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ABSTRACT
MARC OLANO: A Programmable Pipeline for Graphics Hardware
(Under the direction of Anselmo Lastra)

This dissertation demonstrates user-written procedures on an interactive graphics ma
chine. Procedural shading is a proven technique for off-line rendering, and has been effec-
tively used for yearsin commercials and movies. During most of that time, polygon-per-
second performance has been amajor focus for graphics hardware development. In the
last few years, we have seen increased attention on surface shading quality for graphics
hardware, principally image-based texture mapping. Today, even low-end PC products
include support for image textures. The PixelFlow graphics machine demonstrates that
techniques like procedural shading are possible at interactive rates. PixelFlow isthefirst
machine to run, at real-time rates of 30 frames per second, procedural shaders writtenin a

high-level shading language.

A graphics machine like PixelFlow is alarge and complex device. An abstract pipeline
is presented to model the operation of this and other interactive graphics machines. Each
stage of the pipeline corresponds to one type of procedure that can be written by the
graphics programmer. Through the abstract pipeline, the user can write shading proce-
dures or procedures for other graphics tasks without needing to know the details of the
machine architecture. We al so provide a special-purpose language for writing some of
these procedures. The special-purpose language hides more details of the machine imple-

mentation while enabling optimizations that make execution of the procedures possible.



ACKNOWLEDGMENTS

| would like to thank my advisor, Anselmo Lastra, for guidance, when it was-nece
sary; for pressure, when it was necessary; and for freedom, when it was necessary. | would
also like to thank my readers, Steve Molnar and Jan Prins for their comments, and the rest

of my committee, Gary Bishop and Henry Fuchs.

| would like to thank Voicu Popescu and Rob Wheeler for their great work on the
pfman compiler. While they both did many things, | would like to make a special aeknow
edgment of Voicu’s work on the memory optimizer and Rob’s work on the codeagener
tor and an early version of the fixed-point sizing code. | would also like to thank Yulan
Wang, Peter McMurry and Greg Pruett for their work on the shading and math support
libraries. Jon Leech deserves much of the credit for ensuring that the API extensions fit

into the OpenGL framework.

For the their time, effort, patience, and enthusiasm, | thank everyone who used pfman,
Alexandra Bokinsky, Chun-Fa Chang, Arthur Gregory, Arun Helser, Sang-Uok Kum,

Renee Maheshwari, and Chris Wynn.

Finally, while | have only given individual mention to a handful of the people who
worked on PixelFlow, they all deserve thanks. This dissertation would not have lseen po
sible without them. Those not already mentioned are Dan Aliaga, Greg Allen, Peter A
nold, John Austin, Randy Bailey, Tony Bennett, Vern Chi, Jon Cohen, David Ellsworth,
Nick England, John Eyles, Trey Greer, Larry Harrold, Fred Heaton, Justin Heinecke, Rich
Holloway, Kurtis Keller, Paul Keller, Mike Keshk, Lawrence Kesteloot, Paul Layne, Jon
McAllister, Carl Mueller, Mike Myers, Bryon Nordquist, John Poulton, Krish Ponamgi,
Chris Practico, Jiang Qian, Brad Ritter, Durward Rogers, Doug Schiff, Jason Smith, Mel

Snyder, Steve Tell, Hman Towles, Jim Weaver, and Lee Westover.



TABLE OF CONTENTS

L INTRODUCGCTION.....coiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeseeeeeeeeeeeees 1
1.1. TRESIS StAtEMENL......ccciiiiiiiii et e eeees 2.

1.2. Procedural teChNIQUES........coouiiiii e 2

1.3. Abstract pIpeline.........oooviiiii e A

1.4, Procedure lanQUagE. ........oeiuuiiiii e et e e e e e e 5

1.5, DEMONSIIALION .....tuuieeiieiii ettt et e e e e e e e e ennnes 6.

