointer(program, "vaxis" ,3,0,( void *)(3*sizePts+sizeTex));

These techniques generated ttiellowing example
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Figure B-2: Texture map,bumpmap, andbump-mapped teacup
(depth and texture data courtesy Gene Cooper)

The sense of deptts improved by a moving light source. In the following image, the
light source is shown as a red dot; as it is moved pteerelief becomesapparent

Figure 5-3: Closeups, different lights

15.7 ExerciseMultiple Meshes

With this exercise, we wish t@ad and display multiple meshes withirsiagle
application. Thisaskis made easiewith a clas:

class Mesh {
public :
Mesh();
string filename;
vector <int3> triangles;
mat4 xform; /I object to world space
GLuint vBufferld; /I bind for display

void InitBuffer(char *fullpath, int id) {
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vector <vec3> points;
vector <vec3> normals;
vector <vec2> uvs;

if ('ReadAsciiObf(llpath, points, triangles, &normals, &uvs)) {
printf(~ v[§ & \ v Jilkename);
return ;
}
< set vBufferld filename>
< fill GPU vertex buffer >
}

void Draw();

h

The application should support some simpiteraction, such as selection of a mesh and
movement of the mesh using the Mover class (see chapter 11).

A more sophisticated application could include keyboard commands to read a new
mesh, read a different texture, delete a mesh, list all the meshes in a scene, save a
scene, and read a scene.
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Chapter B: ParametricCurves

In the 1960sPierre Bézier (Ba¥eeAy) oversaw an effort at Renault Car Company to
design and manufacture automobiles numerically. He developed the polynomial curve
and surface that bear his nam&he curve would prove useful in fields related to
computer graphics, including geometric design, manufacturing, and typography.

In 1998 Béziemeflected

D} 1(1 S1tv }( HEA A . lu%o0]*Z Y C ]*S}ES]vP §Z
A .Y (Jv X &}E 8§Z | }( *Ju%o] ]SCU §Z ]S}ES]}v
, VvV 8Z u Alpo ju % E 00 0 %]% Y ]+8}ES3]vP
(JLE %o}]vSe Y ]85 -+ thow <ifpbsé bto put those vectors end to end, thus
building an open polygon the shape of which mimics that of the corresponding curve.

Figure B-1: Pierre Bézier

The dpen polygon is called thecontrol polygon

16.1 DeCasteljau Construction and the Bézier Curve

Paulde Casteljauinvented the same curvpredating Bézier, budid notpublish until

later. He developed a geometric construction using linear interpolation, recursively
applied to the edges of the control polygon in order to compute a point on the curve at
parametric locatiort, wheret is in Q, 1).

Figure B-2: Thede Casteljau construction
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Polynomial Form

To express this algebraicallyyen thecontrol pointsBy, B, Bs, andB4, we firstcompute
three interpolated points along the three control segments:

P1=Bu+t (B-By); P> = Bo+t(Bs-Bz); Pz = Bs+t(B4-Bs)

Then,we compute two points along the two segments definedmyP., andPs:

Pa= PiH (P2-Pr); Ps = P4t (Ps-P2)

From thesetwo pointsa final point on the curvées computed

Ps = Pa+ (Ps-Ps)
If the above arithmetic is expanded and regrouped:
(16-1) P(t) = (t3+3t2-3t+1)Br+(X3-6t2+3)Bo+(-3t3+3t2)Bs+t°Bs

The polynomial functiongeighting theB are cubic and so the Bézier curveagsubic
polynomial curvelefined by four control pointdt interpolates its outetwo control
points, and approximates its innawo control points.(ThequadraticBéziercurve is
defined by three points, but the cubic is generally preferred for its greater flexibility.)

Matrix Form

Equation 16-1 can be represented in matrix form:

FP P FuP P %

: uB FxP uP  r S,
2R L fFuP ukP r rod f

s r r r $s

Fs u Fu S $s

CINEY Fx u r $6-

L PP Ps?N-y 0 ¢ o Of$7]
S r r r $s

$5 %

L P P Ps?d A0 L F P ps2fld

: .$7] 7 %]

$s %
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where theB arethe three-dimensional control points an@are the threedimensional
polynomial coefficientfor the curve Thus, we can evaluate the Bézier curve directly
from the control points andW, or, more efficiently, with the coefficient§

Basis Functions

The four polynomial functionaeighting the four control pointsB: through B4, are
calledbasisfunctionsand theybelong to the family oBernstein polynomials

weight

-t343t2-3t+1
=x3

3t3-6t2+3t
= -3x3+3x2 -3t3+3t2

Figure B-3: Bernstein basis functions for Bézier curve

As the first and last basis functions are symmedridthe second and third basis
functionsare symmetrica more efficient evaluation of thBéziercurve is possible:

float 12 = t*, t3 = t*2, X =1-1f, X2= x*X, X3= x*x2;
return x3*BLl+(3*t* x2)* B2+(3*t2* x)* B3+t3* B4;

16.2 Derivatives

As the polynomials are degree three, the curve has continuous first and second
derivatives. Differentiating with respect to, dP/dt yields thevelocity(i.e.,tangent) of
the curve:

V(t) =(-3t?+6t-3)Br+(9t?-12t +3)Bo+-9t?+6t ) Bs+3t B4
Differentiating once more yields thecceleratiorof the curve:

At) = (6t+6)B1H18t-12)B+(-18t+6)Bs+6t B4
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Curvature

For a given point on the curve, tleairvaturepoints towards the center of the
Nle po S]vP iE&goitudXis/given byK= 1/, where isris the radius of the circle.

The smaller the radius, the higher the curvature.

acceleration

tangent

inflection
point

| osculating

/ circle

'y curvature

Figure B-4: Features of a curve

The curvature vector can be computed: by

vec3 N = cross(velocity, acceleration)/ normal to plane ofcircle

vec3 K = normalize(cross(N, tangent)j;unit -length curvature vector

The cubic Bézier curve, being degree three, can containfeattion point This is a
point where airvature is zero (and the curvature vector is undefinetddccursif

acceleration is zero as parallel withthe tangent.

16.3 Reference Framen the Curve

The Freneteference frame can be computed directly from a parametric curve. Given a
parametric locatiort, the pointp is given by a cubic polynomial, from whicfvelocity)
is the derivative anah (the normal) isv Xa wherea s the acceleration, and (the bi-

normal) isv Xn. Thev, n, andb form the frame

i bx
% b,
«: b

D o

Thismatrix transforms the origin top, the x-axis ton, the y-axis tob, and thez-axis tov.

Vx
Vy
Vz
0

pXO

>
px)l
px)I
13
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Figure B-5: The Frenet frame

16.4 Properties

Not ArclengthParameterized

Infigure 164, acceleration is not perpendicular to the curve. This is because a cubic
polynomial curve igot arclength parameterizegthat is, a change indoes not
necessarilyproduce a proportional change in distance traveled along the curve.

Subdivision

Subdivisiorof a curve into two pieces iequivalent to points generated by the de
Casteljau constructiarin the illustration belowfor t =% Bi-Bs is subdivided and
replaced withLi-Ls and Ri-Ru.

L

Figure B-6: Subdivision of a cuniato left and right pieces

Convex Hull Property

The entire curve is contained within tleenvex hulbf the control pointg(i.e., the
polygon formed by connecting through Bs and back tdB:. This permitoptimization
of several algorithms related to hiesting, clipping and rendering.
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16.5 The Hermite Curve

ABéziercurvecanbe defined ilHermiteform, which consists othe two endpoints and
two end tangents, i.e By, Bs, Vo, andVi. The two formsare closely relatedin particular,
the tangents at the ends of the Bézier curve ®se= 3B2-B1) and V1 = 3B4-Bs).

Figure B-7: Bézier and Hermite representations

16.6 Piecewise Continuous Curves

A piecewiséBéziercurve consists of two or more sets of control polygons. If the last
point of one set is the same as the first point of the next set, the curves will have
positional continuity ¢® continuity). For tangent@) continuity, the last segment of one
set must be colinear with the first segment of the next set. And if those two segments
are the same length (in the figure below,sf| = |[B4Bs| ), then the curves meet with
curvature ) continuity.

More sophisticatednethodscanminimize torsiorand/or maintaincurvaturealong
piecewise curvesséeg e.g.,Mathematical Elements for Computer GrapHigsRogers).

Bre
e By

B; &

Figure B-8: Two Bézier curves and their control polygons

16.7 Rendering BézieCurves

A Bézier curve issuallyrenderedpiecewisdineatly, i.e.,drawnasresnumber of
straight segmentsas given by the } 0}AX /3[+ eepu BefigrPomhhs
been defined to compute position, and that thieeBufferhasbeenallocated

144



glBindBuffer(GL_ARRAY_BUFFER, lineBuffer);

VertexAttribPointer(shader, "point” , 3,0,( void *) 0);

vec3 pts[] = {b[0], b[0]};

for (int k =1; k <=res; k++) {
pts[l] = Bezier Point(( float ) k/res, b[0], b[1], b[2], b[3]);
glBufferData(GL_ARRAY_BUFFER, 2*sizeof (vec3), pts, GL_STATIC_DRAW);
glDrawArrays(GL_LINES, 0, 2);
pts[0] = pts[1];

}

The need to send data frothe CPU tdhe GPU at every iteration slows the execution.
This can be remedied by sending all the vertex data at once, and then connecting the
vertices via the GL primitivéL LINE_STRIP

std::vector<vec3> points(res+1);
for (int k = 0; k <=res; k++)

pointsk] = Bezier Point(( float ) ki/res, b[0], b[1], b[2], b[3]);
int sizePts = (res+1)*sizeof(vec3);
glBindBuffer(GL_ARRAY_BUFFER, lineStripBuffer);
glBufferData(GL_ARRAY_BUFFER, sizePts , &points[0], GL_STATIC_DRAW);
VertexAttribPointer( shader, "point" , 3, 0, (void *) 0);
glDrawArrays(GL_LINE_STRIP, 0, res+l);

In chapterl9, the tessellation shadds discussed aan additionalway to render a
curve.

16.8 Exercisert Maintenant, Béziet

Thisexerciseas a programthat allowsthe userto manipubte control points, creating a
3DBézier curve

The stub applicatiod6-BezierCurveStuhcpp contains a Bézier class whose subroutine
templates are defined, but not the bodies$ Z $He exerciseAlso, initial locations for
the four control pointamust be specified

Bezier.Pointshould implement the polynomial form given in equationI1.6

The applicatiordoes notdefine shaders because it drawia Draw.h which defines its

own, relativelysimple shader programUse subroutind.ineto connect two points and
useDiskto round an endpoint; before these calldseDrawShadenust be called.
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The stub application contaireallbackghat support user seleatn and moement ofa
Bézier control point, but the body for Bezier::PickPaimist be completed

Bonuses

1. Animate a dot on the curve, moving from one end to the otloarck and forth.

Hints: display the point after the curve and its control mesh are drawn. $#skh point
computed on the curve whodeparameter varies according to timéisabling thez-
buffer might be a good idedVe did something similar exercises.3, computingsin(dt)
as an animation parametewhichrequiresdefiningthe apgdication[s ¢§ ES S]u X

2. Create two curves such that the last point of the first control mesh is the same as the
first point of the second control mesMaintain C continuity (that is, continuity of

tangent andcurvature by ensuring that the'$, 4", and % control points are collinear,

and that the 4 point is midway between the'8and 8", such asn figure 168.
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Chapterl7: Text

Bézier developedtiis curve toimproveautomotive design and manufacturbut it has
become widespread in the designdifital fonts. Beginning in the early nineteen
seventies, Peter Karow augmented straight lines and circular arcs with quadtaitr B
curves to define the outlines of font characters.

Becauseanoutline (orvectol) characteris defined by analytic equationsrbitrary
scaling does not affedts precision (unlike the more primitivébitmap _character
defined bya small arrayf pixels.

In the late 1970s, John Warnock joined an effort at Xerox PARC to dewidojra
independent page description languagsilizing cubic Bzier curvedo define text This
evolved into the Turingomplete PostScript language, developed by Warnock at Adobe.

