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Defining and Refining Frameless Rendering 
Ellen J. Scher Zagier* 

Abstract 
Fran1e/ess Rendering (FR) is a rendering paradigm which per

forms s!ochastic temporal filtering by updating pixels in a random 
order, based on most recent available input data, and displaying 
them to the screen immediately (3]. It has inherent in its design, 
visual artifacts that come across as "spatial scatter''. Due to the asyn
chronicity of pixel updates, a noisy or "scattered" image is perceived 
if the update rate is not fast enough. 

We describe the fac1ors that influence the perceptual quality when 
Frarneless Rendering is implemented such as object and viewpoint 
velocities, pattern and object size, and pattern and object separa
tion. The factors are formalized mathematically with respect to 
their impact on spatial scatter. Spatial scatter is defined formally as 
a combination of velocity, density and gradient. We also attempt 
to define Frameless Rendering in terms of a new graphics pipeline, 
and more concretely in terms of strategies for pixel prioritization 
and handling aging pixels. 

We zoom in on three factors that influence the perceptual quality. 
We compare scenes \vith strong versus \veak temporal coherence, 
high versus low frequency content, and high versus low pixel com
putation rates. 

If strong temporal coherence is maintained, a Frameless Render
ing sequenceexhibits little image degradation. Cutaway scenes have 
no coherence between t\vo successive frames and offer a a natural 
dissolve. Weak temporal coherence is associated with decreased 
image fidelity. Image sequences comprised of scenes with primarily 
low frequency content exhibit very little image degradation \vhen 
compared to image sequences comprised of scenes with high fre
quencies. Computation speeds of 30 !vi pixels/second, sampling 
inputs at JOO Hz, give the smoothness of motion and visual fidelity 
of a traditional 30 fps double-buffered animation. (See Section 7 for 
an anomalous case.) Compute speeds of I to 4 !vi pixels/second 
reduce latency and smooth motion seen in a comparable double
buffered animation. 

We also show comparisons ofFrameless Rendering with reduced 
pixel resolution. In cases of strong temporal coherence, Frameless 
Rendering exhibits relatively little image degradation in comparison 
with the reduced pixel resolution alternative. On the O!her hand, 
in cases of relatively weak temporal coherence, the lo\V resolution 
image sequence exhibits relatively little image degradation when 
compared with the Frameless Rendering. 

CR Categories and Subject Descriptors: l.3.3 [Computer 
Graphics]: Picture/Image Generation - Pixel-level Rendering; 
1.3.5 [Computer Graphics]: Frameless Rendering. 

'Department of Con1puter Science, University of North Carolina, Chapel 
Hill, NC 27599-3175. 
scher@cs.unc.edu 

Additional Key \Vords and Phrases: reduced latency, virtual 
environments, progressive refinement, frarneless rendering, motion 
blur, temporal frequency, visual perception. 

1 Introduction 
Frameless Rendering opens up a completely new avenue for 

thinking about the entire graphics pipeline. From data sampling to 
r,g,b computation to display, a 180° change from the way we've 
been doing graphics (polygon-based), a 90° change from new ways 
of doing graphics (image-based), true Frameless Rendering molds 
itself into a perceptually-based graphics pipeline from start to finish. 

We do not build sur.h a machine, but we list some of its features. 
We do not hammer out all the details, but we do build heavily upon 
existing research. And, we sho\v concrete experiments and a con
crete fonnalization \vhich is geared to the latter end of the pipeline 
and relates to more immediate, corporeal concerns of Frameless 
Rendering. 

Fran1eless Rendering is a display-and-computation implemen
tation based on the theory that, given typical screen refresh rates 
(upwards of 60 frames per second (fps)), only a small collection 
of pixels (versus a set of scanlines as in raster displays) needs to 
be illuminated at any instant in time. If these pixels are randomly 
chosen across the screen, and are based on inputs sufficiently close 
in time, we can return to single buffering and deliberately trade off 
visual integrity for smoothness of motion and reduced latency. 

Frameless Rendering is a natural successor to: a) stroboscopic 
motion technology: Flipbooks, or sequences of still images, are 
used to relay motion infonnation in film and video. The technology 
is based on the human visual system's ability to cognitively connect 
a sequence of discrete frames (or stills) to infer motion, b) vector 
display technology: the implementation based on the observation 
that if continuous line updates within a frame occur fast enough, 
above the critical fusion frequency 1 then the human visual system's 
persistence of vision feature infers continuity of infonnation and 
can interpret motion appropriately, and c) raster display technology: 
similar to vector displays, except that discrete pixel infonnation is 
displayed in scan line order: left to right pixel by pixel; top to bottom 
scan line by scan line. Only a thin horizontal strip of several scanlines 
must be illuminated at any fixed instant in time, and screen refreshes 
must occur above the critical fusion frequency in order to achieve 
the desired visual effect. 

We describe the factors that influence the perceptual quality of 
a Frameless Rendering implementation. These include the follow-

I Critical Fusion Frequency: Image refresh frequency at which com
plete fusion of displayed imagery occurs. and thus the visual illusion of 
continuous illumination is maintained (refresh rate required for no percepti
ble flicker). 



ing interdependent constraints: scene motion (velocities. accelera
tion, temporal coherence measure), boundary types (sharp or dull), 
and scene detail (length and separation of detail in objects, pat
terns, etc.)2 [4]. We explore three of these factors via experimental 
comparisons: temporal coherence, scene fourier spectra, and pixel 
compute rate. Our findings are discussed in Section 7. 