T @ (o = 4= 11 [0 o PN 7

2 ABSTRACT INTERFACE....... e 9
P I o 10 Y £ (= 1 1 PPN 9
2.1.1. TeSIDEAS. ..o 10

2.1.2. User-programmable SyStems...........ccoevviiiiiiiiiiieecin e, 12

2.2. DeVICe INAEPENUENCE. ... .ccueiiii et ee e e e ees 13
2.2.1. Using a “shading” language..........cccccoiiiiiiiiiiieeiie e, 14

2.2.2. ADSIract MOAEIS.........covviiiiiii e 15

2.3. ADSEracCt PIpeliNe. ... ... 16

2.4, PIPEliNG STAg@S.....ccvuiiii i 17
2.4.1. MOAEIING....ccuiiiiii e 17

2.4.2. TransSformMatioN..........cuuuiiiiiiiii e 19

2.4.3. PHMITIVES. ...ttt 22

2.4.4., INTEIPOIALE.....couiii i 24



2.4.5. SNAAING ..eiiiie e 24

2.4.6. LIGNTING . ..eiiiiiiiieiieeee e 29
2.4.7. Volume and Atmospheric EffectS........cccvviiiiiiinieiiee e 30
2.4.8. Image Warping and Filtering.......ccccceceereiiinnieeneeee e 30

2.5, ML APS .t 31
2.6. USING tNE PIPEIINE. ..ot 33
SIMPLEMENTATION OVERVIEW ... 34
L HIGN-TEVEI VIBW ... 34
3.1.1. Applying the abstract pPipeline........ccoovriiiiieeiee e 35
3.1.2. Parameter MaNAJET .......coovveeerreeerieeeeieeesieeessseeeesireesssnee e e e sneeenas 37

3.2 LOW-EVE VIBIW ...ttt e 37
3.3 PIXEIFIOW NOGE......cciiiiieee e e 39
3.3.1. COMPIlEr TN GEL ... i 40

3.4. Maching sUItaDility........cooeiiiiiieee e 41
4 SURFACE SHADING ...ttt 42
4.1, PTMAN [ANQUAGE......cueiiiieiiie ittt 43
e O T I 2 PSP 43
.02, FUNCHIONS. ..ottt ettt 46
4.1.3. EXPIESSIONS.....ciitiiiiiiesieeeiteeeieesiee et e st e siae e b e beesiseesseeabeesnneenaeeeneeas 49
414, SEALEMENTS. ...oiiiiieeeieee e nne e 51
405, ANTIAIIASING ...eeiiiieeieeee e 53

4.2, APPLICALION INTEITACE. ... .eiiiieieie ettt 53
4.2.1. Shading Par aMELEN S......ccceiiieeieeeree e 54
4.2.2. SNAAEr INSLANCES ......coiuiiiiiiiiee e 55
A.2.3. LIGNES .o s 56

Vi



4.3. MemMOry OPtIMIZALIONS ....c.veeiieeiieeeee et eeas 57

I I I o (1 0o PRSPPSO 58
4.3.2. UNIifOrm and Varying .......ccoceeieeeneeniiee e 58
4.3.3. FIXEA POINT ..t 59
4.3.4. MemMOry allOCALION .......cooiuiiiiieiie et 61
4.3.5. Memory allocation Method............ccooveeiiiiiiiiiieee e 62
4.3.6. Memory allocation reSUITS .........cccceiieeiieiiieeee e 64

4.4. Bandwidth OptimizZations.........coceiiiiiiieeiie i 65
4.4.1. Shader-SpeCifiC MaAPS......ceiiieeiiieie et 66
4.4.2. BOUNG PArAMELEN'S ...cc.veiiiieeiee ettt 66
4.4.3. Explicit shader parameters.........cooeeveeiieenie e 67

4.5. EXECUtioN OPLIMIZALIONS......cccviiiiiiiiiesiieeriie st 68
4.5.1. Deferred shading.......c.cooeeeeiiieeee s 68
4.5.2. FIXEA POINT ...ttt 69
4.5.3. Math TUNCHIONS. ....ccuviiiiiiiie e 70
4.5.4. CombINed EXECULION .....ooveiiiieiiieiee e 73
4.5.5. Cached iNStruction StreamMS.........cccuevieeiiierie e 76
4.5.6. | dentification of active ShadersS.........ccceveeiieiiienieese e 78

4.6. StAgES N SNAAING ...ccviiiiiiiiie et 79
SPRIMITIVES AND INTERPOLATION ...cccoiiiiiiiiiiiiieeee e 81
5.1 HiStorical PerSPECLIVES .......oiiiiiiiesie ettt 83
5.2. Creating PrimitiVES .......coiiiiiiiiiieiie et be e sane e 86
5.2.1. GraphiCS PIPEINE.....ccueiiiieieeee e 86
5.2.2. TransfOrMAaLiON .......coiuiiiiie ittt sr e 88
5.2.3. INTEPOIALION ... s 89

vii



5.3. Application interface for arbitrary primitives..........cccoovevieeienneenieennens 20

5.4. Language detailS..........ceoiiiiiiiiiieiie et 92
5.4.1. The PIXE-CENTIIC VIBW ......oiiiiiiiecieese e 93
5.4.2. Par amMELEr TYPES.....uviiiiieeeiiee ettt 94
5.4.3. Subdivision to other primitives..........coveiiiiiiiiie e 95
5.4.4. DIr€Ct FreNUEIiNG.....ceeiueiiiieriieeiiee ettt nine e 96
5.4.5. Interpolator fUNCLIONS.......ccuiiiiiiiie e 97

