“Perceptually Modulated Level of Detail for Virtual Environments”

Martin Reddy

Doctor of Philosophy University of Edinburgh

1997

To Frances, my Mum.

Abstract

This thesis presents a generic and principled solution for optimising the visual complexity of any arbitrary computer-generated virtual environment (VE). This is performed with the ultimate goal of reducing the inherent latencies of current virtual reality (VR) technology. Effectively, we wish to remove extraneous detail from an environment which the user cannot perceive, and thus modulate the graphical complexity of a VE with little or no perceptual artifacts.

The work proceeds by investigating contemporary models and theories of visual perception and then applying these to the field of real-time computer graphics. Subsequently, a technique is devised to assess the perceptual content of a computer-generated image in terms of spatial frequency (c/deg), and a model of contrast sensitivity is formulated to describe a user’s ability to perceive detail under various conditions in terms of this metric. This allows us to base the level of detail (LOD) of each object in a VE on a measure of the degree of spatial detail which the user can perceive at any instant (taking into consideration the size of an object, its angular velocity, and the degree to which it exists in the peripheral field). Additionally, a generic polygon simplification framework is presented to complement the use of perceptually modulated LOD.

The efficient implementation of this perceptual model is discussed and a prototype system is evaluated through a suite of experiments. These include a number of low-level psychophysical studies (to evaluate the accuracy of the model), a task performance study (to evaluate the effects of the model on the user), and an analysis of system performance gain (to evaluate the effects of the model on the system). The results show that for the test application chosen, the frame rate of the simulation was manifestly improved (by four to five-fold) with no perceivable drop in image fidelity. As a result, users were able to perform the given wayfinding task more proficiently and rapidly.

Finally, conclusions are drawn on the application and utility of perceptuallybased optimisations; both in reference to this work, and in the wider context.

Acknowledgements

Where do I start! And having started, where do I stop!

The past few years have been rich with experience; incurring the development of many new friends and acquaintances who have, to varying degrees and in numerous contexts, helped me along the twisting and occasionally disheartening road of research. This is my opportunity to thank all these people for their myriad contributions, suggestions, friendly ears, timely distractions, and full-fat chocolate products when I needed them most.

Firstly, thanks must go to my supervisor, Eric McKenzie, for his support and feedback throughout my period of research. Also in the department, I would like to thank many of my fellow doctoral students for their cherished comradeship, e.g. Marcus Marr, Rob Payne, Isabel Rojas, Thomas Zurek, Thomas Schreiber, and many more. In particular, I owe much to Rycharde Hawkes who had the substantial tasks of proof-reading a draft of this thesis and making sure that I went to the gym regularly (to work off the above chocolate products).

I am also deeply indebted to the members of the Psychology Dept. where I spent much of my time. Specifically, I wish to offer special thanks to Simon Rushton and Julie Harris for their expertise, comments, and encouragement on many of the issues surrounding the visual perception content of my work. Similarly, gratitude is due to Ben Watson of Georgia Tech. for his constructive feedback, and to Alina Moga of Tampere University for catalysing innovation.

Out with the work setting, I would like to offer my fondest regards to Laura Coull for her presence and energy over the last three years. I feel that my time here has been more precious as a result of our friendship. My Saturday evenings would have been much more dull (and my Sunday mornings less hazy) if my old friend Colin Howes had not dutifully dragged me off to the pub once in a while. And finally, to my family, I extend my warmest wishes and thanks; just for being there.

Thanks to you all—it’s been a ball.

Declaration

I declare that this doctoral thesis was composed by myself and that the work contained therein is my own, except where explicitly stated otherwise in the text. The following articles were published during my period of research. Certain material and concepts from these publications will necessarily be presented within the body of this work.

1. Reddy, M., Watson, B., Walker, N., and Hodges, L. F. (1997). Managing Level of Detail in Virtual Environments: a Perceptual Framework. Presence: Teleoperators and Virtual Environments. (In Press)

2. Watson, B., Walker, N., Hodges, L. F., and Reddy, M. (1997). A User Study Evaluating Level of Detail Degradation in the Periphery of Head-Mounted Displays. Presence: Teleoperators and Virtual Environments. (In Press)

3. Reddy, M. (1997). The Development and Evaluation of a Model of Visual Acuity for Computer-Generated Imagery. Technical Report ECS-CSG-30-97. Department of Computer Science, University of Edinburgh.

4. Reddy, M. (1996). SCROOGE: Perceptually-Driven Polygon Reduction. Computer Graphics Forum, 15(4):191-203.

5. Reddy, M. (1996). Incorporating Models of Early Vision Processing into Virtual Reality. The Applied Vision Association (AVA) Annual Meeting, 1-3 April. Department of Psychology, University of Reading. (Unpublished)

6. Reddy, M. (1996). A Measure for Perceived Detail in Computer-Generated Images. Technical Report ECS-CSG-19-96. Department of Computer Science, University of Edinburgh.

