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Abstract

We describe a framework for a performance evaluation
system for real-time rendering algorithms in Virtual Re-
ality. The system embeds a numeric method to evalu-
ate image quality and approaches to construct different
types of VR tasks to conduct fair tests of real-time render-
ing algorithms. We test a real-time rendering algorithm
with this framework. FExperimental results show that the
system supports broad tests of real-time rendering algo-
rithms, and can form the basis for comparing their per-
formance.
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1 Introduction

Given enough CPU-time, current computer graphics
technologies can render very complex scenes and produce
nearly photo-realistic pictures. However, for interactive
computer graphics, such as virtual reality applications,
data management and programming decisions have to be
made in trading off rendering quality for interactive up-
date rates. This has been called the real-time rendering
problem. In recent years, many algorithms have been pro-
posed to solve this problem. However, the performance
of these algorithms have not been evaluated thoroughly.
Most of these algorithms were only tested in limited con-
ditions, such as testing the algorithm while doing a fixed
path navigation in a simple virtual environment. In addi-
tion, there have been very few comparisons between the
algorithms. This makes it difficult to determine which
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algorithm performs the best and under what conditions
its performance is optimal. When a new algorithm is
proposed, it is often difficult to determine if it is an im-
provement over existing algorithms, and where it fits into
the range of existing algorithms. A performance bench-
mark for real-time rendering algorithms will solve these
problems.

The reason for this limited evaluation is that evaluating
real-time rendering algorithms in virtual reality is much
more difficult than static rendering algorithms. There are
many different hardware configurations and support soft-
ware configurations; complex virtual environment models
are tedious to build; and performance targets are hard to
define, complicating the evaluation process. However, a
fair and thorough test is crucial to determine how well an
algorithm works and how much it indeed helps in solv-
ing the real-time rendering problem. A good performance
evaluation system can also help identify the direction that
real-time rendering researchers should go in the future.
To our knowledge, there is no performance evaluation sys-
tems that try to conduct a fair and thorough test to these
algorithms and compare them.

In this paper, we describe a framework for a perfor-
mance evaluation system which conducts a broad range
of tests on current real-time rendering algorithms, and
reports a fair benchmark. We define the performance
targets for real-time rending algorithms in VR, which in-
clude a metric of image quality and a metric of frame-
rate. We also define and classify typical VR tasks and be-
haviors, under which real-time rendering algorithms are
evaluated. At last, we evaluate a real-time rendering al-
gorithms within this framework and give its performance
figure.

Our evaluation system will be used to evaluate a num-
ber of the existing real-time rendering algorithms, result-
ing in a relative ranking of their performance. New algo-
rithms can easily be integrated into the evaluation sys-
tem, so their performance can easily be compared to ex-
isting algorithms. Our software will be available to other
researchers, so they can easily evaluate and compare their
algorithms.

Our approach solves the problems outlined above in
the following ways. By providing a standard software



system for evaluating real-time rendering algorithms we
sidestep the hardware and software configuration prob-
lem. The complete set of benchmarks can be run on a
new hardware and software platform to produce timing
information for that platform and allow new algorithms
to be ranked there. Since a standard evaluation frame-
work is used, the development of new virtual environ-
ments for testing can be amortized over many uses. That
is, once a new virtual environment has been produced, it
can be used to evaluate all the existing algorithms and
distributed to other researchers. Since the evaluation
system uses the same performance measures for all al-
gorithms over a range of tasks, the performance rankings
produced are a reliable comparison of the algorithms. All
the algorithms are evaluated in the same way, so there is
no need to translate different performance measures from
one hardware platform to another.

The next section of this paper describes a survey of
previous works. The performance targets of the real-time
rendering algorithms are presented in Section 3. Section 4
introduces the design of typical VR behaviors. Section 5
describes the performance evaluation system design. The
experiments and results are reported in Section 6. Section
7 closes with conclusions and future work.

2 Survey of Previous Works

2.1 Graphics Workstations Perfor-

mance Evaluation Survey

Work has been done on graphics workstation perfor-
mance measurement. In the 1980’s, the Graphics Per-
formance Characterization (GPC) group of the National
Computer Graphics Association (NCGA) proposed four
levels of performance measurement for graphics worksta-
tions. These levels are low-level primitives(points, lines
and polygons per second), pictures, systems(input and
action response times), and applications. Many attempts
have been made at measuring the four levels of graphics
workstations performance [23] [22].