5.5. IMPIEMENTALION ... e 98
5.5.1. Primitive DOUNGS.........coiiiiiiiiiie e 98
5.5.2. Interpolator fUNCLIONS........ccuoiiiiiiie e 99
5.5.3. COUE EffICIENCY ...t 100
5.5.4. BUFTEI SPACE ....ueiiiiiiiie s 102
5.5.5. Data Or ganiZation ..........ccceceeeieerieeiiesiee e 104

5.6. Demonstration of procedural primitives.........cccoecveeierniienieenie e 105

6 USER EXPERIENCES. ........coii ittt 106

8.1, RESUITS. ...t 106

5.2, LBSSONS. ...ttt s 108
B.2.1. E@IY USEIS. ..ottt 108
6.2.2. RESEAICh ProjECE ... 109
6.2.3. Machine details.........ccooeiiiiiiiieie s 109
6.2.4. Similarity to RenderMan.........ccooceviieiiiinieneee e 110
6.2.5. DeveElOPMENT CYCIE .....oiiiiiiiie s 110
6.2.6. LEANNING CUMNVE......iiiiiiiiie ettt 111
6.2.7. Application program interface.........cccverieniiiniienie e 111

T CONCLUSION ...ttt re e ee e 113



7.1. Conclusions and fULUI € FESBAI CN ....eeeeeeeeeee e et e e e e e 114

80 5t T |V [ o [ SRS 114
7.1.2. TransforMatioNS ........cooieriieeiieeriee et 115
7.1.3. Primitives/I Nter POlatorS........ccueeiueeriiieiiiesie e 116
7.1.4. Shading/Lighting .......coooeiiiieiieeieeeee s 116
7.1.5. Fog and atmospheric effects........ccccviiiiiiniiieeeee, 118
7.1.6. IMAGE WA PING ..eeitieiiieiee ettt esiee ettt sse e s sbe e b sneeseeeeneas 118
7017 OLNEN @rEAS....cciiiiiie ettt 118

7.2, CONLIIDULIONS ... 119
APPENDIX A: SAMPLE SHADERS...........oooiiieeiiieeeee e 121
AL SUrTACE SNAENS.....ooiieiie et 121
A.LL SIMPIEDIICK oo 121
A.L2. Full Brick SNAAEr ......ccooiiiiiiieee e 123
A.L3. RIippled refleCtion.........ccccoiiiiiieiiierieee e 128

A. LA ENVIFONMENT MEP .eiiiiiiiieiiiiesiie ettt 133
A.15. Mandelbrot and JUlia SELS........cooieiiieiieeeeee e 135
ALLBIWOOM ...ttt 138

A2, LEGNE e 140
A.2.1. Light through @ WINAOW ..........cooiieiieiiiiiie e 141

A3 PIIMITIVES. ...t 143
A.3.1. Smpledirect rendered primitive ........ccccooveereenienieeseeee e 143
A.3.2. Basic triangle without clipping.......c.cccoviiiiiniiiniineeeeee e 144
A.3.3. SUDAIVISION PrimMItIVE.......eiiiiiiie e 146
REFERENCES.........ooii ittt 148