7. Reddy, M. (1995). A Survey of Level of Detail Support in Current Virtual Reality Solutions. Virtual Reality: Research, Development and Application. 1(2):95–98.

8. Reddy, M. (1995). A Perceptual Framework for Optimising Visual Detail in Virtual Environments. Proceedings of the FIVE ’95 Conference. Queen Mary and Westfield college, University of London, UK. pp. 189–201.

9. Reddy, M. (1995). Musings on Volumetric Level of Detail for Virtual Environments. Virtual Reality: Research, Development and Application. 1(1):49–56.

10. Reddy, M. (1994). Reducing Lags in Virtual Reality Systems using Motion Sensitive Level of Detail. Proceedings of the 2nd UK VR-SIG Conference. Theale, Reading, UK. pp. 25–31.

(Martin Reddy)

Table of Contents

List of Figures vii

List of Tables x

Chapter 1 Introduction 1 1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Lag in Virtual Reality Systems . . . . . . . . . . . . . . . . . . . . 3 1.2.1 A Definition of Lag . . . . . . . . . . . . . . . . . . . . . . 3 1.2.2 Effects of Lag . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.2.3 Techniques to Reduce Lag . . . . . . . . . . . . . . . . . . 6 1.3 Level of Detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.3.1 Generating Level of Detail . . . . . . . . . . . . . . . . . . 10 1.3.2 A Typical Implementation . . . . . . . . . . . . . . . . . . 11 1.3.3 Identifying and Addressing Problems with LOD . . . . . . 11 1.4 The Visual System . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.4.1 The Eye . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.4.2 The Visual Pathways . . . . . . . . . . . . . . . . . . . . . 18 1.4.3 The Visual Cortex . . . . . . . . . . . . . . . . . . . . . . . 19 1.4.4 Sensitivity to Visual Detail . . . . . . . . . . . . . . . . . . 20

1.5 Thesis Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 1.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Chapter 2 Background 26 2.1 Level of Detail Implementations . . . . . . . . . . . . . . . . . . . 26 2.1.1 Distance Level of Detail . . . . . . . . . . . . . . . . . . . 27 2.1.2 Size Level of Detail . . . . . . . . . . . . . . . . . . . . . . 29 2.1.3 Eccentricity Level of Detail . . . . . . . . . . . . . . . . . . 30 2.1.4 Velocity Level of Detail . . . . . . . . . . . . . . . . . . . . 32 2.1.5 Fixed Frame Rate Level of Detail . . . . . . . . . . . . . . 33 2.1.6 Discussion of LOD Applications . . . . . . . . . . . . . . . 35 2.1.7 A Mandate for Perceptually-Based LOD . . . . . . . . . . . 38 2.2 Level of Detail Generation . . . . . . . . . . . . . . . . . . . . . . 40 2.2.1 Geometry Removal . . . . . . . . . . . . . . . . . . . . . . 41 2.2.2 Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.2.3 Adaptive Subdivision . . . . . . . . . . . . . . . . . . . . . 46 2.2.4 Discussion of LOD Generation . . . . . . . . . . . . . . . . 47 2.3 Models of Visual Perception . . . . . . . . . . . . . . . . . . . . . 51 2.3.1 A Review of Visual Perception Theories . . . . . . . . . . . 51 2.3.2 Measuring Visual Acuity . . . . . . . . . . . . . . . . . . . 53 2.3.3 Applying Vision Results to Computer Graphics . . . . . . . 56 2.3.4 Discussion of the Vision Material . . . . . . . . . . . . . . 63 2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Chapter 3 Development 67 3.1 A Measure for Perceived Detail . . . . . . . . . . . . . . . . . . . 67 3.1.1 Where to Calculate Detail? . . . . . . . . . . . . . . . . . 67 3.1.2 Spatial Frequency Analysis of Images . . . . . . . . . . . . 69 3.1.3 Review of Feature Extraction Techniques . . . . . . . . . . 69 3.1.4 Extracting the Visual Features from an Image . . . . . . . 71 3.1.5 Calculating the Relative Spatial Frequencies . . . . . . . . 75 3.1.6 Scaling the Relative Spatial Frequencies . . . . . . . . . . 77 3.1.7 What’s Wrong with Fourier Analysis? . . . . . . . . . . . . 79 3.1.8 Discussion of the Measure for Perceived Detail . . . . . . . 84 3.2 Modeling Contrast Sensitivity . . . . . . . . . . . . . . . . . . . . 88 3.2.1 Incorporating Velocity into the Model . . . . . . . . . . . . 89 3.2.2 Incorporating Eccentricity into the Model . . . . . . . . . 90 3.2.3 Modeling Visual Acuity . . . . . . . . . . . . . . . . . . . . 93 3.2.4 Discussion of the Visibility Model . . . . . . . . . . . . . . 93 3.3 Perceptually-Driven LOD Generation . . . . . . . . . . . . . . . . 95 3.3.1 Formulating an LOD Generation Framework . . . . . . . . 95 3.3.2 Describing an Implementation of the Framework . . . . . 96 3.3.3 Dealing with Surface Properties . . . . . . . . . . . . . . . 99 3.3.4 Discussion of Perceptually-Driven LOD Generation . . . . 101 3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Chapter 4 Implementation 105 4.1 A General Model for Perceptual LOD . . . . . . . . . . . . . . . . 105

