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ABSTRACT

This thesis presents the design and evaluation of a perceptually adaptive rendering
system for immersive virtual realityRendering realistic computer generated scenes can be
computationally intensive. Perceptually adaptive rendering reduces the caoomaltat
burden by rendering detail only where it is needed. A rendering system was designed to
employ perceptually adaptive rendering techniques in environments running in immersive
virtual reality. The rendering system combines lessons learned from gdegghand
computer science. Eccentricity from the wus
render detail in an immersive virtual environment, and when it can be omitted. A pilot study
and a full study were carried out to evaluate the efficacyhef perceptually adaptive
rendering system.The studies showed that frame rates can be imprewdgwut overly
distracting the usewhenan eccentricitypbasedperceptually adaptiveendering technicglis
employed Perceptually adaptive rendering techmigwcan be applied in older systems and

enable them to display higher quality environments withedticing interactivity



CHAPTER 1. INTRODUCTION
One goal of virtual reality research is to create virtual envirorsndwdt are

indistinguishable fronreal environments We strive for this realism becausecdan make
people feel mre immersed in the environment.hély are able to interact with the virtual
environment as if they are interacting with the real worl@reating these near perfect
reproductions of the real world requires processing significant amounts of data and
performing complex calculations very quickly. Objects from nature such as trees are very
difficult to render realistically because there arensany branches and leaydabat the
computer camot process all of the data fast enodghdisplay. The most realistic lighting
cannot be used in the environment because it takes substantial computational power to
determine the paths of the individuajhi rays tgoreciselycalculate shadows and reflections.
It is also difficult to calculate with complete accuracy the effieatcomplex objects have on
each other when collidingecause it is necessary to check for collisions against every feature
of anobject

If the environment is too complex, the computer will have to spend a longtene
processingand renderingt. As a resultthe display will be updated very slowly. The delay
in display rendering increases the lag between when a user indtiaiegeraction and when
the environment updates to reflect that interaction. If this lag time is too long, the user will
not have a sensaf immersion. Any benefitgained from displaying a realistic aronment
will be neutralized. Therefore, is necasary to find a balance between creating a realistic

environment and maintaining acceptable interaction.



The balancing act becomes even more pronounced in fully immersive environments
for which large portions of the scene must be rendered simultangoustyenvironments
that are shared over a network where bandwidttoimes a limiting factor. r@phics cards
which perform most of the calculations involved in rendering a realistic virtwadoament
are becoming faster. They ar@pable of handling evdarge amounts of data concurrently.
However, this hardware is stilhsufficient and will be for the foreseeable future. Thus,
computationatesources must be managed to ensure the highest quality scene with the least

amount of overhead.

The goal ofthis research is tomanagecomputationalresources byemploying
knowledgegained from the study of computer graphics and visual percefiaceduce
environment complexity gracefully, without noticeable effects on task performance or
perceived scene quality. This can be done using perceptually adaptive rendering to
determine when toenderdetail and when to leave detail cadised on our understanding of
the limits of human perceptionImmersive virtual reality environments require multiple
views of the sam scene to be rendersunultaneouslyeven though the user is unable to see
much of the environment. Even the portion of the scene which is currently visible to the user
can be simplifiedyiven that the user only pays attention to a small portion csdbee at any
given time This cangreatly improverenderingupdate times. Although there are many
different aspects of a virtual environment which can be simplified, this research employs
geometric simplification. Geometric simplification has been ardurthe longest, and
therefore tools are readily available for its implementatiowiitual reality environments.

The reduction irgeometriccomplexity decreasghe amount of computation and processing
performed in each frame so that the display can loated quicker. The improvement in

frame rate leads tinprovedinteractionbetween the user ailde environment.