Our work is different from the work on graphics work-
station performance evaluation. The graphics worksta-
tion performance work concentrates on measuring graph-
ics hardware performance over a range of graphics tasks.
These tasks include 2D graphics, 3D graphics, windows,
visualization tasks and so on. This makes graphics work-
station performance measurement a large and complex
problem. Our work, however, is on measuring algorithm
performance for a particular task, which is real-time ren-
dering in virtual reality. This is a single, well defined task,
thus removing the problem of establishing a set of mea-
sures that cover a diverse set of graphics tasks. We reduce
the effects of different graphics platforms by evaluating
the algorithms on the same platform. Our research goal
is to evaluate how well a real-time rendering algorithm
performs, how much it assists in solving the real-time
rendering problem and under what condition its perfor-
mance is optimal. We are using this framework to assist

researchers in improving existing real-time rendering al-
gorithms, and discovering new and better solutions.

2.2 Real-time Rendering Algorithms
Survey

Considerable research has been done in the real-time ren-
dering area. This work can be classified into the following
categories: Level of Detail Modeling, Geometry Compila-
tion, Visibility Culling, Image-based Rendering, and Hi-
erarchical Image Cache Rendering.

2.2.1 Level of Detail Modeling

The Level of Detail Modeling approach relies on a hier-
archical representation of a virtual environment in which
objects are described at multiple levels of detail. The level
of detail of the representation is selected according to the
current time budget. When the time budget is tight, a
coarser representation of the objects is rendered. In this
way, the target frame rate is guarrenteed and the ”best”
possible image is produced. [8] [18] [10] [1] [19] are typical
real-time rendering algorithms based on Level of Detail
Modeling . Funkhouser and Sequin [8] put their efforts
on time management, while they generate the multiple
levels of detail manually. Their algorithm yields good
results on maintaining consistent frame-rate. However
image quality is not evaluated and analyzed adequately
in their work, as in almost all the other Level of Detail
Modeling methods. The overhead of generating multiple
levels of detail of the model and storing the huge amount
of data also should be considered to evaluate these algo-
rithms.

2.2.2 Geometry Compilation

The idea of Geometry Compilation [9] is similar to that of
Level of Detail Modeling in that it simplifies the geomet-
ric object’s graphics representation to gain speed. The
difference is that geometry compilation uses a geometry
compiler to generate a proper tessellation of an geometric
object at run time. It avoids the preprocessing work of
generating multi-resolution models. The performance of
this method also needs to be investigated.

2.2.3 Visibility Culling

Visibility Culling algorithms accelerate rendering by
avoiding the rendering of objects that are not visible in
the image. The object hierarchy can be used to cull sur-
faces that are beyond the viewing frustum [6]. Spatial
subdivisions of scenes is also a good way to cull invisible
geometry [17] [21] [11] [7]. The hierarchical Z-buffer [14]
is another approach to fast visibility culling. Almost all
the visibility culling algorithms need a long preprocess-
ing procedure to construct some object hierarchy or scene
hierarchy of the virtual environment. Animated objects
in a virtual environment are not suitable for hierarchi-



cal preprocess, which is crucial for the visibility culling
approach and therefore is a limitation of this approach.

2.2.4 Image-based Rendering

In recent years, Image-based Rendering has been intro-
duced in the computer graphics community. In image-
based rendering systems, the scene is composed by a set of
images from photometric observation. Geometric primi-
tives, such as polygons are only used for representing the
boundary of the images. Rendering is accomplished by
image morphing [3], view interpolation [5], or plenoptic
modeling method [13]. Imaged-based rendering technolo-
gies can take constant time to render regardless of the
geometric complexity of the scene. It also takes advan-
tage of avoiding the difficult problem of the acquisition of
accurate and realistic models of the real world. However,
this method has the restriction of relying on path coher-
ence, and limits the interaction with particular objects.
The performance of this method is proved to be good if
the application is restricted to a ”fixed path” navigating
task.