There are three steps to analyzing the multidimensional prob
lem space of factors that can influence perceptual quality within a 
Frame less Rendering implementation. The first step is to define spa
tial scatter, a reduced dimensional space that encompasses all things 
that can happen in the multidimensional space. Spatial scatter is 
characterized as scatter velocity, scatter density and scatter gradi
ent. The second step is to project the multidimensional problem 
domain to the spatial scauer don1ain. The third step is to analyze 
spatial scatter with any tools available. Existing research and new 
experimentation are two such tools. 

1\tlain Contribution 
Fran1eless Rendering is defined in detail. Strategies for deter

n1ining when to recompute pixels and ho\v to handle aging pixels 
are grouped into two classes: "Essential Frameless Rendering" and 
"Enhanced Frameless Rendering". Application independent tech
niques, such as priority based on gradient magnitude, are classified 
in the fonner category, and application dependent techniques are 
classified in the latter category. The philosophy of Frameless Ren
dering is exposed in terms of progressive refinement, target display 
devices, and sample-based rendering. 

The \vide variability in ho\v Fran1eless Rendering artifacts 
manifest themselves is illustrated. \Ve provide strong evidence 
that the spatiotemporal image quality within a Frameless Rendering 
implementation is inhomogeneous. Two different approaches lead 
to this conclusion. 

The first illustration is a videotaped illustration of several differ
ent Frameless Rendering animation sequences. For example, in one 
animated short consisting of a rotating torus, !here is perceptually 
significant image degradation. In another animated, an undenvater 
submarine scene with vie\vpoint motion along the optical axis, there 
is very little visible degradation. In Figures J and 2 we illustrate the 
difference between the Fourier transform of the submarine image 
and of the image containing the torus. The submarine is dominated 
by lo\V frequencies in the horizontal direction, and lhe torus exhibits 
response at a very wide range of frequencies. (black indicates max
imum value). We have seen evidence of a correlation bet\veen low 
frequency information and decreased Frameless Rendering artifacts. 

Figure 1: 'Rvo-ditne11sio11al frequency 1ransfon11 of Sub111ari11e 
franie. (0, 0) frequency is at center. 

2\Veber's Law: separation discrimimuion thresholds, 6s, are propor· 
tional to separation distances and object length along the axis of separation, 
s: D.s IV s, Informally this menns that it is easier to discri1ninate small 
perturbations on a s1naller object than a small perturbation on n large object. 
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Figure 2: nvo-di111e11sio11al frequency 1ra11sfon11 of Torus franie. 
(0, O)frequency is at center. 

A second illustration is via measurement of spatial "noise", we 
call "scatter", produced by Frameless Rendering. We define this 
noise mathematically and sho\v how different scene and motion 
specifics drastically vary the measure of this scatter. 

Spatial Scatter, the visible "noise" from Frameless Render· 
Ing, is formally characterized. Frameless Rendering has, inherent 
in its design, visual artifacts that come across as "spatial scatter''. 
That is, due to the asynchronicity of sample updates, a noisy image 
is perceived if the update ra!e is not fast enough. The spatial scat· 
1er encapsulates Frameless Rendering's deviance from frame-based 
rendering. By characterizing spatial scatter and fonnalizing the fac
tors that affect the quality of spatial scatter, we are able to make 
educated conjecture as to the factors that influence the spatiotempo
ral perceptual quality of Frameless Rendering. 

Spatial scatter is quantified in tenns its velocity (scale and direc
tion), density, and gradient. Scene differentiating parameters, such 
as object and vie\vpoint motion, and object number, size and sep
aration, are mathematically quantified in tenns of: the scale of the 
scatter, the direction of the scatter, the scatter density and the scatter 
gradient. Finally, we make educated conjecture as to the factors 
that influence the spatiotemporal perceptual quality of Frameless 
Rendering by considering each spatial scatter characteristic in tum. 
For example, signal processing theory of noise applies to the scale 
of the scatter, and the well-kno\vn contrast sensitivity function [21] 
is pertinent to analysis of the scatter gradient. 

Scatter Formulation + Experiments= Conclusion that tem
poral coherence and bandlimiting are correlated with a good 
Frameless Rendering shO\'t'ing. \Ve show mathematically and ex
perimentally how strong temporal coherence reduces the scale of 
the Scatter in the direction of the scatter. 

A Head Mounted Display (HMD) simulation IUustrates the 
ability of Frameless Rendering to significantly decrease appar
ent latency. As a tracked head and hand move, the system response 
is starkly improved. \Ve illustrate this with videotaped footage of a 
user interacting \Vith a Virtual Environments demo. In the demon
stration, a user walks through the halls of a large gallery and a 
sharp improvement in interactivity is sho\vn. Pathfinding and walk~ 
through applications are very common, so the motion on a straight 
path along the optical axis, \Vhile preserving temporal coherence, 
does not significantly restrict the range of motion desired. 