Figure Z-1: John Warnock
(used with permission)

In this photographDr. Warnock illustratethe use ofoutlines The de Casteljau
constructionis visiblein the upper leff andthe character’a_ Z < seetioned into
piecewiseBézier curves.

Although computer fonts are ubiquitous in text editing, formatting, and printing, they
receive little support from graphics APIs or toolkits. Neither OpenGL nor GLFW provide
text support.

Quality font display is not too difficult given modern shader architecture, freely available

typefaces, and a freely available typeface libramthis chapter we develop software to
render text on a screen at any size or orientation, with selectable font faces.
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17.1 DisplayingText
Numerous techniques to display aatiased text have been described over the decades.

With the advent of higkspeed processing and large memory, a modern solution is to
pre-compute highresolution shaded imagesgacity map$ of individual characters (and

%] *}( Z E § EU 00 ZP0OoC%Ze+[* A]S3Z]v (}v3X dZ -
font sizes and positioned according to metrics associated with the font.

17-DemoFontTest.cpp ianexample progranto display text It depends orthree
components

a filedefiningfont outlines,
aroutine to readthe file and rasterize the fortharacters and
OpenGL code to display eacharacter

We will use the TrueType file format and the FreeType font library.

TrueTypda file format)

TrueType is a file format that defines a named typeface. It consistsltdracter set
which is ecollectionof glyphoutline curves. Many conventional and custom TrueType
typefaces ar@nline andfree to download.

FreeTypda font library)

The FreeType library provides a function to read typeface files of several formats,
although our examples will use TrueTyp¥e useFreeType to prepare an opacity map
for eachtypeface glyph; these maps can beeatedat arbitrary resolution.

17.2 The Text Library

In Textcpp, the proceduré&SetCharacterSetrovides for the construction of a character
setandthe procedureTextdisplays acharacter stringusing thecharacter setThese
routines are simple to calln this section, we review their inner workings.

The subroutineSetCharacterSetitializes FreeType and reads the named typefaom
a file
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#include "Text.h"

FT_Library ft;

FT_Face face;

FT_Init_FreeType(&ft);

FT_New_Face(ft, typeface Filen ame, 0, &face);

Theglyph metrics arg¢hen readfor each printable character. Teecontrol the
positioning of each character with respect to the previous character, thus allowing
variable pitch(i.e.,accommodatindetters of differing horizontakpace; this is not the
same akerning.

dZ PoC%Z[+ pEA e E]%3]}ve E E V. V }% ]3C u
SetCharacterSet

FT_Load_Char(face, ¢, FT_LOAD_RENDER);
glTeximage2D(..., face - >glyph - >bitmap.buffer);

dz oo 8§} Pod A/uP 1 ]Jv e &E dC% [* Ju P The(( & §}
texture name andylyph metricsare stored in a&Characterclass, defined in Text.hnA
array ofall printablecharacterdorms the character set.

Rendering

Once a character set is initialized, a string may be displbggthningat pixel &p, yp),
with a given scaley the loopbelow (from RenderTexin Text.cpp. First, the view
transformation must be set to scredpixel)space

UseDrawShader(ScreenMode());

for (constchar *c =text; *c; c++) { /I loop thru chars in text
Character ch = characters|( int )*c]; /I obtain ch from set
float x = xp+ch.bearing.il*scale ; ), Il setrender location, size

float y=yp -(ch.gSize.i2 -ch.bearing.i2)*scale;

float w =ch.gSize.il*scale, h = ch.gSize.i2*scale;
glBindTexture(GL_TEXTURE_2D, ch.texturelD); /I enable ch texture
/l update vertex memory ; each vertex: x,y,u,v

float quad[][4] ={{x,y+h,0,0},{x+w,y+h,1,0},{x+w,y,1,1},{x,y,0,1}};
glBufferSubData(GL_ARRAY_BUFFER, 0, sizeof (quad), quad);
glDrawArrays(GL_QUADS, 0, 4); /I render glyph texture with quad

Xp += (ch.advance >> 6)*scale; /l'adv . char. posn wrt1/64 pixel

}

The first vertex of the quadrilateral is at pixetation &p, yp) offset C §Z PoC % Z[*
bearing The other three vertices complete the definition of a quadrilaterakiofth w
andheighth.
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The vertices are copied to@PWbuffer, and then drawn by a call gfiDrawArrays The
guadrilateralcan berendered with ay givencolor, the opacity varies according to the
PoC% Z[* }% ]SC u %o X

The location of the four vertices is augmented witiv) texture coordinates. Within the
guadrilateral, the rasterizer will interpolate the geometric location and tilve

coordinates}( % ]A& oX dZ %]A 0 *Z & SZ v S Eulv s %]/
interpolateduv }}E Jv § ¢ v S§Z <% ](] MV](}EU ¢ u%o0 ET ~P

pColor = vec4(color, texture(glyphlmage, uv).r);

17.3Arbitrary Text Orientation

dZ <u EJo 8 & o[+ A E3] + E iregarded® %] EZ % ¢35 B3
*% _X + A edohharaGer, the quadrilateral movemarallel tothe « E v
positivex-axis.There are two routines in Text.cpp that position text parallel to the

screen: ongoositionsthe text in pixel coordinates, the other positions the text at a 3D
location transformed to the screen.

Acharacter can be arbitrarilgriented, however,if the vertices of the quadrilateral are
transformed

For examplesupposewve [ o Hlspiralof text. Rather than move the quadrilateral
along thex-axis,we couldmove it along a spiral pattReferring to the subroutine
RenderTexin Text.cpp, we can produce a spifave replace thigleclaration

vecd quad[] ={ {x,y+h,0,0},{x+w,y+h,1,0},{x+w,y,1,1},{x,y,0,1} h

with the following:

vec2 Spiral(  float t){

float alpha = t/50, mag = .3f*alpha*alpha;

return mag*vec2(cos(alpha), sin(alpha));
}
vec2 c(winWidth/2, winHeight/2); /I center of screen
vec2 pl = Spiral(x), p2 = Spiral(x+w), p3 = 1.2f*p2, p4 = 1.2f*p1;
vecd quad]={ vecd(c+pl,0,0), vec4(c+p2,1,0),

vec4(c+p3,1,1), vec4d(c+p4,0,1) h

This transforms all points by the spiral pattern, which not only changes position, but
scale and orientation as well
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Figure ¥-2: Spiraledtext

17.4 Exercise

Part 1: TesFreeType

From the onlinematerials follow FreetypeSetup.doc. It may not be possible to satisfy
the linker, in which case these exercises cannot be completed.

Download a font from a website offering frd&reeTypdypefaces modify 17-Demo
FontTest.cpp to display at least one line of text witls newfont (the message and font
should be different from the exampte

Part 2:FlexedText

FontTest and the spiral example display text parallel with the screen. But the
guadrilateral that displays a glyph caasumeany orientation The RenderText function
in Text.cpp allows any stririg be transformed by a 4 X 4 matrix

AU (JE §Z]e A E ]+ WBéhelcuvaeyeifsp form chaptet6so that text,
character by character, is positioned alongéziercurve. The result should look
somethinglike:

Figure T-3: Text oriented by 8ézier curve
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TheBezierclassfrom the previous chapter must be augmented wéimethod to define
a reference frame, described in sectio.d. The exerciseequires ugo completethe
following subroutines:

Velocity( float t){..}
Acceleration( float t)
Curvature( float t){...

{..}
}

Calculation of the reference frame is given below. (UnlikertHe v frameof 16.3 this
isv, n, b, meaning thex-axis is transformed to be tangetu the curve, they-axis is

SE ve(}EuU 3} o]Pv A]3Z 3Z pEZaxieis pefpéndiculgE tdtthev
plane of curvature. Thus, theharacters should beeadable along the curveiot
edgewise to the curve.

mat4 Frame( float t){
vec3 p = Point(t), v = Velocity(t), n = normalize(Curvature(t));
vec3 b = normalize(cross(v, n));

mat4 m; /I defaults to identity
for (int i=0;i<3;i++){ Il set reference frame
m[i][0] = V(il;
m[i][1] = n(i];
m[i][2] = b[i];
} m[i][3] = p[i];
return m;

}

The task now is to display a text string character by character, following along the curve.

We can display charat parametric positiort with the following:

constchar  buff] = {c, 0}; /I single char and null terminator
mat4 f = curve.Frame(t);
RenderText(buf, 0, 0, vec3(0 ,0,0 ), 10, camera.fullview*f);

The transformation matrix sent tBRenderTexis the cameraview (i.e.,
persprmodelviewy multiplied by the reference framiat locationt of the curve.

Bonus

What happens if the curve inflects? How might this be remedied?
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Chapter B: ParametridPatches

18.1 The Coons Patch

/v id6o6U "8 A v }}ve %p 0]*Z Z]* (u "o0]880 &E }H_U
mathematical representation and geometric interpretatioha surface as a set of
adjacentpatches The basic concepts are in wide use today.

}}ve « EA  }v /A v *u3Z Eo v [+ } 3ih@EsoanjaSIGEGRAPH v
bestows itshiennial lifetime achievement award

Figure B-1: Steven Coons

TheclassidCoons patch is defined over a square domaiidoy, connectechoundary
curves(in the figure belowG-Gy). It is the sum of threeuled surfacesnamely: two
surfaces defined by straight lines connectoggpositeboundaries, minus the surface
defined by connecting opposite edges of the quadrilateral formed by the corners. The
first two linearly interpolate between two curves, the third is a bilinear interpolation.

= Fa P, - Py
i >06, \cq .
f > &
\.! \\\ + —_ P4
‘\\ A\ > ORI, .
< /‘ C
€, <= y P,
(1-5)Cy(t)+sCy(t) (1-t)C,(s)+tCy(s) (1-s)(1-t)P,+(1-5)tP+

stPy+s(1-t)P,

Figure B-2: Formulation of a Coons patch

The patch interpolates the four defining boundary curvHsese are oftercubic
polynomiak (likethe Bézier) due to their design flexibility; this implies four control
points per side, with the corners shared, for a total of 12 control points.

153



Adjacent patches are coincident along their shared boundary, but tangent continuity
(&) and curvature continuity®) are difficult to establish. They are more readily
established wittBézier pathes

18.2 The Bézier Patch

The cubic Bzier patch uses the same 12 control points &sieicCoons patch talefine
the patch boundaries, and adds four control points internal to the patch.

Theresulting16 control points may be treated as control points for foézigr curves in
the s-direction or four Bézier curves in thelirection. To illustrate the control points
beloware grouped four at a time to define four red curves.

Using either method from sec. 1K the fours-curves can each be evaluated at
parametric values, resulting in four red points. These four points define the blue curve,
which, when evaluated &t producedP(s, t), a point on the patch. An evaluation in the
t-direction first and then in the-direction yields the same resuilt.

-\~

Figure B-3: Bézier patch evaluation

Each point on the surface asproduct of two cubic polynomials; the first weiglte
control points in thes parametric direction; the second in thelirection. Thisbilinear
compositionmplies the Bzier patch is @#ensor(or Cartesian product

The fourboundarycurvesare P(s,0) andP(s,1) for s ¢(0,1) andP(0t) andP(1) fort c
(0,1). he patch interpolates thdour corner control poirg, butnot the other12.
(Similarly, of the red curves in figure-B38the outer ones are coincident with the
surface, but the inner ones are not.)

18.3 Continuity of Adjacent Bzier Patches

Internal to the patch, the surface i @ntinuous. But entinuity acrosshe boundary of
two Bézierpatchesobeys the sameconstraints imposed for continuity ¢ivo Bézier
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curves gection 166). For example, in the figure below, the four points that define the
shared boundary between the two patches each should be at the midpomycgen
segment that connects control points across the patch boundary.