2.2.5 Hierarchical Image Cache

The Hierarchical Image Cache method is one of the most
recent real-time rendering approaches. For this approach,
the virtual environment is generated by geometry-based
modeling in a static preprocess phase. Then the scene
is hierarchically stored in image caches. During the in-
teractive rendering period, instead of rendering the geo-
metric model, the images in the image caches are reused
as textures mapped to the polygons which represent its
boundary. This idea was first investigated by Regan and
Pose [15]. Tt is called Multiple Frame Buffer Rendering.
It relies on hardware with multiple frame buffers. Ob-
jects are organized into different buffers based on their
distance from the viewer. These frame buffers are up-
dated at different rates. The frame buffers which contain
close objects are updated frequently, while distant parts
are updated at a much slower rate. The reason is that
distant objects do not change or move as much as close
ones. They do not need to be updated in every frame.
Thus only a small portion of the environment needs to be
updated frequently. The final image is created by overlap-
ping the frame buffers form front to back. Recently, some
software solutions for hierarchical image cache, have been
proposed [12] [7] [20] [2]. They put more effort on the hi-
erarchical organization of the scene, preservation of the
image quality or time management, and thus make this
approach more attractive. However, a fair performance
evaluation of this approach is still required.

All the above algorithms tried to solve the real-time
rendering problem by trading off between real-time and
realism. Without a fair and thorough test, it is not clear
how well these algorithms work. To our knowledge, there
is no performance evaluation system that tries to conduct
a fair and thorough test of these algorithms and compare

them. In the following sections, we describe our perfor-
mance evaluation system.

We rule out the image-based rendering method at this
point, because the current image-based rendering ap-
proach is only for VR navigation and is restricted to par-
ticular paths while moving through the virtual environ-
ment. Once this approach is extended to general purpose
tasks, we will port it to our performance evaluation sys-
tem.

3 Performance Targets of Real-
time Rendering Algorithms

Real-time rendering algorithms are for interactive com-
puter graphics applications. Maintaining a constant user-
specified frame rate and preserving image quality are the
key performance targets. In addition, we certainly do not
want to bring in huge amount of extra data which could
be several times larger than the original model. It not
only increases the workload of generating the data, but
also involves memory management problems if the data
set is too large. The model preprocessing work is also an
overhead for a good real-time rendering algorithm. Extra
hardware requirements, such as multiprocessors is also a
restriction for general purpose real-time rendering algo-
rithms. When we define the performance targets, all of
these factors are taken into consideration.

3.1 Major Performance Targets
3.1.1 Frame Rate

In order to maximize user performance and comfort, any
VR system must satisfy the real-time requirement, which
means maintaining a constant frame rate that is above
a certain threshold. This threshold can be specified by
users according to different VR application requirements.
Many real-time rendering algorithms try to achieve real-
time performance by rendering as fast as possible. The
ability of accelerating the frame rate is certainly one crite-
ria for evaluating real-time rendering algorithms. Main-
taining a constant frame rate is also very important. Es-
pecially when the mean frame-time is high, fluctuations in
frame-rate can influence the performance of VR tasks. In
Watson’s report [4], frame time variation on VR task per-
formance is carefully studied. High and constant frame
rates are both important. VR users may feel sick, lose
immersive feeling and lose hand-eye coordination during
performing a VR task without satisfying either of these
two requirements. Therefore, both fast frame-rate and
constant frame time management should be considered
for any real-time rendering algorithm.

When we evaluate frame rate performance, we test
both of the above targets, fast and consistent. We use
two methods to evaluate a algorithm. First we specify a
frame rate and test the algorithm to see if it can always
keep the frame rate above this threshold. The second way
is to run a real-time rendering algorithm and record each



frame time. We plot the the frame time and calculate
how large the fluctuation is.

For frame rate performance, the following baseline is
used. We render a virtual environment with a non-time-
critical rendering algorithm, e.g. without involving any
real-time rendering algorithm. The frame rate produced
by this regular algorithm is the baseline for frame rate
performance. Any real-time rendering algorithm should
achieve better performance than this baseline, otherwise
it should be ruled out as a real-time rendering solution.