Extras: \Ve sho\v side-by-side comparisons of Frameless 
Rendering and reduced pixel resolution, \Ve also illustrate a nat
ural dissoh'e \Vilh Frameless Rendering. In cases of strong tem
poral coherence, the Frameless Rendered image sequence showed 
relatively little image degradation v.'hen compared \Vith the reduced 
pixel resolution alternative. On the other hand, in cases of rela
tively \Veak temporal coherence, the low resolution image se~uence 
sho\ved relatively Huie image degradation \Vhen compared wllh the 



Frameless Rendered image sequence. 
Frameless Rendering exhibits a natural dissolve effect when two 

successive frames are completely different [30J. This is illustrated 
by an HMD simulation where the user changes noors of a gallery 
with the push of a single button. The room the user is leaving 
naturally fades out as the room he or she is entering fades into view. 

Finally, \Ve use all of the above to make cogent suggestions 
for replacements and refinements to earlier Frameless Render· 
ing techniques. This paper has a very full "Future \Vork" section 
because the salient fom1al analysis lends i!self to many logical re
finements to frameless rendering in order to exploit it "for all she's 
got". We have thought about many of these and share them in the 
paper. 

2 Driving Problem 
In applications such as flight simulation, tight feedback loops 

are necessary and latency is an impediment to perfonnance. The 
delay in system response, regardless of throughput, lengthens the 
feedback loop and contributes to a loss in the illusion of interactivity 
and immersion. The problem is striking a better balance between 
realistic system response and visual realism. 

Frameless Rendering can help to indicate to a user their posi
tion and orientation in the environment sooner. The rate at which a 
user's inputs can be san1pled is quite fast, easily oflen two or three 
times the frame update rate. So, scene computation aside, systen1 re
sponse could be so accurate that discrepancies with the true physical 
world \VOuld be imperceptible. With Frameless Rendering, because 
some pixels are updated immediately based on this high speed input 
retrieval rate (potentially every IO milliseconds (ms) less), some 
portion of the user's world is satisfactorily true-to-life. In fact, 
enough infonnation may be available such that a pilot in a Hight 
simulator could react accurately, without the typical compensation 
in the dynamics model. Frameless Rendering, despite its constraint 
that the rendering scheme be point-sampled or pixel-sampled, will 
be one of the surviving speedup techniques available as \Ve rapidly 
approach the "one-pixel·polygon" barrier (32]. It fits well with 
the move toward pixel-based rendering (versus polygon-based ren
dering) as in image-based rendering paradigms. And, Frameless 
Rendering as a "calculation avoidance" technique, has some nice 
natural properties such as: preserving topology and maintaining the 
integrity of diffuse, as well as specular, lighting effects. 

3 Previous Frameless Results 
3.1 Frameless Rendering Simulations 

Researchers at UNC Chapel Hill have illus!rated that the utiliza
tion of Fra111eless Rendering {3] can offer a more fluid animation than 
traditional double buffering. This translates to quicker response time 
in interactive applications, with only a slight degradation of image 
quality. The proof of concept was illustrated via simulations when a 
random percentage of pixels was updated at each time incren1ent and 
compared \vith a double-buffered ani1nation with equal pixel budget. 
The double-buffered frame updates occur only after all pixels have 
been computed. For example, a 5 fps double-buffered animation is 
compared with a frameless rendering 15 fps update. In the latter 
case 33% of the pixels are updated every 67 milliseconds (ms) re
sulting in more fluid nlotion. Pixels are selected randomly without 
replacement so as to eliminates the tearing artifacts associated \Vith 
single buffering. The frameless rendered animation sequence has 
new, current infonnation \Vhen it hits the screen. It has some pixels 
1ha1 are as much as 200 ms old, bul some \Vhich are only 67 nis old. 
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For an equivalent pixel budget, the double-buffered animation ex
hibits visibly abrupt motion and only updates with new infonnation 
every 200 ms Further, it began computation on system state 200 ms 
earlier. So, its pixels are 200 ms old by the time they hit the screen, 
and a total of 400 ms old by the time they leave the display. 

3.2 Frameless Antialinsing 

Antialiasing is computationally expensive. Good antialiasing 
with 16 samples per pixel can multiply compute time by an equiva· 
lent factor of 16 or higher. In applications requiring tight coupling 
of user input to system response, the slo\vdo\vn impedes 1ask execu
tion. In a frameless environment, though, there is no reason to resort 
to an all-or-none extreme. If there is time for :1: number of samples 
to be computed at lime t then all x samples should be co1nputed and 
displayed. 

Frameless antialiasing's potential {35] was illustrated with the 
follo\ving experiment. Frameless antialiasing simulates pre-display 
of ready samples by displaying current infonnation for in between 
frames. At each in-bet\veen frame the next I /n samples are updated 
(n= the number of franteless frames to one double-buffered frame). 
The tradeoff of image quality is small compared to the benefit of the 
resulting smooth motion realizable in the frameless antialiasing test. 
More frames are displayed per unit of time and the infonnation is 
more current at each time step. 

Assume a supersampling grid of 4x4: 16 samples per pixel. 
For each frame in the frameless antialiasing case, only 25% of the 
samples are updated. If these frames are updated at 60 frames 
per second, the corresponding double-buffered case \Vith equivalent 
supersampling budget must wait for all 16 samples and is updated 
at only 15 fps See Figure 3. 

Double 
Buffering 

. 

Frameless 
Antialiasing 

t+l . . 
' ' 

15 Hz . . . 
' 

60Hz 

I I I I I I I I I I I I I I I I I I I I I I I I I I I 
time (ms) 67 134 200 

Figure 3: Update-lhne incre1ne11ts: "Fra111e/essA11tialiasi11g" ver
sus Double Buffering. 