LIST OF FIGURES

FIGURE 1.1. SIZE AND SHAPE PARAMETERS FOR BRICK SHADER .....ccvvieeeeeiiiiinnereeeeeeesennnnns 3
FIGURE 1.2. PORTION OF CODE FOR A SIMPLE BRICK SHADER .......ccuutiieeeeeiiiiinreneeeeeeeaennnnns 3
FIGURE 1.3. BRICK SHADER IMAGES. .....uuutttttteeeeiiiiiiseeneeeeeesssssassssnesessesssssssssssseeeesessannnnns 4
FIGURE 1.4. EXAMPLES OF SHADERS. .....cciiiiiiieei ettt ettt e e e e e aaa e e e e e e e e e e 4
FIGURE 2.1. ABSTRACT PIPELINE FOR PROCEDURAL RENDERING. ....ccceeeiiiiiinirirereeeeeeeninnns 16
FIGURE 2.2. IMODEL STAGE. ...vttttieeeeiiiiitiieeeeeeeesessssssesseeeeessessssssssssesesssssssssssssseeeeseeananes 17
FIGURE 2.3. TRANSFORM STAGE. ...cceicuutttteeieeeeeessiissseeeseeesssssssssssssssesesssssssssssssseeeesssannnns 19
FIGURE 2.4. BEND DEFORMATION IN 2D ...ccciiiiiiiiiiiiiieee e et e e e e e snneee e e e e e e e e e 20
FIGURE 2.5. BicuBIC FREE FORM DEFORMATION IN 2D.....ccooiiiiiiiiiiee e 20
FIGURE 2.6. PRIMITIVE STAGE. ....ccciiiiiittttteieeeeeessiinsteeeeeeeeseessnsssesseeeasessssssssssnsesessseannnnes 22
FIGURE 2.7. INTERPOLATION STAGE. ....uuttttiieeeeesisiinsneeeeeseesssssssssssseeeasssssssssssseseeeesseananes 24
FIGURE 2.8. SHADING STAGE. ...ceteieiiiiiittiieieeeeeeeesiisnseeeeeseassassssssessseeasssssasssssssseeeeeeennanes 24
FIGURE 2.9. LIGHT STAGE. ...tttiiiiieeeeiiiiitieeeeee e e e e e sesnseeeeeeeessessssaaansseeassassssnnssseeeeeeessannnnes 29
FIGURE 2.10. ATMOSPHERIC STAGE. ......uuutteteeeeeeiiiissreeeeeeeassesssssssesseeeesssssassssseseeeseseananes 30
FIGURE 2.11. WARPING STAGE. .....cciiiiittttteieeeeeeesiissseeeeeeeassessssssesssesasssssssssssssseeeessennnnes 30
FIGURE 2.12. TYPICAL MAP. .eeiiieeeeeeeccitiieeeee e e e e e eeaaeeeeeeeaeeessnsasassseeaeeassasnnnseeeeeaseeeanannes 31
FIGURE 3.1. SIMPLIFIED VIEW OF PIXELFLOW SYSTEM ..cceeiiiiiiiiiiieeeee e e e e e e e e e e e e e 35
FIGURE 3.2. PROCEDURE PIPELINE ......uuuttiteteeeeesisiissseeeeeeeesssssssssesssesesssssassssssseeeessssannnes 35
FIGURE 3.3. PIXELFLOW MACHINE ORGANIZATION. ..uuvtreeeeeeeiiiurirereeeeeeesesnnnneneseeeesssnnnnnes 38
FIGURE 3.4. SIMPLE BLOCK DIAGRAM OF A PIXELFLOW NODE.......cccvteeeiiiiiiiiieeeeeeeeeeeinnns 39
FIGURE 4.1. CODE FOR A SIMPLE LIGHT . .1uvttiteeeeiiiiirtreeeeeeeeesssinssneeseeeesssssnsnsssssseessessnnnnnes 48
FIGURE 4.2. PFMAN OPERATOR PRECEDENCE ........cuvvtiiireeeeesiiinrnneeeeeeesssesnsnsnsseseesessennannes 50

FIGURE 4.3. USE OF THE ILLUMINANCE CONSTRUCT .. eetueeeteeeeeaeeesaeeeenaseenaseeensseennssennseeens 52



FIGURE4.4. TYPICAL OPENGL CODE FOR A VERTEX. teeuueieeeeeeaeeeeasseeaeeenaseeeasseenaesennsseens 54