Figure B-4: Continuity acrospatch boundary

In 1975, Martin Newellwith memorable use of the continuity properties of the Bézier
patch, createdthe welkknowncomputer graphics icon: thtah Teapot

In the figure belowpatches meet with curvature continuity, and the corresponding blue
lines in the control mesh are colinedm. chapterl9, the teapotis synthesized bthe
tessellation shader

Figure 185: The Utah Teapot and Martin Newell
(used with permission)

18.4 TheSurface Normal of a&ier Patch

A point on aBézierpatch at parametric locatiors(t) may be computed by a curve(
in the s-direction or a curveéx(s) in thet-direction. That isP(s,t) =Bs(t) =B(S).
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We can compute the tangents in the two directioBs(t) andB'(s) using the method of
section 16.2.The surface normalthen,is giverby their crossproduct.

N B%(s)

Bi(t) ‘
N(s t) =B s(t) X Bi(9)

Figure B-6: Surface normal dBézierpatch

18.5 Subdivision of theBézier Patch

ABéziematch can be subdividedith a method similar to the subdivision of thé®er
curve (sec. 16.4, in which four control points become seven, with the middle of the
seven being shared between the two sabrveg.

If we regardthe control mesh as spanning a squanét space, with fousrows and four

t columns, we can subdivide each row, producing a control mesh of 7 columns and 4
rows and a resulting pair of meshes that ared@atinuous along their shared boundary
(which is defined by the middle of the 7 columns). Applying the subdivision to each of
the columns results in a total of 49 control points defining four-patches.

In the subdivision illustrated below, the lower right spatch is manipulated with no
effect on the other sufpatches. The entire surface remains-€&ihtinuous.

Patch subdivision is sometimes used for renderingthahgulation and triangle
renderingare moretypical

Figure B-7: Subdivision of 8éziempatch
left: original patch, right: subdivided with manipulation

156



18.6 TheBézierPatch as a Matrix Product

We can restate section 18.2 more formally and compactly using a matrix. Recall that
chapter 16 gives thBéziercurve in matrix fornas:

$5

2:Q L X0 G 0s?Y ?fijj,

$s

Fs u Fu s
whereM:I\HJJ F)lj ‘; rr @ndB are the four control points.

s r r

Applying thigo 16, not four, control pointgroducesfour points in thes-direction:

$55 $56 $57 $58
$65 $66 $67 $68-
$;5 $76 $77 Srg
$35 Sos a7 s

If we treat these four points as control points in thdirection and evaluate them at
the result is a single poirtt parametric locationg, 1):

%
Zug L P B P72
%

Combining the above inta single equation:

§55 iss §57 :58 P
65 P66 P67 De8 H P
2ecL >0 G Os?4 2 ¢ $,, )1 7 NpO

75 $76 $77

$s5 B Bs7 $ss S

s 28 25 28 2L 0 G O0s?y o

If we represent the 16 control points as a matgwe can comput€= [M][B][M]",
yielding:

g
20l 6 O 0s?>0/a>NF;o

S
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The elements ofCare thecubic polynomial coefficient®r the x, y, andz of the points
on the patch. Becausd is symmetric, i.eM =MT, Ccan be computeds follows:

vec3 ctriPt[4][4]; /I 16  Bezier control points, indexed [s][t]
vec3 coeff[4][4]; // 16 poly  nomial coefficients in x,y,z

void SetCoeffs() {
/] set Bezier coefficient matrix
mat4 m(vec4( - 1,3, -3,1),vec4(3, -6,3,0),vec4( -3,3,0,0),vec4(1,0,0,0)) ;

mat4 g;
for (int k=0; k<3;kt+t) Il separately X, y, z
for (inti=0;i<16;i++)
gl i /4][1%4] = ctrIPt[i/4][i%4][K]; /I geometry matrix
mat4 ¢ = m*g*m; /I coefficient matrix
for (int i=0;i<16;i++)
coeff[i/4][i%4][K] = c[i/4][i%4]; /I copy to 3D coeffs
}

}

Thus we have two methods to compute pointP(s, t) on a Bézier patch: usirapntrol
pointsand five applicationsf the BezierPoinsubroutine éee section 16.8), or using
polynomial coefficientgwhich ismore efficient) These methods are given below:

vec3 PointFromCtrlPts(  float s, float t){
vec3 spt[4];
for (int 1=0;i<4,i++)
spt[i] =BezierPoins,ctlPtf i][0] ,ctiPt] ][ 1l,ctiPtf ][ 2l,ctiPtf ][ 3]);
return  BezierPoingt, spt[0], spt[1], spt[2], spt[3]);
}

vec3 PointFromCoeffs( float s, float t){
vec3 p;
float s2 =s*s, s3 = s*s2, t2 = t*, ta[] = {t*t2, t2, t, 1};
for (int 1=0;i<4,i++)
p += ta[i]*(s3*coeff[ i J[0]+s2*coeff] i J[1]+s*coeff] i [2]+coeff[ 1 ][3]);
return p;

}

18.7 Exercise

Thisexercise is to complet&8-BezierPatckStuhcpp. This includesalculating thepoint
and normalgivensandt, transferring vertex data to the GPU, drawing the patoid
drawing the control mesh.

The exercisecan usethe array ofcontrol pointsdeclared aboveThey can be initialized
to default locations:
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float wvals[][={ -.75, -.25,.25,.75};
for (int 1=0;i<4,i++)
for( int j=0;j<4;j++)
ctrlPts[i][j] = vec3(vals]i], vals[j], i%3==0]|j%3==07? .5:0);

In the following subroutine wereak the patchinto quadrilateralsresnumber in thes-
directionandresnumber in thet-direction, for a total ofes’ quadrilaterals.

We compute the vertex data (location and normagjngBezierPatclfassumed to be
either PointFromCtrlPointsr PointFromCoeffsabove). The data is writtedirectly to

the GPU vertex buffeusing a pointer returned bgiMapBuffer(this should not be called
whenthe program is attempting to display from GPU memory, i.e., not from within
Display:

void SetVertices( int res, bool init= false ){
/I activate GPU vertex buffer
glBindBuffer(GL_ARRAY_BUFFER, vBufferld);
/I get pointers to GPU memory for vertices, normals
nQuadrilaterals = res*res;
int sizeBuffer = 2*4*nQuadrilaterals* sizeof (vec3);
if  (init)
glBufferData(GL_ARRAY_BUFFER, sizeBuffer, NULL, GL_STATIC_DRAW);
vec3 *vPtr = (vec3 *) giMapBuffer(GL_ARRAY_BUFFER, GL_WRITE_ONLY);

for (int i=0;i<res;i++){
float sO=( float )ilres, s1=( float ) (i+1)/res;
for (int j=0;j<res;j++) {
float t0=( float )jlres, t1=( float ) (j+1)/res;

BezierPatch(sO, t0, vPtr, vPtr+1); vPtr += 2;

BezierPatch(s1, tO, vPtr, vPtr+1); vPtr += 2;

BezierPatch(s1, t1, vPtr, vPtr+1); vPtr += 2;

BezierPatch(s0, t1, vPtr, vPtr+1); vPtr += 2;
}

glUnmapBuffer(GL_ARRAY_BUFFER);
}

Or,we cansave the vertices in CPU memory and then transfer to the:GPU

struct  Vertex {
vec3 point, normal;
b

void SetVertices( int res, bool init= false ){
/I activate GPU vertex buffer
giBindBuffer(GL_ARRAY_BUFFER, vBufferld);
int nQuadrilaterals = res*res;
if  (init) {

/I allocate GPU memory
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int sizeBuffer = 2*4*nQuadrilaterals* sizeof (vec3), vcount =0;
glBufferData(GL_ARRAY_BUFFER,sizeBuffer, NULL,GL_STATIC_DRAW);
}
/I store points in dynamic array
std :: vector <Vertex> vertices(4*nQuadrilaterals);
Vertex *v = &vertices[0];

for (int i=0;i<res;i++){
float sO=( float )ilres, sl =( float ) (i+1)/res;
for (int j=0;j<res;j++){
float t0=( float )jlres, t1=( float ) (j+1)/res;
BezierPatch(s0, t0, &v ->point, & - >normal); v++;
BezierPatch(s1, t0, &v ->point, & - >normal); v++;
BezierPatch(sl, t1, &v ->point, & - >normal); v++;
BezierPatch(sO, t1, &v ->point, & - >normal); v++;
}
}
/I transfer to GPU
glBufferSubData(GL_ARRAY_BUFFER, 0, sizeBuffer, vertices data() );

}
The quadrilaterals are shaded with:

glDrawArrays(GL_QUADS, 0, 4*nQuadrilaterals);

Or, aline drawing can be made with:

for (int i=0;i<nQuadrilaterals; i++)
glDrawArrays(GL_LINE_LOOP, 4%, 4);

Further information about surface patches can be found in several texts; one excellent
source i<Computational Geometry for Design and Manufactyad=aux and Pratt.
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Chapterl9: Tessellation

With OpenGlversion 4.(Qreleased 201Q)two optional shaderswvere addedo the
graphics pipelineimmediatelyfollowing the vertex shadeithe tessellation control
shader and theessellation evaluatioshader.

The tessellation evaluation shader allocates additional vertices in order to pardition
primitive (triangleor quadrilateral) into sukprimitives (always triangles)rhese new
primitivesare then passetb the rasterizer(or, if present, to the geometry shader
described in the next chapter

Figurel9-1: Simple triangle and quad tessellation

dZ % E35]3]}v]vP E <}opus]}lv ]* P}A Ev C Z]vv G[ v Z}
the number of divisions internal to the primitive and the number along the edge of the
primitive. These parameters cdme setby the tessellation control shadeorset

£ %o0] ]S0C C SZ %%o0] S]}vX t [o0o }ve] & § ¢« 00 §]}vVv
control later in ths chapter.

With the tessellation shaderhe computationof the new vertices isonfined to the
GPU, and the enumeration of additiortdbnglesis managed by OpenGrLhat is
tessellation increasevertexresolution withoutrequiring theapplicationto represent
the additional verices orto organize them into primitives.his simplifesprogramming
and reduce CPU/GPU transfers.

The tessellation shader receives vertex attributes in the form of input arraystaos,
candefinenew vertices whileble toaccesgshe entire, originalprimitive.

Macro and Micro Geomadtr Displacement

The increased resolutigproduced by the tessellation shadisra mechanism for

displacement maping U ulveSE S v }}I[e, $6alé THeeSbthE
displacement, gometry canbe modified at the micro and macro levels.

At the micro level, the tessellation shader, used in conjunction with a depth map, can
create surface geometry that approximates the geometry used to calculate the bump
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(normal) map (sec 14.1). This improves the realistic appearance of silhouette edges and
permits a bump to occlude other bumps.

As an example, consider a depth map of a penny, and its use for bump mapping and
displacement mapping, below. The underlying displacement grid is 60 by 60.

flat, bumpmapped displaced, bumpnapped

closeup: flat closeup: displaced

Figurel9-2: Bumpmapped and displacememmhapped
(depth and texture data courtesy Gene Cooper)

At the macro level, an entire object can be definEdr example,v $Z]s Z %3 EU A
usea tessellation shaddp convert a single quad into a height field, a spherea
Bézier patch.

We'll combine the macro and micro to render an image of Earth. The tessellater will
convert the quad to a sphemnddisplacethe spherical surfacaccording tca depth (or
elevatior) map thussimulaing mountains.

Changes t@isplay

Tessellation is initiated in OpenGL when an application gidiawArrayswith the first
argument (GL_POINTS/LINES/TRIANGLES/QUADS) replacdid WtiTCHEEhe
patch may be 3 or 4 sided, but the tessellation will produce triangles.

For example, to tessellate a quad:

glPatchParameteri(GL_PATCH_VERTIQES patch is four-sided
glDrawArrays(GL_PATCHBS)); /I draw one 4-sidedpatch
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If we wish to skip the control tessellation shader, the resolution can be sentDisplay
by passingwo floating-point arrays to OpenGL.:

float outerLevels[]={r, r, r,r}, innerLevels[]={r, r }; // floats, but use is integer
glPatchParameterfv(GL_PATCH_DEFAULT_OUTER_dif¥iEkyels);
glPatchParameterfv(GL_PATCH_DEFAULT_INNER_iriE€Hlevels);

TheseinnerLeveland outerLevelsarrays controthe partitioning of the patchso that
adjacent patches share vertices (and thereby avoid cracks aloigbthendaiies).