The double-buffered computation begins at time t, using the 
system state at time, t, but is not displayed until time t + I so the 
image in the display at time t is 2t or 134 ms old before it leaves 
the display buffer at time t + 2. By contrast thefra111eless animation 
is getting updates every 17 nis. 

A side-by-side con1parison illustrates a clear advantage to updat
ing samples as computed versus waiting for all samples to be com
puted. The smooth motion of slightly degraded images is preferable 
in many applications to the staccato motion of fewer, but higher 
quality frames. It has the automatic adaptive refinement feature of 
Fran1eless Rendering as all pixels converge to their current value 
when the motion has stopped. 

3.3 Volume Rendering Application 

A volume rendering implementation was developed which com
bined frameless rendering principles with a preexisting adaptive 
refinement capability on an existing volume rendering system [37]. 
Partial updating can be chosen at thresholds of25%, 50o/o, and I 00%. 



The decrease in total number of samples, versus pixels, computed 
per frame allows new frames to be generated faster. Rather than 
randomizing san1ple choice, the sa1nples are chosen on a pseudo· 
regular grid similar to an ordered dither pattern. This results in a 
lower effective display resolution. 

3.4 Beyond Frameless Rendering 

At Brown University researchers developed a technique in which 
they remap the computation buffer to the display buffer by inter
leaving quadrants to effectively quaner the resolution of the display 
buffer [44]. They improved the frameless rendering motion blur 
effect by using a semi transparent grid: a value for a pixel halfway 
between the old value and the new value is used. Their method 
is equivalent to the frameless rendering simulation, mentioned in 
Section 3.1, but using an alternating quadrant pixel ordering rather 
than a random order. This implementation constrains the number of 
pixels updated per inbet\veen frame to a fixed percentage of pixels. 

They were able to do performance analysis because it was a true 
system implementation versus a simulation. Although they do not 
mention the effects due to reduced latency, this also could have been 
analyzed using their setup. 

This technique requires discretization as motion slows and as the 
image converges to a fully rendered one. They also exploit spatial 
coherence, which although it produces immediate benefits, deviates 
from maintaining the Golden Thread (2, 3], one of the goals of 
Frameless Rendering (see 5.1 for further infonnation). That is, 
although repetition of the steps allows images to converge to an 
ideal image, it is done in large jumps rather than smoothly and 
continuously. 

3.5 Frameless Raytracing 

A Frame less Rendering Raytracer is implemented by a creating a 
hybrid of Frameless Rendering - randomized order of pixel updates 
- and use of the existing graphics hardware z-buffer. The result 
is a virtual environments implementation of a real time raytracer. 
Although there are some distracting visual artifacts, it captures the 
lighting effects and perfonns in real time (approximately 4 fps). 

4 Related Research Results 
The accomplishments over a wide range of computer graphics 

topics, as well as many tangential Computer Graphics topics, are 
immediately pertinent to Frameless Rendering research. This list 
includes, but is not limited to the following interrelated areas: an
tialiasing, signal processing, sampling and reconstruction, image 
compression, psychophysics, computer vision, and human vision. 
We identify the highlights of relevant previous research results be
low. 

4.1 Image Compression 

The computer graphics subfield of image compression concerns 
itself with storing images in such a way that the a1nount of memory 
used is minimized. It is useful in transmitting images over a net\vork, 
maximizing the computer memory usage, and decreasing the band· 
width requirements for executing a local (as well as remote) process 
involving images. Image compression techniques arc classified as 
either "lossy" or "lossless" referring to their ability to uncompress 
to an identical or approximate image, respectively. 

Image compression and Frameless Rendering share the common 
goal of minimizing the nurnber of sarnples required for an image 
\vhile maximizing image fidelity. 

Impressive results have been accon1plished in the analyzing ho\v 
to maintain in1age integrity. The psychophysical issues pertinent 
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to image quality have been detailed { 18]. The goal of this analysis 
is to adapt image co1npression methods to visual sensitivity. For 
exa1nplc, the con1rast sensitivity function-' [21] can be used for 
cosine transfonn compression [41]. Issues concerning maintenance 
of image quality are of immediate relevance to Frame less Rendering. 
For example, Frame less Rendering can use the bandpass nature of the 
contrast sensitivity function to understand \vhy a viewpoint change 
in a scene dominated by high spatial frequencies has a different 
perceptual effect than one dominated by low spatial frequencies. 
This infonnation can then be used to steer Frameless Rendering 
usage accordingly. 

There have also been salient analyses of ho\v to measure image 
quality. A particularly robust scheme is "preference factoring" [I]. 
By using observer preferences, they assign weights to the different 
physical characteristics pertinent to image quality. The "visible dif
ferences predictor" [IO] is a more fonnal algorithmic approach to 
preference factoring. It considers physical differences mathemat
ically and correlates them to visible differences. This research is 
all pertinent to analyzing the loss of image fidelity with Framcless 
Rendering ( see Section 8). The television industry has researched 
these lines, too, because they are concerned with image compression 
problem and have a relatively fixed, and high, standard of percep
tual quality. The requirements for a fast-paced broadcast such as a 
hockey game vastly differ from those for a weather broadcast[26]. A 
good application-dependent Frameless Renderer can be developed 
by understanding these requirements. 