3.1.2 Image Quality

In computer graphics community, when we talk about
the image quality, we always use ’'realistic’ as a criteria.
However realistic is a subject of much scholarly debate.
It involves how accurate the geometric models and fine
textures resemble real objects, and how well it captures
many of the effects of light interacting with objects. In
our performance evaluation system, we are mainly con-
cerned with how well the real-time rendering algorithms
preserve image quality. The original image may be a very
realistic one, which is generated by accurate geometry,
fine textures and very good lighting and shading algo-
rithms. It can also be a rough model. In either case, a
good real-time rendering algorithm should preserve the
original image as well as possible. For a comparison of
the original image and the degraded one, we use the RGB
space to compare two images pixel by pixel. Three cri-
teria are used in the comparison. First, average RGBA
error between the original image and the degraded one.
Second, maximum RGBA error between the two images.
Third, number of pixels reflecting the shape distortion
of the two images in 2D space. Even though perception-
base criteria can give better results, it does not change the
relative correspondence of the numerical values of degra-
dation error. Therefore real-time rendering algorithms
that produce small errors in RGB space are expected to
perform as well as in Lu*v* or HSV spaces.

Thus, the problem of image quality measurement can
be described as follows:

An image [ is an array of N pixels (z,y), Let Ip(sq)
be a 4-dimensional vector, which represents the RGBA
value of each image pixel. I; is the image snapped from
the sth frame of virtual environment model rendered by
a non-time-critical algorithm. RI; is the image snapped
from the same frame, i.e.the sth frame of the same model
rendered by a real-time rendering algorithm. The average
error between the two images is defined as :

AFE1, r1y) =
¥ wyyer HiP(em) — RIipg,y |l (1)

where || # || is the Euclidean Lo-norm.
The maximum error between the two images is defined
as :

MEq, rry =

max ||Lipy.,) — RLipis 2
Jmax ey @ (2)
where max is the maximum value.
The number of pixels reflecting the shape distortion of
the two images is defined as follows:

NP, r1;y = Nri — Nry, (3)

where N7y; is the number of non-background pixels in im-
age I1, and Ngy, is the number of non-background pixels
in image RI;.

The overall error of the two images is defined as the
weighted sum of the above three factors, which can be
represented by dot product of two vectors :

I'mage Per (1, r1,) =

AEB(1, rr,)

MEr, r1,) (4)
NP, rr,)

([wl Tw?2 ]w3)o

where I'mage Per (1, rr;) is the image quality performance
of the RI algorithm; Tw1 is the weight for average error ;
Tw2 is the weight of maximum error; Jw3 is the weight for
number of pixels reflecting shape distortion; AF(z, r1,)
is the the average RGBA error between the image from
the ith frame generated by non-time-critical rendering
algorithm [ and the image from the ith frame generated
by real-time rendering algorithm RI; M FE(;, gz, is the
max RGBA error between the two images; N P(;, rr,) is
the number of pixels reflecting the shape distortion in 2D
space between the two images.

The combination of the average error, max error, and
number of pixels reflecting the shape distortion in 2D
space, Image Per(;, rr;) can give a reasonable estimate of
a perceived image difference. However, it is not a perfect
one. We will continue to investigate better metrics from
the perception domain.

The baseline for image quality performance is designed
in the following way: In order to keep the frame rate
above a threshold, we randomly delete triangles and tex-
ture, or randomly change to less expensive lighting and
shading algorithms to render a virtual environment. The
image produced by this method is compared with the
original image. The error generated by this algorithm is
the baseline for image quality performance. The error
produced by a real-time rendering algorithm should be
less than this baseline, otherwise this real-time rendering
algorithm should not be considered as a solution to the
real-time rendering problem.

3.2 Other Performance Targets

Besides the above two major performance targets, there
are other factors which can also be measured when we
evaluate a real-time rendering algorithm. They include
the expense of the algorithm’s preprocessing procedure
and resource requirements.

Our performance evaluation system produces a perfor-
mance benchmark of a real-time rendering algorithm by



calculating the weighted sum of all the above performance
targets.