For the initial examples weet all elements in the two arraysuterLeveland

innerLevelsto a fixedvaluer, dividnga quadinto (r-1)2 sub-quads.In sec19XoU A [oo0
M § ¢¢ 00 S]}v }VvSE}o *Z & ¢} $Z 8 «<pu [* CE *}ous]l}v
size.

Evaluation

To execute, dessellationevaluationshader must be compiled and linked to the GLSL
program

In our quad exampleshe tessellation evaluation shader computes vertex locations and
other vertex attributes needed by the pixel shad@éhnis replaces théunction of the

vertex shader and eliminates threeed for a vertex bufferA vertex shader must be
compiled and linked, however, although as aom

const char *vShader =
#version 130 core
void main() {
gl_Position = vec4(0);
.

When the tessellater needs an additional vertex, it executes the evaluation shader
provides(u, v) coordinateghat correspond to the parametric location of the vertex
within the quad.The (1, v) are given byhe built-in variablegl_TessCootd

ThemodelViewand persptransformations normally performed by the vertex shader are
performed by the tessellation evaluation shad€he outputstePoint teNormal and
teUvare passed to the rasterizer (or geometry shader, if present).

OpenGLv4upports the tessellation of quadsijangles orisolines the geometry type is

specified as gayout parameter of the tessellation shader. We first consider tessellation
of a quad; the triangle and isoline primitives will be discussed later in the chapter.
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19.1 Tessellation of a Quad

A quadrilateral is naturally parameterized over the domain [0,1] X [0,1]. That is, OpenGL
tessellates a quad by spanning theparameer space, withu andv eachspanning0

through 1. The specification adi,(v) coordinates for a triangle is more complicatétds
describedat the end of this chapter.

/v §Z]e « §]}vU A [00 § s« ;drothéfollo@ingBettiong Ao [00 § *@ 00 §
mountainous globenda Bézierpatch

Tessellabn of aHeight Field

Displacemengivena height map combined with tessellation is@venient mechanism
to create terrain. + v/ U %o ocridatda peth map oY osemite Valley from
publicly available elevation datAnd (E}u §Z %0 S Z credielh unjp map.

Thedepthmap is treated like a texture map; the unifotfmeightHeldis set by the
applicationas it would any othetexture map (see section 12.4). The uniform
heightScaleontrols theamountof displacement (defaulting teero).

Displacement is along tteaxisby an amounfproportional tothe value of the height
field at the giveny, v). The resulting poinistransformed by thenodelviewmatrix.

const char *teShader= "\
#version 400 core
layout (quads, equal_spacing, ccw) in;
uniform mat4 modelview , persp;
uniform sampler2D heightField;
uniform float height Scale = 0;
out vec3 tePoin  t;
out vec2 teUyv;

void main() {
teUv = gl_TessCoord.st;
vec3 p =vec3( -1+2*eUv.s, -1+2*teUv.t, 0); /lspans|[ -1,1]
float height = texture(heightField, teUv).r; I/ spans [0,1]

p.z =height Scale*height;
tePoint = (modelview*vec4(p, 1)).xyz;
gl_Position = persp*vec4(tePoint, 1);

.

It is preferable to determine the normal in the pix@ader asthe bump mapresolution
generallyexceed the tessellation resolutionf heightScalés not 1, then the normal
must be adjustedper sec. 9.2 Differential Scale and the Normarhus below b.xand
b.yare multipliedby heightScaldéo computen. As we are mapping to a single quad, the
reference frame is implied and there is no need for U and V axes per vertex.
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constchar *pShader = R"(
#version 410 core
in vec3 te Point;
invec2 te Uy,
uniform float height Scale = 0;
uniform mat4 modelview;
uniform sampler2D  bumpMap;
vec3 BumpNormal(vec2 uv ){ //from sec. 14.4
vec4 bumpV = texture(bumpMap, uv);
return vec3(2*bumpV.r -1, 2*bumpV.g -1, bumpV.b);

}
void main() {
vec3 b = BumpNormal( teUv);
vec3n =vec3(b.x* height Scale, b.y* height Scale, b.z);
vec3 N = normalize((modelview*vec4(n, 0)).xyz);
gl_FragColor= ... /I use N to compute gl_FragColor
}

)"

In the following, a satellite view of the valley provides a texture map. Three lights
illuminate. Detail of the bump map is more apparent if the lights are moved.

El Capitan Half Dome

Figurel9-3: Tessellation of quad using Yosemite Valley height field and texture map

Exercise

Make an image using displacement, bump, and texture mapping of a singledsed.
GoogleMaps to shap a texture, and obtain a depth map of the same tgtr@nJSGS
websiteis a possible source)

19.2 Tessellation of a Sphere
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A sphere can be tessellatéebm a quad by treatinghe (u, v) coordinates as longitude
and latitude The previous example can be modified so that the surface pogmid
surface normah are computed with:

const char *teShader= R"(
#version 4 10
layout (quads, equal_spacing, ccw) in;
uniform mat4 modelview , persp;
out vec3 tePoint , teNormal,
out vec2 teUv
void main() {
teUv = gl_TessCoord.st;
float u = gl_TessCoord .S, v=gl_TessCord.t; // long, lat
float pi =3.141592 ,e = pi/2-pi*v; [l elevation
float y=sin( e), a=2*pi *u, c =cos(e), x=c*cos( a), z=c*sin( a);
vec3 p= vec3(x,Y, 2); /I for unit sphere, normal = position
tePoint = (modelview*vec4(p, 1)).xyz;
teNormal = (modelview*vec4(  p, 0)).xyz;
gl_Position = persp*vec4(tePoint, 1);
}
)"

To simulate a mountainous Earth, a depth map displaces the location obtained by the
*%Z & (uv §]}vX V}EU 0 ~Z pu%e[* u % ~ E]JA (E}u §Z
normal during shading, and a texture map is applied for coloAfighree maps are

Mercator projections of Earth data.

Figurel9-4: Texture depth, andbump maps (first two freely available from NASA)

The texture and bump maps are applied at pixel resolution, whereas the displacement
map is applied at tessellation resolution.
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texture-mapped globe and bumpmapped anddisplacementmapped

Figurel9-5: Mappings applied to a sphere

Exercise

Part A: modify the sphere function af,{) to produce a cylinder.
Part B: modify the function to produce a torus.

Bonus:use texture and/or depth maps other than Earth.

19.3 Tessellation of @8ézierPatch

In exercise 18§, aBézier patchs triangulatedby the applicatiorinto vertices that are
then stored in the GPU. When the user modifies one of the control points, the patch is
re-triangulated and the new vertices aoepiedto the GPU.

With the tessellation evaluation shaddéhe GPU vertex buffecan be bypassedVhen

the user moves a control point, the application transfers a new set of control points as a
uniform to the GPUThe tessellation evaluation shader computes the position and
surface normafor a given(u, v) using the uniform control points

Rather than use coefficient evaluation (sec. 18.6), the following shader implements the
evaluation in terms of as-curve and-curve:

char *teShader = R"(
#version 400
layout (quads, equal_spacing, ccw) in;

uniform vec3  pts[16]; /I 16 control pts updated on user move
uniform mat4 modelview; /I object to eye space
uniform mat4 persp; /I eye space to perspective space
out vec3 tePoint; /I generated point at (s,t)
out vec3 teNormal; /I generated normal at (s,t)
outvec2 teUy; /l same as (s,t)
vec3 BezTangent(float t, vec3 b1, vec3 b2, vec3 b3, vec3 b4) {
float t2 = t*;

return (- 3*t2+6* - 3)*b1+(9*t2 - 12*t+3)*b2+(6*t - 9*t2)*b3+3*t2*b4;
}
vec3 BezPoint(float t, vec3 b1, vec3 b2, vec3 b3, vec3 b4) {
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float t2 = t*t, t3 = t*t2, T=1-t T2=T*T, T3=T*T2;
return = T3*b1+3**T2* b2+3*t2*T* b3+t3* b4;
}
void main() {
vec3 spts[4], tpts[4];
float s = gl_TessCoord.st.s, t = gl_TessCoord.st.t;
teUv = vec2(s, t)
for (inti =0;i<4;i++) {
spts[i] = BezPoint(s, pts[4*], pts [4*i+1], pts [4*i+2], pts [4*i+3)]);
tpts[i] = BezPoint(t, pts[i], pts[i+4], pts[i+8], pts [i+12]);
}
vec3 p = BezPoint(t, spts[0], spts[1], spts[2], spts[3]);
vec3d tTan = BezTangent(t, spts[0], spts[1], spts[2], spts[3]);
vec3 sTan = BezTangent(s, tpts[0], tpts[1], tpts[2], tpts[3]);
vec3 n = normalize(cross(sTan, tTan));

teP oint = (modelview*vec4(p, 1)).xyz; /I eye space point
teNormal = (modelview*vec4(n, 0)).xyz; /I eye space normal
gl_ Position = persp*vec4( tePoint, 1); /I persp space point
}
)"
Figurel9-6: Tessellatedéziempatch
Exercise 1

Modify exercise 18.7 to use the above tessellation evaluation shader.

Exercise 2
Render the Utah Teapaetith the points and patches defined 8- Teapot.cppStuh
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19.4 Tessellation ofBézierCurve

In the examples in chapterssIparametriccurves) and 1 (text), a curve isirawn when
the application, i.e., the CPU, computesints. The curve can, however, lbessellated
and drawnby the GPUusing the tessellation layout parametésgplines.

To render a curve agsnumber of line segments, add the followingBasplay

float innerLevels[]={res,res}, outerLevels[]={ 1,res,1,1};
glPatchParameterfv(GL_PATCH_DEFAULT_OUTER_dif¥iEkeyels);
glPatchParameterfv(GL_PATCH_DEFAULT_INNER_irEHlevels);

and continue to call glDrawArrays(GL_PATCHES, 0, 4)

The tessellation shaddyelow is senffour control points, and the value of the curve is
computed givergl_TessCoord.st.which issupplied by the tessellater.

char *teShader = R'(

#version 400

layout (isolines, equal_spacing) in;

uniform vec3  pts[4];

uniform mat4 view;

void main() {
float t =gl _TessCoord.st.s , t2=t*, t3=t*2
float T=1-t,T2=T*T, T3=T*T2;
vec3 p = T3*pts[0] +3*t*T2* pts[1] +3*t2*T* pts[2] +t3* pts[3]
gl_Position = view*vec4(p, 1);

19.5 Extending Tessellation Resolution

Displacement is one method to increase the realism of silhouette edges. apping
and texturemapping are typically at much higher resolutions, however. The number of
vertices generated by a tessellater is on the order of hundreds or thousands. OpenGL
has a builin limit that can be queried, but the actual number supported is hardware
dependent. A typical limit as of this writing is 64 by 64 (i.e., less than 5000 vertices).

The resolution for thesynthetic ripples below, lefis insufficient toprevent the artifacts
that arevisiblewhere theripplescollide To reduce the aliasing, the application could
blur the depth map (but not thbump map derived from the original depth map) or,
equivalently, usdéextureLodin the pixel shader to freeze the mipmap level.
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Figurel9-7: Left: low resolution(50 by 50) gridright: effect of blur

In the case of the quad, improvement is possible by tessellating multiplgsatls. The
tessellation shaders in this chapter are driven solelyibgoordinates, so it is a simple
matter to partition the initial quad.

First, two uniform inputs are added to the tessellation shader:

uniform vec2 uvOffset = vec2(0, 0 );
uniform float uvScale = 1 ;

and the assignment teUv is modified:
teUv = uvOffset+uvScale*gl_TessCoord.st;

The original quad can be displayed#3uadsOnEdgey nQuadsOnEdgsub-quads with
this code inDisplay

int nQuadsOnEdge =2; //4sub -quads
float uvScale = 1.f/nQuadsOnEdge;
SetUniform(shader, "uvScale" , uvScale);
for (int i=0;i< nQuadsOnEdggi++)
for (int j=0;j< nQuadsOnEdggj++) {
SetUniform(shader, "uvOffset" , uvScale *vec2(i, j));
glDrawArrays(GL_PATCHES, 0, 4);

four 50 by 50 sulguads nine 50 by 50 suguads

Figurel9-8: Effect of extended resolution

19.6 Level of Detail
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Now let us considethe tessellation control shader. With ive can control the
resolution of the tessellation evaluation shader in response to display conditions. This
provides a generic mechanism to contlevelof detalil.