4.2 Rationalising the Model . . . . . . . . . . . . . . . . . . . . . . . 107 4.2.1 Optimising the Off-line Stage . . . . . . . . . . . . . . . . 107 4.2.2 Optimising the On-line Stage . . . . . . . . . . . . . . . . 109 4.3 Implementation of the Off-line Stage . . . . . . . . . . . . . . . . 111 4.3.1 Generating each Object’s LOD . . . . . . . . . . . . . . . . 111 4.3.2 Generating each LOD’s Spatial Frequency Profile . . . . . 111 4.3.3 Focussing the Off-line Stage . . . . . . . . . . . . . . . . . 117 4.4 Implementation of the On-line Stage . . . . . . . . . . . . . . . . 119 4.4.1 Initialisation . . . . . . . . . . . . . . . . . . . . . . . . . 119 4.4.2 Monitoring Object Attributes . . . . . . . . . . . . . . . . 119 4.4.3 Evaluating Object Frequency Content . . . . . . . . . . . . 121 4.4.4 Evaluating Object Visibility . . . . . . . . . . . . . . . . . 123 4.4.5 Selecting the Optimal LOD . . . . . . . . . . . . . . . . . . 126 4.4.6 Focussing the On-line Stage . . . . . . . . . . . . . . . . . 127 4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Chapter 5 Results 132 5.1 Psychophysical Studies . . . . . . . . . . . . . . . . . . . . . . . . 132 5.1.1 Object Size . . . . . . . . . . . . . . . . . . . . . . . . . . 133 5.1.2 Object Eccentricity . . . . . . . . . . . . . . . . . . . . . . 138 5.1.3 Object Velocity . . . . . . . . . . . . . . . . . . . . . . . . 143 5.2 User Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 5.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 5.2.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 5.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 5.3 Computational Studies . . . . . . . . . . . . . . . . . . . . . . . . 153 5.3.1 Analysis of Performance Speedup . . . . . . . . . . . . . . 154 5.3.2 Analysis of Scheduler Complexity . . . . . . . . . . . . . . 156 5.3.3 Breakdown of Model Components . . . . . . . . . . . . . 158 5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Chapter 6 Discussion 162 6.1 Discussion of our Model and Implementation . . . . . . . . . . . 162 6.1.1 Reviewing the Results from our Prototype Evaluation . . . 163 6.1.2 Re-implementing our Visibility Model . . . . . . . . . . . . 164 6.1.3 Contrasting our Design Decisions . . . . . . . . . . . . . . 166 6.1.4 Extending the Model for Fixed Frame Rate LOD . . . . . . 168 6.2 Discussion of Perceptually Modulated LOD . . . . . . . . . . . . . 169 6.2.1 Considerations for Perceptually Modulated LOD . . . . . . 169 6.2.2 Assessing the Value of Perceptual Optimisations . . . . . . 171 6.3 Discussion of General Perceptual Issues . . . . . . . . . . . . . . . 176 6.3.1 Acknowledging the Extent of Perceptual Knowledge . . . . 176 6.3.2 A Note on Perceptual Subjectivity . . . . . . . . . . . . . . 177 6.3.3 Other Relevant Perceptual Material . . . . . . . . . . . . . 179 6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Chapter 7 Conclusions 188

7.1 Assessment of Perceptually Modulated LOD . . . . . . . . . . . . 188 7.2 Thesis Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . 190 7.3 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191 7.3.1 Improved Metrics for Assessing Perceived Detail . . . . . . 192 7.3.2 Transparent LOD Generation . . . . . . . . . . . . . . . . 192 7.3.3 An Eye Tracking Feasibility Study . . . . . . . . . . . . . . 193 7.3.4 A General Sensory Paradigm . . . . . . . . . . . . . . . . . 194