4 Virtual Reality Tasks and

Behaviors

Our performance evaluation system measures the per-
formance of real-time rendering algorithms on a well-
defined set of virtual reality tasks. Currently, most VR
tasks are the simulation of human behaviors in the real
world. They include navigation tasks which concentrate
on moving through 3D virtual environments, and opera-
tional tasks which concentrate on interaction with one or
more objects in a virtual environment. Typical naviga-
tion tasks are walking in a building, flying in an outdoor
scene or even wandering or jumping in any imagined vir-
tual world. These behaviors can be described as the be-
haviors of a user (human) holding the camera in a virtual
environment. Examples of operational tasks are grabbing
a moving fish in a virtual pool, or playing a virtual hand
ball game in a virtual hand ball court. No matter what
categories a VR task belongs to, or how complex it is, we
can always use some behavior modeling technique to ana-
lyze it and and simplify it. We use Roehl’s [16] hierarchy
of behavior to describe VR behaviors. Roehl defines a

hierarchy of behaviors containing four levels:

o Level 0: direct modification of an object’s at-
tributes, eg. ”set the camera location to <
123.4,23.4, 567.8 >”

e level 1: change in an object’s attributes over time,
e.g. ”"moving in the orientation of < 1,1,1 > at
30cm /sec”

o level 2: series of calls to level 1 behaviors to perform
some task e.g. ”find a crystal ball in the virtual
world”

”decide

e level 3: top level decision making, e.g.
whether to turn left of right at a corner”

The highest level, level3 behaviors are beyond our re-
search scope at this point. We only consider how the
levell and level2 behaviors are composed in typical VR
tasks.

In our system, we provide ways to construct both level
1 behaviors and level 2 behaviors so that fair VR tests
can be produced. The level 2 behaviors are based on
6DOF trackers. A user holding a tracker can navigate a
virtual environment in whatever way s/he wants, such as
any combination of looking up, down and around, walk-
ing, running or jumping in 3D space. 6DOF trackers
can also simulate any operational task, such as playing
hand ball. The position and orientation data from the
trackers are recorded. Then, the data are used to test all
real-time rendering algorithms. The level 1 behaviors are
constructed by defining the mathematical representation
of a path and speed, such as walking in 30cm/sec along
a B-spline path.

The level 2 behaviors are for testing how the render-
ing algorithms behave for typical VR tasks. The level
1 behaviors are used to evaluate the algorithm for some
particular task, such moving along a path with high path
coherence, or with little path coherence. They are also
good for some special tests, such as how the algorithm
works while speed changes from 10cm/sec to 50 cm/sec.

5 Performance Evaluation Sys-
tem Design and Benchmark

The purpose of this performance evaluation system is to
test if real-time rendering algorithms can produce uni-
form user specified frame rates and preserve image qual-
ity as much as possible while performing typical VR tasks
in different types of virtual environments. The system
consists of several parts, including various virtual envi-
ronments, VR behaviors designer and recorder, perfor-
mance evaluator, which include image quality evaluator,
frame-rate evaluator, and a interface between the sys-
tem and real-time rendering algorithms. Currently the
system is implemented on Silicon Graphics Crimson/RE
with 150Mhz MIPS R4400 processor and 150Mhz MIPS
R4010 FP processors, 64MB of memory, 128MB swap
and Polhemus Isotrak Trackers. The software configu-
ration consists of TRIX6.2 OS, C++4 compiler, OpenGlL,,
Motif, and MR toolkit.

The benchmark is given by the weighted sum of all
the performance metrics from section 3 , which include
frame-rate performance, image quality performance and
other performance measures. It can be represented by a
dot product of two vectors.

where B(g;) is the benchmark of real-time rendering al-
gorithm #; w1 is the weight for frame-rate performance;
w2 is the weight of image quality performance; w3 is the
weight for preprocess performance; w4 is the weight for
resource performance; F'P(r,) is the frame-rate perfor-
mance; [ P(g,) is the image quality performance; PPg,)
is the preprocess performance; RP(g,) is the resource per-
formance. We can also add other performance elements
and weight elements to the two vectors.