Thecontrol shader specifies duagsolutiors for a primitive aninnerand anouter. The

inner is the basicesolution (}E ep  JAJ+]}vU us 3Z }ud E & % E « v$§
allows an edge of the subdivided primitive to match an adjoisimigdivided primitive of

a different, inner resolution

Figurel9-9: Effect of tessellation control shader on a different oreitins ofpatch

In 19-DemaoBezierLORthe tessellation control shadesetsthe four outer resolutiors
proportional to the screerspace distance between corners of the control meBte
inner resolutions are set to the average of their corresponding outer resolutions
Adjoining meshes might have different inner resolutions, wilthave the same outer
resolution along their shared boundary the followingexample of a tessellation
control shade, the tessellation resolutios are sebnce per patch

/I tessellation control

const char  *tcShader= R"(

#version 400
layout (vertices = 4) out;

uniform vec3  pts [16]; /[ control points
uniform int minTessLevel = 10 , maxTessLevel = 50;
uniform mat4 modelview , persp;
void main() {
if (gl_InvocationID == 0) { /I only set on first patch vertex

mat4 m = persp*modelview;
/[ test distance bet pairs of corner ctrl pts
vec3 corners [] ={ pts [0][0], pts [O][3], pts[3][3], pts[3][0] }
vec2 scorners [4]; /I screen space
for (inti=0;i<4;i++) {
vecd h =m* vec4(corners [i] ,1) ;
scorners [i] = h.xy/h.w;
}
/Il set inner res to max res of 4 outer  edges
gl_TessLevellnner[0] = 0;
for (inti=0;i<4;i++){
float d = distance( scorners [i],  scorners [(i+1)%4]);

171



float | = gl_TessLevelOuter[i] = max(2, 4*d);
if (I > gl_TessLevellnner[0])
gl_TessLevellnner[0] = gl_TessLevellnner[1] = I;

}
}
)"

19.7 Tessellation of a TriagMesh

The previous examples have used a single quad to define geometrya wattex
specified bygl_tessCoord.swhich is with respect to the quad defined in [0,1] x [0,1].

In the case of a triangléowever,a vertexis specifiedasatrilinear interpolationof the
three trianglecorners The interpolation coefficients.€., barycentric coordinatésare
applied to the triangle corners to computeageighted sumtypically, these coefficients
sum to 1).

Thus, vihereasgl_TessCoord.gtrovidescoefficientsfor a new quad vertex,
gl_TessCoord.stprovidescoefficientsfor a new triangle vertex.

Vertex location, normal, texture coordinates, and local texture axes are stored in the
vertex buffer, as described in sec. 14.3. They are sent to the vertex shader, but merely
passed, without transformation, to the tessellation shader as input arrays of three:

layout (triangles, fractional_odd_spacing, ccw) in;
invec3 vPoint]] , vNormal[] ,v Uaxis[] ,v Vaxis[];
invec2 VUV[;

out vec3 tePoint ,t eNormal, teUaxis , teVaxis;
out vec2 teUyv;

Local coordinate frames must be computed for use in bumgpping. Thus, the new
vertex location, normalyv-coordinates, and local tangents are computed as a weighted
sum with the following loop through the triangle corners:

vec2 t;
vec3 p, n, ua, va,; // location, normal, u -axis, v -axis
for (inti=0;i<3;i++) {

float f = gl_TessCoord[i];

p += f*tcPoint][i];

n += f*tcNormalfi];

t += f*tcUVI[i];

ua += frtcUaxisi;

va += fftcVaxis|i];
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p may now be displaced along the surface normal given a displacement mag4<sgc¢.
it is then transformed bynodelview

tePoint = (modelview*vec4(p, 1)).xyz;
teNormal = (modelview*vec4(n, 0)).xyz;
teUaxis = (modelview*vec4(ua, 0)).xyz;
teVaxis = (modelview*vec4(va, 0)).xyz;
teUv = t;

gl_Position = persp*vec4(tePoint, 1);

Figurel9-10: Left: linedrawn and singleshaded mesh
right: displacemenmapped, bumpmapped, and texturenapped mesh

Meshes with Openings

In chapter 15we defined a mesh with an opening as having at least one edge that is

shared by only one triangle (or quad). The above whistle is such a mesh; its mouth
00}Ae« 3Z Z]ve] [ 8} o \ldce trianogtes [seR. 14) ik not

appropriate

This raises a question concerning rendering a Hackg primitive. We expect to
illuminate it by the same light sources as the rest of the mesh, but the-faaakg
primitives face, roughly, in the opposite direction as do the friaues.

This is usually solved by a tyass methodincreasinghe render time: first the back
facing primitives are rendered with negated surface normals. Then,-feaihg
primitives are rendered with unnegated normals:

glEnable(GL_CULL_FACE);
glFrontFace(GL_CW);
SetUniform(shaderld, "reverseNormals", 1);
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glDrawArrays(GL_ TRIANGLE, 0, 3*triangles.size());
glFrontFace(GL_CCW);

SetUniform(shaderld, "reverseNormals”, 0);
glDrawArrays(GL_ TRIANGLE, 0, 3*triangles.size());

We can, however, perform this task in one pass with a tessellation shatigraccess
to the entire primitive, it is straightforward to compute baédcing if backfacing, the
normal is reversed.

vec3 p0 = (modelview*vecd(  vPoint[0], 1)).xyz;
vec3 pl = (modelview*vecd(  vPoint[1], 1)).xyz;
vec3 p2 = (modelview*vecd(  vPoint[2], 1)).xyz;
bool backfacing = cross(pl -p0, p2 -pl).z<0;

If the mesh has a reasonahlg-parameterization, it is also possible to compute back
facing in the pixel shader by first computing the lagalxisandv-axis(sec. 153), and
testing thez-component of their cross product.

Figurel9-11: Left to right: unlighted backaces, backace detection, lighted baetaces
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Chapter20: The Geometry Shader

With OpenGLv.2 (2009), an optionalgeometry shadewas added to the graphics
pipeline This shadefollows the vertex shadesind optional tessellation shadeasd
precedes the rasterizer.

The entire pipeline of shaders (except the rasterizer) is programmable.

Figure20-1: Modern graphicspipeline

As with thetessellationshader, thegeometryshader receives vertex attributes in the
form of arrays it candefine new vertices while accésgthe entire, enclosing primitive.

Unlike the tessellation shader, which produces a new vertex for each invocation, the
geometry shader produces an arbitrary number of vegiper invocationA new vertex
is producedby acall to the GLSL subroutilamitVertexAfter three or four new vertices
(depending on whether a triangle or quad is desirgd GLSL subroutiriendPrimitive

is called.

The geometry shadgarocesses verticesimilarly tothe vertex shader, bufleatures
three keydifferences:

1) The ggometry shader inputs include the built arraygl_in[] as well as any explicitly
definedarray, such as:

invec3 vP oint [3]; //atriangle

This allowsadditional geometricinformationto be computed andpassed to the
rasterizerand, eventually pixel shader. Thisan producejualitative improvements to
an imagesuch aglescribedn section20-2 and20-3.

The size of thePoint input array can be explicitly given determinedfrom a layout
parameter at theheadof the shadersuch as

layout (triangles) in;

The geometry shader supports points, lines, and triangles, but not qiadtayout
parameterlines_adjacencgan, however, serve the purpose afjuad(seesec.20-3).
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2) The geometry shader repeatedly writes to its output in order to form one or more
primitives. The output consists of the buitt variablegl_Positiorandany explicitly
defined variable, such as:

outvec3 gP oint, gColor;

Within a single call to the geometry shadanoutput vertexcan begenerated multiple
times, each accompanied by the GLSL: call

EmitVertex();

OnceEmitVertexhas been called three times (for a triangle), a primitive is generated
with the GLSL function:

EndPrimitive();

3) An arbitrary number of verticemaybe emitted that is,the geometry shader can
output more primitives than it receiveamplifyinggeometriccomplexity.

20.1 Geometry Creation

> [« A oédmple20-DemoTriGeo.cppthat demonstrates theséeatures We
will render a tetrahedron, beginning with only three points that form an equilateral
triangle in thexy-plane:

float h=1/sqrt(3) , pnts[][3] = {{.5f, - h/2,0},{0,h,0},{ -.5, -h/2,0}};
glGenBuffers(1, &vBuffer);

giBindBuffer(GL_ARRAY_BUFFER, vBuffer);

giBufferData(GL_ARRAY_BUFFER, sizeof (pnts), &pnts[0], GL_STATIC_DRAW);

The vertex shader need only receive the points, transform them byithgmatrix, and
output them to the geometry shader:

const char  *vertexShader = R'(
#version 330
uniform mat4 view;
in vec3 pt;
out vec3 VPt;
void main() {
VPt = (view*vec4(pt, 1)).xyz;
}
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The geometry shader receives the vertices iviitsarray. It defines a fourth vertex and
then outputs four equilateral triangles, each of a different cotorform a tetrahedron:

const char *geometryShader = R"(
#version 330
layout (triangles) in;
layout (triangle_strip, max_vertices = 12) out;
uniform mat4  modelview, persp
in vec3 vPt[];
outvec3 gPt , gNrm gColor;
void EmitTriangle(vec3 v0, vec3 v1, vec3 v2, vec3 color) {
vec3n =cross(v2 -vi, vl -v0);
gNrm = normalize( (modelview*vec4(n, 0)).xyz );
gColor = color;
for (inti=0;i<3;i++){
gPt = (modelview*vec4(vPt[i], 1).xyz;

gl_Position = persp*vec4(gPt, 1) ;
EmitVertex();
EndPrimitive();
void main() {
vec3 center = (VPt[O]+VPt[1]+VP1[2])/3;
vec3 n = normalize(cross(vPt[2] - vPt[1], vPt[1] - vPt[O]));
float s = length(vPt[1] - vPt[0]);

vec3 VvPt3 =center+ s*sqrt(2)/sqrt(3)*n;
EmitTriangle(vPt[ 2], vPt[1], vP{[ 0], vec3(1,0,0) ); /lorig

EmitTriangle(vPt[0], vPt[1], vPt3, vec3(0,1,0) ); /I new
EmitTriangle(vPt[1], vPt[2], vPt3, vec3(0,0,1) ); /I new
EmitTriangle(vPt[2], vPt[0], vPt3, vec3(0,1,1) ); /I new

Figure20-2: Forming a tetrahedron
EmitTrianglecomputes the triangle normal and outputs three points, each with a color,

location, and (the same) normal (for a faceted appearari€njitVertexand
EmitPrimitivecause OpenGL to output the dadad send a triangle to the rasterizer
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With the inclusion of this shader and a pixel shader that expects a point, normal, and
color, a shaded tetrahedron rather than a single triangle will be displayed.

Exercise

Modify main, above, to produce an object other than a tetrahedron.

20.2 Line-on-Polygon Shading

The geometry shader provides a relatively neapability with respect to lindrawing.
To put this in context, a brief review.

The earliest computer graphic displays weeetor(also callectalligraphig. A program
consisted oMoveTdpl)/DrawTdqp2) commands; analog electronics would theace a

line from p1to p2. Into the 1980s, video games were vector display; although unable to
shade images, their lines wetgpicallyhigh quality.

At first, raster line drawing involved settirthose pixels intersected by the line. Anti
aliasing was achievday settingthe pixel valueproportional to thedistancebetween
line and pixelthis was often calculated with incremental, pitetpixel methods.

Line drawing remains popular for many tasksr example, mesh structure can be
better understood if facets are not only shaded but outlinBafore OpenGLv2his
requiredtwo-passes one toshade the facet (triangle or quadhdone tooutline it.

&}E §7]e 8§} AYEIU * U 0 ozyéluesdvastadded to pvefeome the depth

buffer values of thdacet (the offset must not be so great as to affect the visibility of the

line with respect to other triangles). The resulting image is sensitive to the offset and
V % E}zp(]PZS]vP _U ]Jv Alrgaks éfragrhents.