4.2 Signal Processing 

The Frame less Rendering artifacts come across as noise. But, the 
visible spatial scatter actually contains infonnation that the visual 
system is using. We know from sampling theory that if the sampling 
frequency is greater than twice the highest frequency in the environ
ment being sa1npled then no signal can be the alias for another [36]. 
Further, \Ve kno\v that if there are aliases outside the window of 
visibility [39), then we cannot see these aliases. We also kno\V from 
scale-space theory (25] that we can talk about extracting the signal 
at a particular scale. Noise functions have been well-defined [24], 
and can be used for comparison wilh the graphs of the scatter. This 
previous research enables characterization of the signal that exists 
in the scatter. (See Section 6 for a fonnal definition of scatter.) 

4.3 Sampling and Reconstruction 

The aliasing artifacts due to spatial and temporal undersampling 
have long plagued researches in computer graphics. This work is 
directly applicable to Frameless Rendering research becauseFrame
less Rendering essentially perfonns stochastic temporal filtering and 
spatial subsampling. (See Section 5) 

Reconstruction techniques, especially those developed to handle 
scattered data or nonuniform samples, can be employed to opti
mize a Frameless Rendering implementation. There are advanced 
multistage filters for handling nonunifonn sampling: application 
of nested box filters of decreasing size in areas or high sampling 
density [28], combined with averaging and normalizing based on 
sampling density (43]. A simpler weighted averaging filter (9, 11] 
will surfice, though, because there is relatively low variance in sam
pling density due to the stochastic nature of Frameless Rendering. 
Reconstruction has become important in in1age-based rendering and 

"Contrast Sensitivity Function: n function of spatial frequency it shows 
the human visual syste1n's sensitivity 10 retinal contrast. The sensitivity 
is bandpass: low and high spatio.I frequencies correlate with diininished 
sensitivity. 



the research offers a many options for reconstruction filters and 
1echniques [27, 15, 22]. 

5 Frameless Rendering Defined 
In this section \Ve define Frameless Rendering in lenns of an 

adaplive refinemenl philosophy, an ideal hosl renderer and an ideal 
host display. We classify Frameless Rendering strategies based on 
!heir global use (principles generally apply across applicalions), and 
their local use (principles are tailored to differentiating qualities 
across applications). 

Frameless Rendering, in effect, perfonns a temporal supersam· 
piing and a spatial subsampling: temporal sampling because of finer 
sampling of input time, and spatial subsampling because of a coarser 
sampling of the screen resolution at one particular instant in time. 
We use this idea throughout our exposition of Frame less Rendering. 

S.1 Progressive Refinement Technique 

Frameless Rendering, in its bare bones fonn (3), limits image 
degradalion while mainlaining 1he Golden Thread [2, 3 ]. A goal of 
Frameless Rendering is to maintain this "golden thread" concept. 
That is, any implementation step or set of steps, when repeated, 
should allow images to smoothly and continuously converge to an 
ideal image. This is naturally achieved \Vith Frameless Rendering 
as the motion of the user and the motion in 1he scene slo\vs down. 

5.2 LO\V Resolution: a Comparison 

Displaying at a lower resolution to decrease computation time for 
a frame imposes constraints that frameless rendering is not bound 
by. These factors, listed below, are relevant in the detennination of 
areas where Frameless Rendering is strong and reduced resolution 
strategies are relatively weak, and vice versa. Experiments are 
described in Seclion 7. 

Thresholds: Lowering lhe resolulion is 1ypically accomplished 
in discrete jumps, that is, a decision must be made as to when to de· 
crease or increase the resolution based on predetennined thresholds. 
Frameless rendering, in theory, updates as many pixels as possible 
and thus it automatically and smoothly transitions as time available 
for computation fluctuates. 

Same Pixels each Frame: Reduced resolution strategies typi· 
cally select the same pixels to be updated for each frame. Frameless 
rendering updates pixels without replacement and thus can take ad· 
vantage of strong temporal coherence bet\veen frames. If neither 
the user's position nor the scene has changed drastically between 
frames, this will produce a high resolution, current Frameless Ren· 
dering frame. 

Fixed Gradient Information: Large gradients are found at 
boundary locations. These intensity changes are one of the factors 
which facilitate shape perception. The randomness of pixel choice 
for frameless rendering allows for a greater variance in gradient in· 
fonnation available. That is, some pixel's neighbors are current and 
some are not. This information variance effects perception and thus 
interaction. (See experimental results ins Section 7.) 

5.3 A Frameless Rendering Pipeline 

San1ple size, during the data collection stage, is proportional to 
the size of the photoreceptor in the human eye that ultimately re
ceives the infonnation. Computing the color of the sample takes into 
account retinal sensitivity to the color spectrum, again at the location 
ultimately responsible for processing the infom1ation. Each sample 
is computed independently of all other samples. Thus, computation 
is parallelizabie, and can be computed and displayed framelessly. 
The eye·tracked display contains "pixels" which vary with size based 
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on their final resting place on the human retina. Uniform co1nputa
tion and unifonn display grids are obsoleted. 

'fhe renderer: \Ve propose a front end renderer to the Frameless 
Rendering updating and display scheme back end. It is an an an. 
tialiasing raytracer which handles diffuse reflections \Vith a sample 
size proportional to the photoreceptor size. 

