8

B.4 GLPlayogl....................................................................................239 B.5 PSPlay..........................................................................................239 B.6 PinedaPlay ...................................................................................240 B.7 CSim ............................................................................................240 B.8 AVS .............................................................................................244 B.9 Other utilities ...............................................................................245

7

A.5 Pineda’s Algorithm......................................................................203 A.6 Parallelisation...............................................................................207 A.6.1 Pipeline parallelism......................................................................207 A.6.2 Screen subdivision .......................................................................211 A.6.3 Image composition.......................................................................214 A.6.4 Problems with parallelism ...........................................................215 A.7 Other approaches .........................................................................216 A.7.1 Recursive ray tracing ...................................................................216 A.7.2 Radiosity ......................................................................................219 A.7.3 Volume rendering ........................................................................221 A.7.4 View interpolation .......................................................................222 A.7.5 Combinations of techniques.........................................................223 A.8 Errors and inaccuracies................................................................223 A.8.1 Temporal distortion due to sequential scan-out...........................224 A.8.2 Z buffer errors..............................................................................229 A.8.3 Subpixel accuracy ........................................................................231

B Tools used ..........................................................................................233

B.1 GLprof .........................................................................................233 B.1.1 Recording of graphics library calls..............................................234 B.1.2 Simulation of graphics hardware .................................................235 B.1.3 Displaying the image generated by the graphics library calls .....236 B.1.4 Accuracy of GLprof simulation...................................................236 B.2 A modified OpenGL extension for an X server...........................238 B.3 Statistical processing....................................................................239

6

6.2.1 The Operating system ..................................................................161 6.2.2 The graphics library .....................................................................164 6.2.3 Summary: Existing software........................................................174 6.3 Enabling technology ....................................................................174 6.3.1 The Intel i860...............................................................................174 6.3.2 FBRAM .......................................................................................175

7 Conclusions and Future work .......................................................177

7.1 Conclusions..................................................................................177 7.2 Future work..................................................................................182 7.3 Recommendations........................................................................183 References ................................................................................................186

A Other considerations and approaches..........................................193

A.1 Model format ...............................................................................193 A.1.1 Particle systems............................................................................193 A.1.2 Constructive Solid Geometry.......................................................194 A.1.3 Height fields.................................................................................194 A.1.4 Surfaces of revolution..................................................................194 A.2 Hidden surface removal ...............................................................195 A.2.1 List-priority algorithms................................................................196 A.2.2 Scan-line algorithms ....................................................................197 A.2.3 Ray casting...................................................................................201 A.3 Interpolation techniques...............................................................201 A.4 Deferred shading..........................................................................202

5

5.4.4 Transparency................................................................................105 5.5 Reducing complexity ...................................................................107 5.5.1 Detail Elision ...............................................................................107 5.5.2 Culling .........................................................................................110 5.6 A new simple culling algorithm...................................................115 5.6.1 Polygonal occlusion.....................................................................116 5.6.2 Allocation of polygon IDs ...........................................................119 5.6.3 Simulation results ........................................................................120 5.6.4 Order of rendering .......................................................................123 5.6.5 Effectiveness of this technique ....................................................124 5.7 Summary......................................................................................127

6 Existing systems...............................................................................128

6.1 Rendering hardware.....................................................................128 6.1.1 Silicon Graphics VGX/VGXT.....................................................128 6.1.2 The Sun ZX rendering accelerator (Leo).....................................131 6.1.3 The ‘Image’ chip..........................................................................133 6.1.4 The Pöpsel and Tikwinski Multipurpose hardware shader..........135 6.1.5 PROOF.........................................................................................136 6.1.6 The Vialls Three-Dimensional Graphics Engine.........................138 6.1.7 Pixel-Planes and Pixel flow .........................................................141 6.1.8 The Regan and Pose address recalculation pipeline ....................151 6.1.9 3DLabs ‘GLiNT’.........................................................................154 6.1.10 Summary: Existing Hardware......................................................156 6.2 Software considerations...............................................................161

4

3.14.3 Hidden surface removal ...............................................................67 3.15 Hardware versus software............................................................69

4 Specialist requirements of VR rendering systems ...................70

4.1 Conventional rendering systems..................................................70 4.2 High and constant redraw rate .....................................................71 4.3 Low latency..................................................................................74 4.4 Consistency with the physical world ...........................................77 4.5 Multiple image generation ...........................................................78 4.6 Correction for distortion in the display device ............................80 4.7 Support for dynamic models........................................................80 4.8 Freedom of viewing parameters and model geometry.................81 4.9 Flexibility.....................................................................................82 4.10 Image quality and realism............................................................84 4.11 Suitability of three dimensional displays.....................................85

5 Rendering complexity.....................................................................87

5.1 Complexity metrics......................................................................87 5.2 The complexity of some VR applications....................................92 5.2.1 The Notes on statistics .................................................................96 5.3 Efficient use of the hardware .......................................................98 5.4 Other complexity issues...............................................................99 5.4.1 Texture .........................................................................................99 5.4.2 Shadows .......................................................................................102 5.4.3 Phong shading..............................................................................104

3

2.2.1 The Cathode Ray Tube (CRT).....................................................39 2.2.2 Liquid Crystal Display (LCD) .....................................................40 2.2.3 Projection .....................................................................................41 2.2.4 Other display techniques and considerations...............................42 2.3 Other output devices ....................................................................44 2.3.1 Tactile Feedback ..........................................................................44 2.3.2 Acoustic output ............................................................................45

3 Conventional rendering techniques .............................................46

3.1 The Rendering Pipeline ...............................................................46 3.2 Model traversal ............................................................................46 3.3 Hierarchical models .....................................................................49 3.4 Tessellation ..................................................................................50 3.5 The modelling transformation .....................................................51 3.6 Trivial accept/reject .....................................................................53 3.7 Definition of the viewing frustum ...............................................54 3.8 Lighting........................................................................................55 3.9 Viewing transformations..............................................................57 3.10 Clipping .......................................................................................58 3.11 Perspective division and mapping to the viewport ......................59 3.12 Implementation of the geometry subsystem ................................59 3.13 The frame buffer and display controller ......................................61 3.14 Rasterisation.................................................................................62 3.14.1 Scan conversion ...........................................................................63 3.14.2 Shading ........................................................................................66

2

Table Of Contents

Abstract......................................................................................................13 Acknowledgements..................................................................................15 About The Author.....................................................................................16

1 Introduction .......................................................................................17

1.1 What is ‘Virtual Reality’?............................................................17 1.2 Uses of Virtual Reality ................................................................19 1.2.1 Telepresence ................................................................................19 1.2.2 Training........................................................................................20 1.2.3 Design ..........................................................................................21 1.2.4 Visualisation ................................................................................24 1.2.5 Other applications ........................................................................26 1.3 Cost implications .........................................................................26 1.4 An overview of a typical ‘Virtual Reality’ system......................27 1.5 This thesis ....................................................................................29

2 Input and Output Devices ..............................................................31

2.1 Input .............................................................................................31 2.1.1 General position and orientation detection ..................................31 2.1.2 General position sensing: Summary ............................................33 2.1.3 Other input technologies..............................................................34 2.1.4 Connecting input devices to the host ...........................................35 2.2 Visual output................................................................................36