OnePass Method

With the advent of the geometry shader, it became possible to shade a triangle and its
outline at the same time by computing distance of the pteethe nearest triangle edge.
This technique E]A « (E}u 1ii0 ~/''Z WBarehtZerzet aly@ith
implementation details fronthe OpenGL Shading Language CooktmoWolff.

Because it operates in a single pass, the technlgagenoz-fighting.
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The pixel/edge distancis calculaedin screen (pixel) space. As inpp p1, andp2
have been transformed by thmodelviewmatrix, EmitTriangleneed only transform
them further by the perspective and viewport transfornThe viewport transformation
is sentto the geometry shader, and the three screspace point@are computed

uniform mat4 viewport;

vec2 ScreenPoint (vec4 h) { return (viewport*vec4(h.xyz/h.w, 1)).xy;
/l transform each vertex into screen space

vec2 s0= ScreenPoint (persp*vec4( poO, 1))

vec2 sl = ScreenPoint (persp*vecd( p1l, 1))

vec2 s2 = ScreenPoint (persp*vecd( p2, 1))

Distance to an Edge

Beerentzen et alused the geometry shader twomputethe distance froneach triangle
vertex toits opposite edge (i.e., i@ltitude). We can store the distances in the variable
vec3 eDisin whicheDist[0] eDist[1] andeDist[2]are the distances to the edges
opposite verticep0, pl, andp2. Recalling that each vertex lies on two edgeistfor
verticespO, p1, andp2are (i, 0, 0), (Ohy, 0), and (0, Ohc).

Figure20-3; Altitude frompO

Anglesalphaandbeta can be computed with the Law of Cosines:

float a = length( s2-s1), b = length( s2-s0), ¢ = length( s1-s0);
float alpha = acos((b*b+c*c - a*a)/(2*b*c));
float beta = acos((a*a+c*c - b*b)/(2*a*c));

From the two angles, we can compute the altitudes:

float ha = abs(c*sin(beta)) ; /I screen - space distance p0 to p1p2
float  hb = abs(c*sin(alpha)) ; /I pltoline pOp2
float hc = abs(b*sin(alpha)); Il p2 to line pOpl

Finally,EmitTriangleneeds a new output variable for the edge distances (i.e., altitudes):

noperspective out vec3 gedgeDistance;

Before the call t&EmitVertexthe edge distance triplet as well as the other vertex
attributes are output for each vertex:
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vec3 eDists[] = { vec3(ha, 0,0) ,vec3( 0,hb,0) , vec3(0,0, hc) };
for (inti=0;i<3;i++){

gPt=i==0? pO0:i==1? pl: p2;

gl_Position = persp*vec4(gPt, 1);

gEdgeDist ance = eDistsJi]

EmitVertex();
}

For the pixel shader, a nemput is needed:

noperspective in vec3 gEdgeDist ance;

noperspectiveells the rasterizemot to applya perspective divide tgEdgeDistance
gEdgeDistancprovides accurate screespace distancebetween the pixel and the
three triangle edges because poittt-line distance is a linear function that remains
accurate under bilinear interpolatioby the rasterizer The distance to the nearest
triangle edges simplythe minimum element in gedgeDistance:

minD = min(min(gEdgeDist ance[0],gEdgeDist ance[1]),gEdgeDist ance[2]);

To compute a blend of line and triangle coliet,a variable serve aghe blend
coefficient wheret is the blend coefficientf minD> width+transition, the pixel is fully
within the shaded trianglandt = 1. f minD<width, it is fully within the linendt = Q
In between minDcan be mappedo (0, 1) withthe GLSL subroutirgnoothstep :

float t = smoothstep( width, width+transition, minD);

smoothsteps a functionas shown belowits derivative at the two endpoints is zero.

Figure20-4: line and triangle edgesmoothstep

Given the parametet, the line color (black in the code below) and thanglecolor
(gColor assumed to be a shader inpegn be combined bthe GLSImix function:

pColor = mix(vec4(0,0,0,1), vec4(intensity*gColor,1), t);

We can produce line drawingif we disable thez-buffer, skip theshadingintensity
calculation, and simply assig@olor = vec4(0,0,0,1  -t) . Or we @n producehidden
line elimination (withz-buffer enabled) by assigningolor = vec4( tttl ).
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vec4 line(0,0,0,1); pColor = vec4(0,0,051); pColor = vec4(t,t,t,1);
vec4 shade = intensity*gColor; (z - buffer off) (z - buffer on)
pColor = mix(line, shade, t);

Figure20-5: Result and variations
SilhouetteEdges

A magnified vieweveals a problemwith silhouette edgs: they arenot anti-aliased
along ther outer edge, and the ling half as thick.

Figure20-6: Silhouette and nossilhouette edges

By an extended arrangement of the triangle arrmgngleneighborscanalsobe sent to
the geometry shader. This allowesg, cartoon shading or silhouettenly shading.

e« 3} S8E&] vPo [+ v ]PZ }@IDjawElehijerisRathéStAan an integer
array of triangle indices (every three constituting a triangle), it is passed an array of six
indices that define a triangle and its neighbors, per the diagram below. To obtain this
behavior, the first argument tgiDrawElementsnust beGL_TRIANGLES_ADJACENCY.

Figure20-7: Trianglevbv3vl and adjacent triangles

With access to neighbor trianglgthe staircasing in figur20-6 can be remedied

Exercise

Apply the method in the previous section to draw silhouette edges only.
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20.3 Quad Interpolation

OpenGL divides guadrilateralinto two triangles eachrasterizd separately Oftenthis
produces a imagewithout artifacts such as the following square with a grid texture

Figure20-8: Texturemapped square rendered as two triangles
left: untransformed right: oblique, perspectiveview

The geometry (the four points that define the square) and the texture domain (defined
by the four corresponding points on the texture map) have the same, square shape. In
perspective, the geometry appears as a trapezoid, but the textoapped image

remains artifacifree. If, rather than a square, we start with a trapezoid as our geometry
and divide it into two triangles that are rendered separately, the result contaidls a
discontinuityalong the diagonal. Why does the trapezoid below have an artifact but the
trapezoid above does not?

Figure20-9: Texturemapped trapezoid rendered as two triangles

To answer this question, consider a single triangle defined by three sspse points
and an associated triangle of three textuspace points (i.eyv-coordinate$. Aunique,
affine transformation exists that maps the screen triangle to the texture triangle. This
guarantees that the parallel rows of pixels produced when rasterizing the separe
triangle will correspond with parallel rows of samples along a texture map.
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Figure20-10: left: pixels in screespace, right: samples in textuspace

If weadd a fourth screerspace point and a corresponding fourth texture poing
create asecondscreen triangle and secondtexture triangle. The rows of pixels in the
two screen triangles obviously align with each other, but for the rows of samples to
align between the two texture triangles, the affine transformation described above
must be applied to the new screen location to determine the new texture location. If
the new texture point is placed elsewhere, a discontinuity in the texture gradiecirs
along the shared boundary of the triangles

Figure20-11: Efect on gradient of placement of fourth texture point
ideal location of new texture sample shown as circle

Buttexture shape cannot always be an affine image of the geometric siGgesider
the longitude/latitude parameterizatioof a sphergused in pevious chaptey, aquad
becomes increasingly trapezoidal the clogés toa pole, whereas its texture domain
remains squareAs foreshortening increasesp doeghe texture discontinuity.

Figure20-10: Left: geometric spacemiddle: texture space, right: rendered as triangles
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At the pole one edge oh quadrilaterabecomesa point When dividednto triangles
geometrically,one trianglecovers no pixels, sits correspondingexture is ignore.

Figure20-11: Triangulateddegeneratequad
left: geometric space, right: texturgpace

This issuaevasfirst raised inthe 1970s In 2004,Hormannand Tarini proposed quad
rasterizerusinggeneralizearycentric coordinate® produce a bilinear interpolation
of vertex attributes Their method can be implemented with a geometry shader.

With GL LINES_ADJACENCY as the first argument to glDrawArrays or glDrawElements,

four vertices from the vertex shader are sent to the geometry shadan array for
each quad The perspectivspace coordinategposG3, andthe texture coordinates,
guv0-3, arethen sent to therasterizer(as separate variables, not arrays)d
subsequentiyto the pixel shader for use in computing therrectuv-coordinates

const char *g  eometry Shader = R"(
#version 330
layout (lines_adjacency) in; /l 1 quad in
layout (triangle_strip, max_vertices = 6) out; /I 2 tris out
in vec3 vpoint| 4], vnormall 4];
invec2 vuv[ 4];

out vec3 gpoint , gnormal,

flat out vec4 gposO0, gpos1, gpos2, gpos3; /I same each vrt
flat out vec2 guvO, guvl, guv2, guv3; /I same each vrt
void EmitPoint(int i, bool provokeFlatOutput ) {

gpoint = vpoint[i];

gnormal = vnormalli];

gl_Position = gl_in[i].gl_Position;

if ( provokeFlatOutput ) { /I once per tri
gpos0 =gl in[0].gl  _Position; gposl =gl .in[1].gl _Position;
gpos2 =gl in[2].gl  _Position; gpos3 =gl _in[3].gl _Position;
guv0 =vuv[0] ; guvl =vuv[l]; guv2 =vuv[2]; guv3 =vuv[3];

}

EmitVertex(); /I send vertex
}
void main() {
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)"

EmitPoint(0, false); EmitPoint(1, false); EmitPoint(3, true);

EndPrimitive(); /[ triangle 1
EmitPoint(1, false); EmitPoint(2, false); EmitPoint(3, true);
EndPrimitive(); /I triangle 2

}

In UV() below, the gl_FragCoordnput to the pixel shader is converted perspective
spaceand used tacomputethe barycentric weights with respect the quad corners
gpos03. The weights are applied tuv0-3 to producethe %. | Abilomparly interpolated

uv-coordinates Double precisionis usedn BarycentricWeights() and UV().

const char *p  ixelS hader = R"(
#version 430

in vec3 gpoint , gnormal;

flat in vec4 gpos0, gpos1, gpos2, gpos3; /I quad points
flat in vec2 guvO0, guvl, guv2, guvs; I/l quad uvs
uniform sampler2D image;

uniform vec4 vp; [l viewport

uniform vec3 light;

double Cross2d(dvec2 a, dvec2 b) { return (a.x* b.y) -(ay* b.x); }

vec4 BarycentricWeights(dvec2 p) {
double w[4] ={ gposO.w, gposl.w, gpos2.w, gpos3.w }, r[4], t[4], u[4];
dvec2 v[4] ={ dvec2(gpos0)/w[0], dvec2(gposl)/w[1],

dvec2(gpos2)/w[2], dvec2(gpos3)/w[3] }, si4] ;
for (inti=0;i<4;i++) {
s[i] = vii] -p;
rli] = length(s[i])* sign(wli]);

}
for (inti=0;i<4;i++) {
double A = Cross2d(s]i], s[(i+1)%4]);
double D = dot(s[i], s[(i+1)%4]);
ti] = (r[i]*r[(i+1)%4] -D)/A;
}
for (inti=0;i<4;i++)
ufi] = (t[(i+3)%4]+t[i)/r[i];

return vec4(u[0], u[1], u[2], u[3])/( u[O]+u[1]+u[2]+u[3] );

}

vec2 UV() {
/l from A Quadrilateral Rendering Primitive by Hormann & Tarini
/I get barycentric weights, do perspdiv, set uvweighted -sum

dvec2 p =dvec2(2*gl FragCoord.x/vp[2] -1, 2*gl FragCoord.y/vp[3] -1);

vecd wt = BarycentricWeights(  p);

float f[4] ={ wt[0]/gposO.w,  wt[1l]/gposl.w , wt[2]/gpos2.w,
wt[3]/gpos3.w  }, sum = f[O]+[1]+[2]+f[3];
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return  (f0]*guvO+f[1]*guv1+f[2]*guv2+{[3]*guv3) / sum

}

void main() {
vec3 N = normalize(gnormal) , L =normalize(light - gpoint);
float d = max(0, dot(N, L)) ,i=  clamp(.05 +d, 0, 1);
gl_FragColor = vec4(i*texture(image, UV()).rgb, 1);

Figure 2012: Left: divided into triangles, right:ilimearly interpolated

The diagonals in the texture appear curved due to the curvature of the sphere. When
viewed in perspective, the diagonalanappear curvedn a flat surface, if the weights
are not correctedor perspectiveThis is done by dividingy gposG4.wwhen

computingVv[ ] in BarycentricWeights() arffi] in UV().