FIGURE 4.5. INSTANCES OF A BRICK SURFACE SHADER......ccccittiiiiiiiiieeeeeeeeeee e e 55
FIGURE 4.6. APPLICATION CODE TO CREATE A SHADER INSTANCE. ...cceeeevviiiiriieeeeeeeeeeinnns 56
FIGURE 4.7. FIXED POINT VS. FLOATING POINT COMPARISON. ..ccceeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeens 59
FIGURE 4.8. EXAMPLE OF FIXED POINT SIZE DETERMINATION. ....uuuirireeeeeeiinnneeereeeeeeennnnns 60
FIGURE 4.9. EXAMPLE OF SSA ANALY SIS...ciiiiiiiiiiiitiieeeeeeeeeesissnneeeeeeesessssnnssseseesaesennnnnes 62
FIGURE 4.10. GENERATED CODE .......cuuuttitereeeeeessiiussssseeesesssassssssssssesesssssassnssseseeseeseannnes 63
FIGURE 4.11. SHADER MEMORY USAGE INBYTES. ...uuttttieeeeeiiiinrrneeeeeeesessssnnnnneeeeeessennnnns 64
FIGURE 4.12. EXAMPLE SURFACE SHADERS........ccccttttteeeeeeeeesinstseeeeeeesssssssnnnssesesseesennnnnes 64
FIGURE 4.13. SHADER EXECUTION TIME AND MEMORY . ..ccceeiiiiiviiereeeeeeeeesnnneeeeeeeeeeennnnnes 65
FIGURE 4.14. FIXED POINT AND FLOATING POINT EXECUTION TIMES. ....ccceveeiieeeeeeeeeeeeeeen, 69
FIGURE 4.15. NATURAL LOG FUNCTION OVER THE APPROXIMATION DOMAIN.................... 71
FIGURE 4.16. RELATIVE ERROR IN NATURAL LOG APPROXIMATION. ..cccevviinirieereeeeeeennnnnns 71
FIGURE 4.17. SIMD EXECUTION TIME FOR FLOATING POINT MATH FUNCTIONS. ................ 72
FIGURE 4.18. OUTLINE OF A TYPICAL SURFACE SHADER.........ccccutiirieeeeeeessinnnneeeeeeeeeennnnns 74
FIGURE 4.19. INTERLEAVING OF SURFACE SHADERSAND LIGHTS....cceveeeiiiiiiinieeeeeeeeeeninnns 74

FIGURE 4.20. COMPARISON OF PIXELFLOW SOFTWARE STAGES AND ABSTRACT STAGES...79

FIGURE 5.1. EXAMPLES OF SEVERAL PRIMITIVE TYPES. ..cciiiieiieeieeeeeeeeeeeeeeeeeee e 81
FIGURE 5.2. SOME TYPICAL GRAPHICSPIPELINES. ....uvvveereeeeeeiiiirineeeeeeeessssnnsnsseeeeeesssnnannes 86
FIGURE 5.3. PIPELINE MODIFIED FOR PROCEDURAL PRIMITIVES. ....cccvteeeiiiiiiirieeeeeeeeeennnnns 87
FIGURE 5.4. EXAMPLE OF PRIMITIVE-INDEPENDENT INTERPOLATION. ..cccevveieiieeeeeeeeeeeeeee. 90
FIGURE 5.5. OPENGL CODE FOR A TRIANGLE. ....cccuuvtiiiieeeeeeeesiirineeeeeeeeesesnnnneneeeeeeeeennnnnns 91
FIGURE 5.6. APl CODE DEMONSTRATING GLRASTPARAMEXT ...ovviiiiieiiieeeeeee e, 91
FIGURE 5.7. EXAMPLE OF A RASTERIZER USING GLSEQUENCEPOINTEXT. ......ccceeveieeeen.n. 92
FIGURE 5.8. EXAMPLE PER-PRIMITIVE PARAMETERS (RADIUS, CENTER, AND AXIS)........... 95

Xi



FIGURE 5.9. PRIMITIVE USING SUBDIVISION TO TRIANGLES. ...eeuneeeeeeeeeeeeeeeeeeeeeeaeeenneeens 95

FIGURE 5.10. PRIMITIVES USING DIRECT RENDERING. ...cccceeeiiiiiririreeeeeeesesinnneeeeeeaesesannnnes 96
FIGURE 5.11. PSEUDO-CODE FOR A TRIANGLE RASTERIZER. ...cceeeieiiiiiieeeeeeeeeeeeeeeeee e 97
FIGURE 5.12. A SIMPLE INTERPOLATOR FUNCTION ....uuvtieeeeeeeeiinrirereeeeeeeeesnnnnsneeeeeeesssnannes 98
FIGURE 5.13. COMPARISON OF FIXED AND FLOATING POINT TYPES.......cccccvvvrrreeeeeeeeinnnns 100
FIGURE 5.14. CODE GENERATED BY THE PFMAN COMPILER. .....uuvviireeeeeeiiiirnrnneeeeeeeeennnns 101
FIGURE 6.1. BOWLING IMAGESBY ARTHUR GREGORY ......ccciiiuuriiireeeeeeessinnnnnneeeseeeennnnns 106
FIGURE 6.2. NANOMANIPULATOR SHADERS........ccutttteieeeeeeeiiinnrneeeeeesessssnssnnnsessessesnnnnns 107
FIGURE 6.3. MORE NANOMANIPULATOR SHADERS. ....cceteeeiiiiiirurreeeeeeeeessnnsnsnneeesessssnnnnns 108

Xii