1.1. Computer Graphics Backgroun d

Perceptually adaptive rendering researies ontwo aspects of computer graphics
The first is the method bwhich models are defed in a three dimensional (3@yaphics
application. The second the nature of the graphics pipelin&ectionl.1 describesbasic

information abouthese twdopicsand their relation t@erceptually adaptive rendering

1.1.1. Representing Models as Triangular Meshes

Objects in 3D graphical environments are typically represented as a collection of
vertices and edges that defia surface. Most operationgsreperformed on the verticesThe
graphics processing uniGPU) of a computelis designed to operate most efficiently when
those vertices are grouped into triangles. These triangles cannot just be arbitrarily provided to
the GPU. In very large models, there couldnenytriangles sharing a single vertex. With
no organization of triangles, that single vertex would have to be processgd separate
times, leading to inefficiency Instead, the most commavay to represerd 3D model igo
usea triangle mesh. When triangles are arranged into a raesingle vertex needs to be
processed only ondgy the graphics carithdependent of the number of constituent triangles
Figure 1 shows a trianglenesh of the Stanfordu®iny. The Stanford Bunny is one of the

mostusedtest models in computer graphid@ark, The Stanford Bunny, 2000)
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Figure 1. A Triangle Mesh

1.1.2. The Graphics Pipeline

The graphics or rendering pipeline is gt of processdsy whicha scene composed
of 3D modelss transformed intatwo-dimensional 2D) image for display.

Figure 2 illustrates the graphicspipeline. The stages are modeling, vertex
manipulation, rasterization, pixel manipulation, and display. Fitst, nhiodeling stage
involves the representation of abject in 3D space It also involvesassociating the object
with any lighting and materials. This is where properties based in simulation interactions are
calculated. For example, if physics is enabled, then the positions of objects as a result of
collisions need to be determined@he first stage ofthe graphics pipelings not implemented

in the graphics hardware, but insteadson thecentral processing uniCfU).
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Figure 2. The Graphics Pipeline

The remainingstagesre processes that occur in the GRidthe vertex manipulation
stage the operations that must be perfornmedeach vertex arexecuted This can include
lighting and shading, as well as projectiBD vertices onta 2D plane The rasterization
stageis where the 2D vertex information is a@nted into pixels for display. This involves
taking all of the vertices, transforming them into 2D points, and then filling in the 2D
triangles based on these transformatidgring the pixel manipulation stag#he color for
each pixel in the final display is determinedhis may be determined by vertex colors and
textures which can be defined along with a model, or more recently by shaders. Shaders are
a set of instructions which the programmer can define verrie the normal GPU
calculations. They can be used to calculate more accurate lighting ordthadeiffectsthat
can be better represented in 2D space instead of 3D. spétee all of the information foa
givenpixel is gathered, that pixel gnt to the displaydevice

Each vertexand the resulting pixels can function as independent et The
calculations for any singleertex do not normally depend on thesult of operation®n
neighboring vertices. Ae calculations for angingle pixe do not normally depend on those
of its neighbors. This means thabnce a vertex has lefta stage in the pipeline, and has
moved onto another stage, another vertex can be pushed into the pipeline. If calculations for
one vertex depended on the resuttsnf another vertex, then the computer would have to
completely process a single vertex and render it to the display before it could begin
processing the next verteXhis is like washing, drying, and folding a single load of laundry

before starting on aesond load of laundry. If you had to do three loads of laundry without



any parallel stages, then it would take nine time units to complete all of the loads of laundry.
Because it is possible to start washing the second load of laundry when the firgbésad

into dryer, you can speed up the laundry process. When the first load is done drying, you can
put the second load into the dryestart the third load in the washemnd foldthe first load.
Instead of the nine time units required for processing laundry in series, it is possible to
processes all three loads of laundry in five stefren stagesare performed in parallel.
Figure 3 illustrates the difference. The diagram on the left shows the laundry process with

serial stages. The diagram on tight shows the faster laundry process with parallel stages.
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Figure 3. Comparisonof Process with Serial Stages versus Parallel Stages



This does not mean that every portion of the graphics pipeline is actively computing
at all times. Bottlenecks can occur when the processing in one stage takes longer than the
processing in another stage. We see this when doing laundry too. Wastadgoé leundry
may only take 25 minutes, but it takes 60 minutes to dry that same load of clothing. This
means that the second load of laundry will have to sit an extra 35 minutes in the washer while
the dryer finishes the first load of laundry.