Figure 2613: left: rendered with bilinear interpolation, right: perspectigerrected

C-discontinuityalso occursvhenshadinga quadwithout texture. A perspectivecorrect
bilinear interpolation can be maday replacingguvG-3in the geometry and pixel
shaders withgcolorG3.
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Figure20-14: A trapezoid with three dark corners and one bright corner
left: divided into trianglestight: bilinearly interpolated

UV()needs100+ arithmetic operations good strategy is tasebilinear interpolation
only for quads whose geometric and texture coordinates are not affinely related.

Asimple test for affinityis to compute, ér each corner of the quadhe barycentric
coordinates with respect to the other three corners (this is a different use for
barycentric coordinates than the use above for bilinear interpolatidhpse should be
compared againghe barycentric coordinates of the corresponding texts@ace
location with respect to the other three texture locations. If there is affinity, the two
sets of barycentricoordinateswill be equal

Thesebarycentric coordinates are invariant under affine transformation (scale, shear,
rotation, or translation) applied to the geometry. They are also invariant under
perspective transformation if the barycentric coordinates are invessaled by the
homogeneous coordinate.

20.4 An Aidor Debugging

The geometry shadgrermitsdiagnostics at the GPU leyéhat is,the diagnostis
displayedrepresent the state of the GLSL program, rather than a CPU emulation

For example, the geometry shadeelowreceives an array of three, untransformed
vertices From this triangle thehadercomputesa centerand surfacenormal. It then
outputs pairs of transformed points, which define line segmeatberasterized. Tis
produces greetriangles with a yellowsurfacenormal. The diagnostic value is that

GPU computed normal can be compared against some input normal as a validity test.

The shader specifies its output lase_strip causng therasterize to treat each pair of
gl_Positioras a line segment. The pixel shader need onlytsetutputto its input
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const char *gShader = R"(
#version 330
layout (line_strip, max_vertices = 8) out;
uniform mat4  view; // view = persp*modelview
invec3 point[ 3];
out vec3 gColor

void Line(vec3 pl, vec3 p2 ,vec3 color ){
gl_Position = view *vec4(pl, 1); gColor = color; EmitVertex();
gl_Position = view *vec4(p2, 1); gColor = color; EmitVertex();
EndPrimitive();

}

void main() {
vec3a= point[0], b = point[1], c = point[2] , cen =(atb+c)/3 ;

vec3 n rm = normalize(cross(b -a,c -b)), grn(0, 1,0) , yel(1,1,0) ;
Line(a,b , grn); Line(b,c , grn); Line(c,a , grn);
Line( cen, cen+.1*n rm, vyel);

}
)"
const char *pShader = R"(

#version 130

in vec3 gColor

void main() { gl_FragColor = vec4( gColor , 1); }
)"

Figure20-15: Rendering with above shaders
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Chapter21: Quaternions

In preparation for thenext chapter, Animation, we devote a chapter to an improved
understanding obrientation.

The Euler angles described in chapter 5 are often used to specify a reference frame; but
the reverse is problematiche extractionof angles from a reference franig illdefined
and caryield unintended results.

Further, theinterpolation of Euler angles does not yield a rotation aboabastantaxis;
rather, the axis wobblegn the followingfigure aretwo referenceframes,XYZand y ez e«
(the latter is the former rotated 9@bout thez-axis and then 9Gbout they-axis).
Interpolating the Euler angles produces sweeps fi¥ta y ¢in red),Yto z ¢green) and
Zto < ¢blue). TheXandYsweeps are not planar, thus the wobble.

XYZand yezye E
shown with unitlength
axes (red, green, and
blue); intermediate
frames are shown half
size.

Figure21-1 Euler angle interpolation, oblique view (left) and side view

The mathematicatietails in this chaptemaybe ignored but it is important to note that
guaternion multiplication is the correct method to perform rotation in 3D space. The
library Quaternion.tpermitsconversion between a-By-4 matrix and a quaternion. This
facilitates the articulation/animation method described in chapter 22.

21Xi po E[-+ :KRpotiop as Complex Multiplication

Compared with Euler anglesjs computationally robust and geometrically correct to
usequaternions These were developed as an extension of complex numbers.

Acomplex numberd + bi) isspecifiedby areal coordinatea andanimaginary
coordinateb, wherei isthe imaginary unit(i.e.,iZ A ¥ Given two complex numbersa (
+ bj) and € + dj, theirproduct(a + b) (¢ + d) isdefined ay > )+ @d + bgi.
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(a +bi) can be visualized aspoint on the complex planelefined byareal axisReand
animaginary axism.

Figure21-2: A number in the complex plane
If we consider the unit circle in the complex plane, a fundamental relationship is
describedby EuleCEFermula
(21-1) € = cos +isin

Thatis,€ is a complex number whose real coordinate is cpafd whose imaginary
coordinate is sin().

Figure21-3: po E[* &} EuUupo ]Jv §Z }tu%o A %0 V

e (E] CoPv EC %ZCe] ]*8 Z] nostEemarkghlaiformuta S Z
mathematics_ po E[« &} E u that multiphcation by a complegxponential
performsarotation. That is, when twacomplexexponentials are multiplied, their
exponents sum, as do the corresponding angles of rotation.

(21-2) € € = é - =cos( +-)+isin( +-)

Expanding theight side of 2.2 derives the angle sum identities of chapter 5:

cos (+-)+isin( +-) = ée- = (cos +isin) (cos- +isin-)
= €0S CO0s- tsin sin- +i(cos sin- +sin cos-)
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For points off the unit circle, the
angular relationships hold, but the
E *poS[e ]85 v §§thez
% E} U S }( SZ uposS]%o
distancesi.e.,| z3| = | z1|| z|.

Figure21-4: Multiplication of complexnumbers

The angle. betweenthe axisReand the linefrom the originto a complexhumberzis
calledthe argumentofz /3 (}oo}Aes (E}u po E[- aguiEaniobthe3Z § §Z
productis the sum of the multiplicand argumerasd thatmultiplication by acomplex
numberis a rotation operaion.

Figure21-5: Leonhard Eute

21.2 Extension to Three Dimensions

In 1843, WillianHamilton extendedcomplex multiplicatiorbeyondthe complexplane
by replacingthe imaginary axigm with three imaginary axek J, andK retaining the
real axisRe. Thescalars associated witachaxs formed a 4-tuple Hamiltonnamed
guaternion Quaternions have been used since the 1960s to calculate spaceflight
trajectories. In 1985Ken Shoemake introduced tineiseto computer graphics.

Figure21-6: Quaternion proponents
(used with permission)
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Incomputer graphicsthe quaternion is usually expressed as\W, wherev =, y, 2
correspondswith the (1, J K) scalarsw isthe Rescalar.Theconjugateof qisg* =[ tv, w].

Like a complex number, a quaternion is a rotation operator, but in three dimensions.
represents the axis of rotation anelthe degree of rotation. Scalar multiples of a
guaternion represent the same rotation, so it is convenient to work with-lerigth
guaternions (i.e., §j| = X2+y?+Z2+w? = 1).

Just as a complex numbean berepresented by an arc on the unit circle, a quaternion
can berepresented by a great arc on the unit sphere. The axis of rotatjgasses

through the origin, normal to the plane of the arc. The length of the arc corresponds to
the degree of rotation (ifiact, the arc lengthw spanshalf the angle of rotation).

unit sphere

Figure21-7: Quaternion rotation

Hamilton defined quaternion multiplication similguto complexmultiplication.Forgs =
[vi, wi] andqz = [v2, we], the productaigz=q = [v, W is

V = WV2 +Wavi+V1 X V2
W = Ww2 tvi {V2

Just as complex multiplication can be visualized as the combination of circular arcs, the
product of quaternions can bésualized as the combination of spherical arcs (the arc
can be freely slidlong its great cirel). As shown in the next figurepq: represents the
composite rotatiorproduced by a rotatiomy: followed by a rotatiorge.

Figure21-8: Quaternion multiplication
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21.3 Quaternion as an Orientation

A quaternion can beonsidered a rotation of the Cartesian coordinate system and, thus,
an orientation. Let us consider the interpolation of orientationsgi and gz are different
orientations, they can be represented as great arcs emanating from the same point

Figure21-9: Quaternion interpolation

Figure 2-9 is the same geometry as for multiplication (FiguteB2, except thej. arc is
reversed. Thus, the quaternion that transformpsto gz is like multiplication, except the
conjugateq:* is used. With multiplication, the result connects the tail of one arc to the
head of anotherbut with orientation interpolation, the result connects two heads.

QpZ ] §Z pv]cy E}$ 3]}v Pu E vs$ Rotadipn TEGorsmifQ: apdme E [
are reference frames, intermediate frames are produced by interpolation along the
great arcgzqr*. Thisspherical linear interpolatiofcalledslerpby Shoemake) yields the
dashed arcs in Figurd-®, which are intermediate orientations betweepn and ge.

21.4 Comparison with Euler Angles

In Figure 2-1, theEuler angle traceare nonplanar, the rotation axis wobbleduring
interpolation.In comparison, the same rotation using quaternions produces traces that
are planar, i.e., the rotation axis is constant.

Figure21-10: Quaternioninterpolation, oblique view (left) and side view
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Alsg the extraction of a quaternion from a matrixrisverill-defined, as itan befor the
extraction of Euler angles.

21.5 QuaternionInterpolation for Matrices

A matrix can represent a reference frarfiee., orientation)or a transformation;
similarly, a quaternion can represeeither one As with matrices, the multiplication of
two quaternions catbe interpreted aghe rotation ofan orientation orasa composite
rotation.

During keyframe animation, twaeferenceframesfi andf. may be interpolated with
the followingsoftware, which relies orQuaternion.h:

mat4 Quaternion Interpolate(mat4 fl, mat4 2, float t) {
Quaternion ql(fl1), g2(f2), q; // convert matrices to quaternions

g.Slerp(gql, g2, t); I interpolate quaternions

matd m = g.GetMatrix(); Il set " Fe—Z7—drientation

vecd p=(1 -t)*f1[3]+t*f2[3]; /I interpolate position

for (int i=0;i<3;i++) /I set " fe—7—drigin
m[i][3] = plil;

return m; /I return interpolated matrix

Thisis aninterpolation between keyeferenceframes. At the keys themselves, an
abruptchangein the axis of rotatiorcanoccur. A higherorder interpolationcan reduce
this problem

21.6 CameraOrientation

Quaternionsprovide abasisfor a cameraarcballthat, unlike with Euler anglesannot
experiencegimbal lock(the loss of one degree of freedom when an axis becomes
alignedwith another).

But, is simpler to store the camemaodelviewmatrix as a single entity, rather than
individual parameters (Euler angles, scale, and translation). The matrix can then be

modified with quaternions that arereated ab initio duringe.g.,user interaction.

Additional rotation about the-axis may be needed to minimize camera tith{ch can
be visually unsettling
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21.7 Exercisea Quaternion Arcball

To incorporate quaternion rotation intan application, we define an Arcball class and
add it tothe Camera class. The arcball will replace the rotation, but not the translation,
functions of the camera.