Consider a camera collecting infonnation from the real world. 
A digitizing frame-grabber can be used to extract discrete, typically 
uniform samples over space and time. It is not necessary, though, for 
the samples to be unifonn in order to produce a perceptual accurate 
in1age. In fact, there is non-uniformity inherent in data collection 
due to an aspect ratio that is not I: I. 

If the user's viewpoint is known, then samples could be extracted 
to map more closely to the photoreceptor distribution on the human 
retina. Samples near the foveal center would be more densely dis· 
tributed and a sparse sampling would be tolerable in the periphery. 

A con1bination of existing techniques can be combined to build 
a renderer that handles diffuse ·as well as specular lighting and 
computes the sample values independently by tracing independent 
rays [ 17]. A Monie Carlo melhod can be used for Slochaslicly 
sampling rays to approximate the surface reflectance function. A 
sufficient number of independent rays are cast non uni fonnly to avoid 
aliasing artifaclS [29]. 

The display: Sample size and distribution, based on a user's 
eyepoint, can address only one user's eyepoint per display. For 
many users to be accomn1odated, they each need to have their o\vn 
visual interface into the synthetic world. One \Vay to handle this 
would be to have a Head Mounted Display for each user. 

The HMD design would be composed of Slereo displays and 
optics. The HMD would be tracked in time to determine how the 
user's head moves. Finally the eyes relative to the head motion 
would be tracked. Al!hough non·invasive and effective eye· tracking 
does not currently exist, we can assume the availability of some sort 
of eye-tracking device. 

The display device can take advantage of always kno\ving the 
user's approximate eye position and sample appropriately in the 
foveal, macular and peripheral regions. The notion of unifonn 
pixels is abandoned fora model that more closely resembles a retinal, 
filtered image. 

The display would be sample addressable wilh programmable 
access to voltage level. 

5.4 Essential Frameless Rendering 

Frameless rendering techniques can be categorized according to 
how lhey choose pixels 10 be updaled and how lhey handle aging 
pixels. For example, pixel prioritization may be by random variable, 
based on local gradient magnitude, or based on local velocity. Pixels 
that do not get recomputed on the most recent input may maintain 
their current state or may be blurred to a local mean value. 

Boundary Importance Sampling: In order to improve image 
quality within a frameless rendering environment, the scene must 
maintain enough infonnation about the components it contains. The 
image fidelity can be improved by maintaining image integrity at 
object boundaries. To achieve this, an approximation to the gradient 
magnitude at each pixel is used. A first order approximation can 
be used with little computation overhead by finding the disparity in 
intensity values among neighboring pixels. Low priority sampling 
within an object's interior may not significantly affect perceived 
spatiotemporal image quality due to 1he eye's "filling in" quality. 
Therefore, directing computation elsewhere may enhance overall 
image quality. (See Section 8.2 for exceptions to this.) 



Aging pixels borro,vinrorn1ation front updated neighbors: A 
pixel that is not a candidate for current updating considers its eight 
adjacent neighbors. Ir it finds neighbors with current information 
it will use some proportion or its own old intensity infonnation 
and its neighbors' intensily information. This sharing of current 
information often results in a perceptibly more accurate image. lt 
is a low order approximation to a Gaussian filter, dropping to zero 
outside the area of adjacency. It has little computational expense 
and a resulting blurring effect. This process is handled as a factor of 
a pixel's age so that aging pixels contribute less information to the 
current in1age. See Figure 4. Section 7 describes a first pass at the 
implementation of this concept. 

pixel A-...., 

o o\i) ox 
x: updated 0 0 o-x 0 

x 0 k'x 0 0: not updated 

ooox x 
The three updated neighbors labelled with arrows 

conlribute to their out-of-date neighbor. 

For exrunple: Intensity of pixel A= 

.5 x old value of pixel A+ 

.2 x value of right neighbor+ 

. 2 x value of lower neighbor+ 

.I x value of diagonal neighbor. 

Figure 4: Out-of-Date Pixels use Updated Neighbor lnfon11alio11. 

S.S Enhanced Frameless Rendering 

Enhanced Frameless Rendering includes importance sampling 
that is based on a priori knowledge of particular characteristics on 
an application. 

Pixel energy diverted to computation of future pixels: "Pixel 
energy" is the cycles associated with computing i.· number of pixels 
in y time. The pixel energy from current pixels (that is, the com
putational cost of calculating its value) can be used for computation 
of future pixels. Future pixels \viii be computed based on predicted 
values, considering the viewpoint, hand, object and flow field trajec
tories. This is an option if reduction of the number of pixels updated 
(energy is diverted to prediction and future updates) does not reduce 
the visual integrity of the image sequence, or if it improves the over
all visual cohesiveness of the image sequence. It is more difficult 
to visually articulate when our head (actually our eye) is moving 
rapidly {6). This phenomenon has been long exploited in shortcuts 
for inbet\veening in animation we see every day on television and in 
the movies. (See Section 8 for implementation strategy.) 