Appendix A Just Noticeable Difference Evaluations 195

Appendix B Example Spatial Frequency Segmentations 198

Glossary of Terms 203

Bibliography 209

List of Figures

1.1 An example of two different levels of detail . . . . . . . . . . . . 10 1.2 An illustration of distance level of detail . . . . . . . . . . . . . . 12 1.3 Plan view of the brain . . . . . . . . . . . . . . . . . . . . . . . . 14 1.4 Cross-section of the human eye . . . . . . . . . . . . . . . . . . . 15 1.5 Cross-section of the retina . . . . . . . . . . . . . . . . . . . . . . 16 1.6 ON-centre retinal ganglion cell . . . . . . . . . . . . . . . . . . . 17 1.7 Example stimuli for an ON-centre retinal ganglion cell . . . . . . 18 1.8 Receptive field layouts for simple cortical cells . . . . . . . . . . . 20 2.1 Distance-based switching thresholds with hysteresis . . . . . . . . 29 2.2 Two example contrast gratings . . . . . . . . . . . . . . . . . . . 54 2.3 An example contrast sensitivity function (CSF) . . . . . . . . . . 55 2.4 Applying harmonic contrast gratings to computer graphics . . . . 57 2.5 CSFs for sine-wave and square-wave gratings . . . . . . . . . . . 58 2.6 CSFs for full gratings and single cycle gratings . . . . . . . . . . . 60 2.7 Spatial frequencies at various orientations . . . . . . . . . . . . . 61 2.8 Describing visual acuity in terms of spatial frequency . . . . . . . 64 3.1 Example segmentation for a flat-shaded image . . . . . . . . . . . 72

3.2 A simple visual feature with example spatial frequencies . . . . . 75 3.3 Maximum horizontal length for a number of features . . . . . . . 77 3.4 Calculating field of view for a display device . . . . . . . . . . . . 78 3.5 Fourier transform of a contrast grating and a square . . . . . . . . 81 3.6 Comparison of Fourier analysis and the segmentation algorithm . 83 3.7 Example spatial frequency analysis of three LODs . . . . . . . . . 87 3.8 CSFs for various velocities . . . . . . . . . . . . . . . . . . . . . . 91 3.9 The cortical magnification factor, M . . . . . . . . . . . . . . . . . 92 3.10 Algorithm for the polygon simplification framework . . . . . . . . 97 3.11 Example model showing a sub-volume segmentation . . . . . . . 98 3.12 Polygon mesh showing the boundary of a sub-volume . . . . . . . 99 3.13 Example polygon simplifications for a chair model . . . . . . . . . 103 4.1 Two examples of the space of possible sample viewpoints around an object. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 4.2 Transition spatial frequencies between three LODs . . . . . . . . 116 4.3 Example overview of the off-line stage . . . . . . . . . . . . . . . 118 4.4 The computation of object size, velocity, and eccentricity . . . . . 121 4.5 The effect of modeling maximum displayable spatial frequency . 125 4.6 How the scheduler fits into the Sense–Process–Display loop . . . 128 5.1 Three LODs of the test card pattern . . . . . . . . . . . . . . . . . 135 5.2 Actual and projected size thresholds for the test card pattern . . . 136 5.3 Actual and projected size thresholds for a die model . . . . . . . 137 5.4 The display used for the eccentricity 2AFC experiment . . . . . . 140

5.5 Results of the eccentricity experiment . . . . . . . . . . . . . . . . 141 5.6 New and previous definitions for M . . . . . . . . . . . . . . . . . 143 5.7 The display used for the velocity 2AFC experiment . . . . . . . . 144 5.8 Results of the velocity experiment . . . . . . . . . . . . . . . . . . 145 5.9 New and previous definitions for spatiotemporal acuity . . . . . . 146 5.10 Description of the wayfinding performance task . . . . . . . . . . 148 5.11 The four levels of detail for the performance task . . . . . . . . . 150 5.12 Overview of the simulated pursuit fixation task . . . . . . . . . . 151 5.13 Results from the simulated pursuit fixation experiment . . . . . . 152 5.14 Results from the performance speedup analysis . . . . . . . . . . 155 5.15 Prototype implementation overhead for different VE complexities 157 5.16 Comparison of average LOD with and without size optimisations 159 6.1 The spatiotemporal threshold surface defined by our new model . 165 6.2 Highest visible spatial frequency for a typical desktop display . . 172 6.3 The spatiotemporal threshold surface for the i-glasses! HMD . . . 175 B.1 Feature segmentations for the ‘temple’ LODs . . . . . . . . . . . . 199 B.2 Spatial frequency profiles for the ‘temple’ LODs . . . . . . . . . . 200 B.3 Feature segmentations for various objects . . . . . . . . . . . . . 201 B.4 Feature segmentations for an object under different rendering modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

List of Tables

2.1 Chronology of polygon simplification techniques . . . . . . . . . . 49

3.1 Geometrical and computational comparison of degraded models . 102

6.1 Highest displayable spatial frequencies for modern HMDs . . . . 174

A.1 Results from the CIELUV colour difference experiment . . . . . . 197