The Arcball class stores the following elemgthe center, radius, and mouse locations
are in pixels, andh is a pointer to thenodelviewmatrix).

mat4 *m; /l adjust upper left 3X3ofm
Quaternion gstart; /I'm he ""<fe—f—<onmouse down
vec2 center; /I arcball screen center

float radius; /I arcball screen radius

vec2 mouseDown, mouseMove; // mouse down/drag

dZ %% 0] $]}dewnupypcedure can test whether the user picked the arcball:

vec2 dif(x -center.x,y -center.y);
bool selected = dot(dif, dif) < radius*radius;

The Arcball should contain mousewn, mouseup, and mouseadrag routines, to be
called by the corresponding camera procedureDownsubroutine initializes both
MouseMoveand the quaternion that represents the orientation of the matmix

void Arcball::Down( int x, int y){
mouseDown = mouseMove = vec2(x, Y); /I mousedown, disable arc
if  (m)
gstart = Quaternion(*m);

}

void Arcball::Up() {
mouseDown = mouseMove = vec2(0, 0); /I disable arc display

}

TheDragsubroutine uses the mousgown and mouselrag locations to compute two
vectors; each vector originates at the center of the archall and terminates at a 3D point
on a virtual sphere computed from the mouse location.

Figure21-11: Mouse down and mouse drag on the virtual arcball sphere
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The following routinecalculates the vector given a point within the arcball circle:

vec3 Arcball::BallV(vec2 mouse) {
/l return vector from arcball center to pointon arcball sphere
vec2 dif(mouse - center);
float difLen = length(dif);

if (difLen > .97f*radius) /I if mouse exceeds radius
dif *= (.97f*radius/difLen); // constrain to circumference

float sqg = radius*radius - dot(dif, dif);

vec3 v(dif.x, dif.y, sqrt(sq)); I in pixels

return normalize(v);

}

The cross product of the two vectors yields an axis of rotation and the dot product
§ Eu]v  §Z PE }( E&}S S]}vV SZ ¢« (}EU <<y § EvV]}v (
intended rotation. It is applied to matrixby multiplying the rotation quaternion with
the quaternion representing the initial reference fraroém(i.e., on mouse down). The
upper 3by-3 elements ofmare rewritten, representing the new orientation af This
removes any scaling that may have beemifut does not affect translation.

void Arcball::Drag( int X, int y){
mouseMove = vec2(x, Y);
vec3 vl = BallV(mouseDown), v2 = BallV(mouseMove);
vec3 axis = cross(v2, v1);
if (dot(axis, axis) >.000001f) {
float angle= (float )acos(( double) dot(vi, v2));
Quaternion grot(axis, angle );
Quaternion q = gstart*qrot;
mat3 m3 = q.Get3x3();
/I re write rotation terms (upper 3 by 3) of m
for (int i=0;i<3;it++)
for (int j=0;j<3;j++)
(*m)[i][j] = scale*m3}i][jl; /I scale prev computed

Finally, a draw subroutine allows the application to display the arcball:

void Arcball::Draw(mat4 fullview) {

if (m ==NULD

return ;
UseDrawShader(ScreenMode()); // i.e., inpixels
vec3 vl = BallV(mouseDown), v2 = BallV(mouseMove), s1;
I draw arc

if (length(mouseDown - mouseMove) > 2)
for (int i=0;i<24;i++){
vec3 m=vl+(( float )i/23)*(v2 -vl);
vec3 v = radius*normalize(m);
vec3 s2(center.x+v.x, center.y+v.y, 0);
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if (i>0)
Line(s1, s2, 2, vec3(1,0,0));
sl =s2;

/I draw outer circle
vec3 pl(center.x+radius, center.y, 0), p2;

for (int i= 1;i<36;i++){
float a =2*3.141592f*(( float )i/35);
p2 = vec3(center.x+radius*cos(a),center.y+radius*sin(a), 0);
Line(pl, p2, 2, vec3(1,0,0));
pl=p2;
}

21.8 Exercisean Arcball for Multiple Meshes

Allow interactive positioning/orienting of multiple models: use Mover for position and
Arcball for orientation.
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Chapter22: Animation

The firstshadedcomputer animatiors weremade atthe University of Utah in 1974&d
Catmull animated a hand arittedParke animated faces. These productions overcame
technicalchallengeand manageda degree ofrtistic control.

Figure22-1: Firstshadedcomputer animations

The firstmajor contribution of 3D computer graphid® theatrical motion pictures was
the Genesis Sequencstar Trek IIWrath of Khan1982.Sincethe computergenerated
T-Rex inJurassic Park 1993,computer imagery in movidsas ben common.

In 2014, Ed Catmull publishé&treativty, Inc, an account ohis efforts to maintairthe
guality of Pixaranimationsafter the succes®f Toy Storyand, eventually to revitalize
DisneyAnimation Studios

22.1 Principlesof Animation

Disney animators Frank Thomas and Ollie Johndé&seribe twelveprinciples of
animationin their classic texfThe Illusion of Life

Squash and Stretch

Anticipation

Staging

Straight AheadndPoseTo-Pose Action
Follow Througtand Overlapping Action
Slow In andSlowOut

Arcs

Secondary Action

Timing
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Exaggeration
Solid Drawing
Appeal

In 1984 John Lassetdsrought an adherence to these principlesthe Lucasfilm
graphics group (to become Pixar in 1986)a1987 SIGGRAPH papke describedheir
useto define the personalityof Luxo, Jr., théitle characterof W ] AEav@rdwinning,
short animation Principleslike squash and stretcimvolve rotation and/or differential
scalingeachreadily implementedy amatrix operation.

22.2 Articulation

A charactercan berepresented as a hierarchy of sufodelsconnected at joints, as in
§Z (&ES]+5[* ulfvavsubodel is represented by a Mesh class, it can be
articulated by changing its transformation matrix and those of its descendant meshes.

Figure22-2: v ES]*S[* u vv <u]v

As described in chapter 8, a mesldéined in object space and transformed into a
sceneby a matrix representingposition, scaleand orientation i.e, a reference frame:

Rse R Rk L
f%i Ri R'IT J
Rsi R Ry

r r r

n L I

This matrix transforms the origin @ the xaxis tovl, the yaxis tov2and the zaxis to
v3X o08Z}ubPz §Z v E }( i}]vsS[e E}S S]}v ]* eepu S}
frame, an arbitrary offset can be added.

Considemareference framer and its descendarfe. A change in position & affects
F, but a change in orientation & affects both position and orientation ¢%.
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translation of frame and rotation of frame and
descendant rotation/translation of descendant

Figure22-3: Reference framem a hierarchy

Interactive articulation can be achieved with the Mover class (section 11.2) supporting
translation, and the Arcball class (section 21.7) supporting rotation.

Suppose, upon mouse} Av U pMe E ¢ 0 S %] | D <z X dzZ €& ( (
mesh and those of its children must be stored for later use during mduesg. But,

rather than a matrix, it is convenient to represent a frame as separate origin, scale, and
rotation components:

class Frame {
vec3 position ;
float scale;
Quaternion orientation;

2
Upon mesh selection, it is also determined whether the Mover or Arcball is selected.

void Dowirfint x, int y, mat4 view, matd persp) {
moverPicked = arcball. MouseOveCenter (%, V);
arcballPicked = ImoverPicked && arcball. MouselnSphere(x, y);
Il store frames for all meshes
for (inti=0; i< nmeshes; i++) {
Mesh &m = meshes]i];
m.frameDown = Frame( MatrixOrigin -~ (m transform),
MatrixScale (m transform)
Quaternion (m transform));
/I set widget
if (moverPicked)
mover. Dowi{& pickedM esh. frameDown. position , x, vy, view, persp);
if (arcballPicked)
arcball. Dowrfx, vy, .. );

}

Upon mousedrag, either the Mover returnpDif, a 3D translation vector, or the Arcball
returnsgRot a quaternion rotation; each represents the change from medoen.
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void Drag(int x, int vy, mat4 modelview, mat4 persp) ({
if (moverPicked) {
vec3 pDif = mover. Drag(x, vy, modelview, persp);
SetMatrixOrigin ~ ( pickedMesh. transform,  pickedM esh. frameDown.origin);
/I Mover updates pickedMesh. position n but not child position s
for (int i =0; i < (int ) pickedMesh. children. size (); i++)
TranslateTransform  (pickedMesh. children [i], pDif);
/I apply translation to children only (see below)

}
else {
Quaternion ¢gRot = arcball. Drag(x, V);
RotateTransform (pickedMesh, qRot, NULL;
/I rotate selected mesh and child meshes (see below)
}

}

The Mover translation is applied to the mesh transformation matrix in the following
routine, and then recursively applied to any descendants of the mesh.

void TranslateTransform (Mesh *m vec3 pDif ) {
SetMatrixOrigin ~ (n >transform,  n: >frameDown.positio n+pDif );
for (int i =0; i < (int) m>children. size (); i++)
TranslateTransform (' >children [i], pDif);

}

The application of Arcball rotation is more complicated. The rotagi@otis applied to

the picked mesh and recursively to its descendants. In addition, the origin of descendant
meshes (but not the picked mesh) are rotateddijot with the center of rotation being

the origin of the picked mesh. Thus, RotateTransform is initially called by Drag with a
NULL center.

void RotateTransform (Mesh *m Quaternion qrot , vec3 *center ) {
/I recursive , initial call with picked mesh and null center
Quaternion qgq = m>frameDown.orientation  *qrot ;
qq. SetMatrix (m >transform, i >frameDown.scale);
/Il apply qgrot to m.transform rotation elements
/I if non-null, rotate m >base about center
if (center ) {
/I this is a child mesh: rotate origin of mesh around center
mat4 rot = grot . GetMatrix ();
mat4 x = Translate (* center )*rot *Translate (-*center );
vecd xo = x*vecd(m >frameDown.positio n, 1);
SetMatrixOrigin ~ (m >transform,  vec3(x0.X, Xo0.y, X0.2));

}
vec3 *c = center? center : &m - frameDown. positio n;
for (int i =0; i < (int ) m>chidren. size (); i+4+)

RotateTransform (n>children [i], qrot, c);
/I rotate descendant child about selected mesh origin
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An important observation is that this implementation does not require any explicit
geometric relation, such as a matrix representing the difference in location or
orientation, between a mesh and its parent or between a mesh and its descendants.

22.3 Rigging

Riggingis themechanismwherebyan animatorarticulates and/or moves jointdVith
rigging animators creatdey framesi.e., a set ofreference framegor each key
moment in the animation. There arariousmethodsfor rigging includingforward
kinematicsas described ithe previoussection, andnverse kinematicsandmotion
capture

Inverse kinematics is the calculatiohtransformatiors given the location o&nend

effector. That is, the user positiorsssub-model, say the tip of a finger, and those

SE ve(}EuU 8]}vusSE] « 3A vz }i &[« <« v 8Z (]JvP
(subject to various constraintd)lot only is his computationally morelemandng, but, if

there areseveral sequentigbints, the systermay beunderdefined,that is,multiple
combinations produce the same resuftcareis nottaken unexpected anglesesult.

Or, the transformationmatricescan beobtaineddirectlythrough motion capture.

22.4 Intermediate Frames

Once an animator has established key frames, intermediate frames are compsitesl
animation is rendered. For timg a reference frame is interpolated between the
bracketing key frames (the os@earest in time before and aftdj.

Areference frame cannot bmterpolatedby interpolating individual matrix elements
(as this would violate several trigonometric relatioriRather,it should be converted to
a Frame class, and the quaternion orientation, 3D translation and scale components
interpolated. A matrixsthen derived from the interpolated components.

22.5 Exercise Animate Geometry

Create an animation using a mechanism similar to exercise 5.3 (a rotating letter) in
which one or more principles of animati@ne incorporated
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The application could read a mesh from a file and animate it through a transformation
matrix that varies with time

For examplethe vertices ofa mesh can be transformed by a matrix that implements a)
squash and stretch (by differential scalingf)p) arcs (by translation), or c)
exaggeration/appeal. Any motion can be modified by applying a) timing, b) anticipation,
¢) slowin-and-out through arbitrarily functions of elapsed time.

Or, move the camera along a curve that interpolates key camera fra@regnimate
Béziercontrol points. Or, animate any object you can define and display.

Imagine.

22.6 Exercise Animate Keyframes

Create an animation by interpolating between key transformation matrices of a mesh.
The matrix should be interpolated in two parts, per sec. 22.2, namely a quaternion
orientation and a 3D origin.

Hint: linearly interpolating between framesrist too difficult, both with quaternion
orientation and 3D locationCan you implement a higher order interpolant?
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