5.6 Interdependent Factors 

Confounding Perceptual Factors: The decision of ho\v and 
when to use Frameless Rendering techniques is directly related to 
the desire for good image fidelity. This is fundamentally a psy
chophysics problem that has many contributing competing dimen
sions. Our visual inference is based on patterns, colors, motion 
and depth, and also on vie\ving geon1etry and object recognition. 
Experimentation \Vith blind people suddenly gaining their sight for 
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the first time (39] showed that they pick up the first four skills: 
understanding patterns, colors, etc., but have trouble with the latter 
hvo: object recognition and viewing geometry. We recon1mend en
suring visual integrity with respect to the more complex tasks, such 
as object recognition and vie\ving geometry, because \Ve assume 
that more numerous environn1ental cues are available to the human 
visual system for detecting patterns, colors, etc. 

Ten1poral Coherence: The term, te111poral co/ierence, refers to 
the relative similarity between pixel information from one frame to 
the next, or from one time step to the next. If an animation sequence, 
user initiated or othenvise, is based on small object or vie,vpoint 
changes and small lighting changes (positionally and rotationally), 
then strong temporal coherence bet\veen frames exists. Similarly, 
in a frameless sense, a pixel sampled from input time t = i and 
time t = i + I has relatively little disparity in its value. If object or 
vie\vpoint orientation changes rapidly, frames and individual pixels 
differ vastly over time and temporal coherence is not maintained. 
\Ve illustrate this concept and sho\v its relevance to the range of 
applicability ofFra1nelessRendering. See Section 7 for more details 
on temporal coherence nleasures. 

Object motion: The human visual system uses its entire field of 
vie\v to identify and track motion. It is the one activity 1he visual 
periphery handles \veil, despite the significantly reduced visual acu
ity of that region. As long as there are no frequency aliases within 
the window of visibility (39), then the motion has been adequately 
sampled. If temporal coherence is strong, frameless rendering will 
tend to fare better in perceived image quality because aging pixels' 
intensity value is less out of date . 

Object motion complexity: The human visual sys1em tends to 
correlate independent motions. Multiple objects motion that has 
been temporal supersarnpled (see Section 5). may change how ob
ject motion sequences are perceived. Further the motion complexhy, 
by keeping the eye busy, may ameliorate some of Frameless Ren
dering's distracting artifacts. 

Vie,vpoint motion: Consider a scene that is changing as a result 
of a moving viewpoint. Strong frame-to-frame coherence within 
the foveal area is maintained when a viewpoint change is along the 
optical axis, that is, the motion flow fields are radial. Compare 
this with a sharp vie\vpoint rotation, where the entire scene changes 
drastically from one frame to the next. If temporal coherence is 
strong, Frameless Rendering will tend to fare better in perceived 
image quality because aging pixels' value is Jess out of date. 

Scene types: Interdependent parameters, such as scene fre
quency and contrast content, object separation and scale, and texture 
content and density all impact the degree of scatter and the resul!ing 
perceptual quality of a Frameless Rendering in1plementation. 

6 Spatial Scatter Formalized 

6.1 Terms 

• Rp denotes the image resolution in tenns of total number of 
pixels. 

• Rpps denotes RP pixels per second (in full frame updating 
systems this is the display rate· number of frames per second). 

• fps, inputs per second, is the input sampling rate. 

• Rp second denotes the time for computation of Rp pixels. It 
is equal to Rpps- 1

• 

• asynchronous pixels: pixels computed from the state of your 
graphics application at different time steps. 



• frame: A snapshot in which all pixels are computed from the 
state at the exact sa1ne time step. 

• scale space: A tenn common in inH1ge processing 

• scale of the scatter: (I) the scatter,"· that would be blurred 
a\vay by convolving a snapshot \vi th a Gaussian kernel of width 
or standard deviation, q; (2) Given the existence of scatter, 
it is the maximum of all point scatters. A point scatter is the 
distance a point has traveled in the image plane after I Rp 
second, that is, since ils last update. 

• scatter contour: the smallest boundary encompassing the scat
ter of one particular object. 

• scalier density: number of inputs sampled in I Rp second. 

• scatter point: a point on the image plane of a Fran1eless Ren
dering snapshot. 

• scatter velocity: the rate (scale) and direction of linear motion 
of a scauer point. The scatter velocity is defined for each 
scatter point. 

• snapshot: the static image in display at any instant in tin1e. 
Note: At an instant in time, the static image in a scanline 
raster display contains only a few scanlines. When we refer 
to snapshot we mean an entire display grid equal to the full 
image resolution. 

• spatial scatter: this tenn refers to asynchronous pixels within 
a single snapshot. 

• state: state of the graphics application . includes object and 
viewpoint positions, the lighting model and user inputs. 

6.2 Spatial Scatter Domain 

Frameless Rendering has inherent in its design, visual artifacts 
that come across as "spatial scatter". That is, due to the asynchronic
ity of sample updates, a noisy image is perceived if the update rate 
is not fast enough. The spatial scatter encapsulates Frameless Ren
dering's deviance from frame-based rendering. By characterizing 
spatial scatter and fonnalizing the factors that affect the quality 
of spatial scatter, we are able to make educated conjecture as to 
the factors that inHuence the spatiotemporal perceptual quality of 
Frameless Rendering. 

We make three important, nontrivializing assumptions in our 
characterization of spatial scaner. We assume that samples are 
pixels. We assume that the frameless rendering technique used is 
a fixed random order for computing pixels. Finally, we assume the 
snapshots per second, sps, are greater than or equal to the Rp per 
second (Rpps): 

sps >= Rpps (I) 

This is to assure that every pixel updated is visible at son1e point in 
time. For example, if we compute each pixel twice before displaying 
the pixel: 

Rpps = 2 * sps (2) 

Note: a snapshot in an ideal Frameless Rendering system (see 
Section 5.3) is a full resolution static in1age in display at any instant 
in time (see above definition). \Vhen we refer to snapshots per 
second, we are referring to the number of fra111eless frames shown 
per second on a frame-based display. 