6 Experiments and Results

We tested Lau’s [1] real-time rendering algorithm using
our performance evaluation system. While the test was
conducted, our system was inactive in a multiuser envi-
ronment. The main process occupied 90% of the CPU
time on average. Lau’s algorithm concentrates on multi-
resolution modeling. We add a predicative time manage-
ment algorithm so that it can be ported to our test sys-



tem. The frame-time we ask the algorithm to achieve is
50msec (the frame-rate is 20 updates per second). Figure
1 and Figure 2 show plots of frame-time and number of
triangles while performing a levell navigation task. Fig-
ure 3 and Figure 4 show plots of frame-time and number
of triangles while performing level 2 navigation task.

The preprocessing time of their algorithm is 33050
msec. All the time data recorded exclude the workload of
the performance evaluation system itself. The benchmark
of algorithm [1] is easily calculated by Equation 5 if the
weights are given. However, fair weights values should be
determined after numerous test of different algorithms.

The image quality of different frames is shown in Table
1.
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7 Conclusions and Future

Work

This paper has presented a performance evaluation sys-
tem for real-time rendering algorithms in Virtual Reality.
The key contributions of this frame work are a metric for
real-time rendering algorithms, performance targets, and
methods to construct different types of VR task. The
experimental results reported in section 5 show that the
performance metrics are reasonable and the approach for
constructing VR task is capable of producing and record-
ing various VR tasks for tests.

Interesting topics for further study include more opti-
mization of the image quality metrics, and obtaining fair
weights for all the performance targets, control of the
degree of freedom of 60F tracker to facilitate VR task
design, and extensive tests of current real-time rendering
algorithms.
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Maximium  Error

Number of pixels
reflecting shape

Image rendered by different model Average Error difference
Original Image (4356 triangles, 2278 verts) 0.0 0.0 0 pixels
Image 10(4346 triangles, 2273 vertices ) 0-015967 10.392305 0 pixels
Image 20(4336 triangles, 2268 vertices) 0.022409 10.392305 0 pixels
Image 50(4306 triangles, 2253 vertices) 0.046020 10.392305 0 pixels
Image 60(4296 triangles, 2248 vertices) 0.052660 10.392305 0 pixels
Image 70(4286 triangles, 2243 vertices) 0.059780 10.392305 0 pixels
Image 100(4256 triangles, 2228 vertices| 0.092639 10.392305 0 pixels
Image 200(4156 triangles, 2178 vertices) 155983 10.392305 0 pivels
Image 300(4056 triangles, 2128 vertices) ~ 0.259701 27.712813 0 pixels
Image 400(3956 triangles, 2078 vertices) ~ 0.350149 27.712813 0 pixels
Image 500(3856 triangles, 2028 vertices 0.419044 27.712813 0 pixels
Image 800(3556 triangles, 1878 vertices) ~ 0.733365 111.664677 4 pixels
Image 1000(3356 triangles, 1778 vertices) 949656 111.664677 4 pixels
Image 1200(3156 triangles, 1678 vertices) 1 175150 111664677 4 pixels
Image 1500(2855 triangles, 1527 vertices) 1538637 114.284732 8 pixels
Image 1800(2551 triangles, 1373 vertices) 1 g5ng01 114.284732 9 pixels
Image 2000(2346 triangles, 1268 vertices) 2.253247 114.284732 7 pixels
Image 2300(2037 triangles, 1107 verticess) 2812113 114.284732 9 pixels
Image 2500(1831 triangles, 997 vertices) 3 160840 114.284732 15 pixels
Image 2800(1522 triangles, 832 vertices| 3783913 136.605271 10 pixels
Image 3000(1317 triangles, 724 vertices) ~ 4.382111 144.675499 20 pixels
Image 3300(1006 triangles, 559 vertices) ~ 5.389454 179.323730 25 pixels
Image 3500(800 triangles, 452 vertices)|  6.336828 179.323730 52 pixels
Image 3800( 493 triangles, 278 vertices) g 5gp351 179.323730 224 pixels
Image 4000(306 triangles, 175 vertices)|  19.172414 179.323730 1481pixels
Image 4300(306 triangles, 175 vertices)|  19.172414 179.323730 1481pixels

Error between the original image and the image created by simplied model

450100ut of 26144 pixels in the model.

fAngleThresh=0.4 fVerErrLevel = 0.4

Table 1: ITmage Quality Performance of Lau’s Algo-

rithm