One botténeck in tle graphics pipeline occurs duripfpysics calculation Although
dedicated hardware isow on the market, most systemslize the CPU to shulate the
physical environment.This isa bottleneck inthe modeling stagef the graphics pipeline
because it is computationally expensive to calculate the interactions between two complex
meshes.Bottlenecksmay alsooccur atthe vertex manipulation stageth models containing
large numbers of vertices becausele vertex mst be transformed into screen space and
many vertices will correspond to a single pixel on the scrdémre can also be bottlenecks
in the pixel manipulation stagehen many complex calculatisrare performed on each pixel,
for example when the shaderegs to run through calculations on a pixel multiple times to
obtain the correct end color.

The GPU contains many components which can operate in parallel allowing for
multiple simultaneous vertex and pixel manipulations, much in the same way that having
more washing machines atlaundromatllows you to wash multiple loads of laundry at the
same time. The number of vertex and pixel processing units varies greatly across graphics
cards.For example, lte GeForce 7950 GX2 has 16 vertex processing units anoixél

processing unitéNVIDIA Corporation, 2007)

1.1.3. Targets for Simplification

Currentgraphicsresearch focuses on using simplification to alleviate bottlenecks in

three different locations in the rendering pipeline. Thesethads are geometric



simplification, shader simplification, anghysicssimplification. Depending on the nature of
the environment to be rendered, these methods can be used individually, or they can be
combined to minimize delays in data flow within thggline. Geometric and shader
simplification are two methods aimed at reducing the computational load on the rendering
pipeline of the GPU. Physicssimplification helpssimplify the calculations that must be
performed on the CPU for each frame beforeadain be sent to the GPU for rendering

The method of simplification which has been in use the longest is geometric
simplification. Geometric simplification focuses on alleviating the bottleneck in the vertex
portion of the pipeline. Because maopgerations must be performed on each vertex, the
time it takes to render a single frame is greatly dependent upon the number of vertices that
must be rendered. One of the simplest methods of reducing the number of vertices is to
determine early on in theendering process which vertices in the objedt g visible at any
one point in timgrom a single viewpoint.Verticesthatwill not be seenbecause they define
geometry on the opposite side of the model from what nsently visible, can beemoved
from the rendering pipeline in ordéo speed up the rendering proce$sis is called
backface culling.Also, any portim of an object that is occluddxry another object can also
be safely removed from the rendering pipeline without\asiple change irthe final render
The utility of these simplifications is clear because the rendered scenes in the culled-and non
culled scenariowill be identical to the viewer, and the rendering time will be reduced due to
the decreased scene complexity.

In environmets with millions or billions of vertices, back face and occlusion culling
will not be sufficient to maintain interactivityiven current hardware constraint3.here are
still too many vertices for the rendering pipeline to process quickly. This is where
perceptually driven simplification can be useful. The simplified geometry can be obtained in
many ways, and for a complete explanation for choosing a method for creating the reduced

geometry see Luebkeds tutor i a(lueakenD.R.]2004) i t h ms



Unfortunately, here is no one method that works for all applications. The appropriate
algorithmfor simplification must be selected based upbaresourceshatare available and
the aspects of the modethat are most importantFigure4 showsthe Stanford Bunnygs a
triangle mestat three diffeent levels of geometric detdhat werecreated usinghe QSIlim
algorithm

QSlim iteratively collapsesneighboring vertex pairs to single vertic&Sarland &
Heckbert, 1997) Two vertices are considered pairs if they share an edge, or if they are
within a minimnum distance from each othefhe surface error isnemeasure of the amount
of change from the original modedused by vertex pair reductiokrrors for each vertex are
computed and stored a4x4 matrix. The errormatrix contains the sum of th&o matrices
that would be used to transform the original positions of the two vertices to the location of
the new vertex. The algorithm attempts to find a new vertex which minimizes the error.
First, the algorithm attempts to find the new vertex by solvimg quadratic error equation.
If the quadratic equation matrix cannot be inverted, then the algorithm tries to find the new
vertex along a line between the two original verticéghis cannot be founeéither, the new
vertex is selecteds one of the gginal two vertices or the midpoint between the two original
vertices. The error resulting from simplification is the sum of the eabtise two original

vertices.
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Figure 4. Stanford Bunny rendered as a wireframe at three levels of detall