Conceptually, measuring spatial scatter encapsulates the differ
ence between a Frameless Rendering snapshot containing spatial 
scatter and a double-buffered frame \vithout spatial scatter. Be
cause spatial scatter occurs \Vhen spatial infonnation comes from 
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an interval of states in time, \Ve have a choice of frames to use for 
co1nparison. \Ve can use a frame that is computed from any state on 
that interval. If il is the first frame on the interval, that is the one 
derived fron1 the earliest time s1ep, then we are comparing it to a 
double-buffered frame. 

Velocity, density, area, and gradient are the factors contributing 
to the quality of the spatial scatter. Velocity includes the direction of 
the scatter and the magnitude or"scale" of the scatter. The gradient is 
a scale-space measure [ 19]. We refer to the scatter magnitude as the 
''scale of the scatter", because its analysis can be accomplished \vi th 
scale-space tools. These 1ools such as Anisotropic Diffusion (38] 
and Cores {5] are common in Computer Vision and Image Process
ing. They have been applied to Computer Graphics applications by 
\Vitkin and others. 

The velocity of the scatter, by definition, includes the rate and 
direction linear 1notion. The velocity is defined for each point on 
an object's image plane projection. It is similar to the model of2-D 
image velocity. 

Some of the same issues that complicate measuring image veloc
ity, such as occlusion, transparency, shadows, specular reflections, 
and atmospheric effects [ 12] also complicate extrication of the scat
ter velocity. For now, \Ve use a simplified model of scatter velocity 
that parallels 2d-motion fields (14]. This model can not handle oc
clusion. Specifically, consider this case of self occlusion: a rotating 
flat-shaded sphere. In tenns of motion How fields, pixels are moving 
on the image plane, but there is no visible scatter. 

The scale or rate, a, of the spatial scauer fora snapshot, means the 
\Vidth of the Gaussian kernel that when convolved with the snapshot 
would blur a\vay the scatter. That is, all scatter at that scale is blurred 
to a local mean. The scatter is measured in pixels. 

I'(x, y) =Ga© l(x, y) (3) 

The new in1age, /',contains no scatter at scale, a. 
Measuring spatial scauer: The scale of the scatter, O', is the 

maximum of the scatter magnitudes for each point. 

O':::: i\1ax(apoi111i) (4) 

An individual point's scatter magnitude is defined by it image 
plane projection. It is equal 10 the distance the image plane projec
tion traveled since its last update. It is the magnitude of the motion 
flow vector [39] for the point. For example, let T = (T,, T., T,) 
be the point's translational velocity and Ro be the point's rotational 
velocity about some axis A= (A.r. Ay. A.I'). Let R = (R.r. Ry, 
Rz ), be the rotation's description in tenns of 3 independent param
eters. Then, the motion of a point, P, is defined by the following 
equations: 

6.P:x =Rx Py - RyPz -T.r 

6.Py = R.rPz - R.rP:x -Ty 

6.Pz = RyP.r - R.rPy -Tz 

Let uv be the position of point, P on the image plane after 
perspective projection, and u'v' be P', P's new position after ap
plying some angular and translational velocity over time. Then, 
( u - u', v - ti') is the 2.0 motion flow vector. Let Rp denote the 
image resolution in pixels, and Rpps denotes Rp pixels per second. 
If P' is the posilion of point, P. after t = Rpps- 1 time has elapsed 
then this vector is exactly the scatter velocity. 

The direclion of the scatter, defined for each point on the image 
plane, is the 20 nlotion How vector directional component, as defined 



in motion field analysis. It is the directional component of the 
instantaneous derivative of the point's 2D projected trajectory. If V 
and S denote velocity and distance respectively, then the direction 
of the scatter is defined as: 

V(x, y, t) dS(x,y, t) 
!VI = dt 

(5) 

Motion ft:o\V vectors differ from optical ft:o\v vectors, in that they 
ignore lighting, occlusion, etc. They simply. define the projected 
point's trajectory, rather than its tracked intensity. 

Example: Consider a single non-rotating rigid object whose 
trajectory is parallel to the image plane. The direction of the scatter 
for each point in the image plane is as described above. The scale 
of the scauer, for each point is the length of the scatter vector and is 
computed as follows: Compute the distance the object moves over 
time. In this example the object is traveling horizontally one quarter 
the distance of the entire \vidth of the viewing \Vindo\v in I second. 
If the screen resolution, Rp. is 256 square pixels then: 

Vel,,,, = 256xl/4 = 64pixels/second (6) 

Now we compute how far the object (or any point on the object 
for this nonrolational, rigid case) travels after Rp pixels have been 
computed. If the compute rate is 30 Rpps, then the time to compute 
Rp pixels is Rpps- 1 sec or 33 ms. 

V el,,,, = 64/30 = 2.13pixels/ Rpsecond (7) 

An Rp second is the number of seconds to compute I full screen 
resolution. 

The magnitude of the scatter for any point on object I is how far 
it travels in image space in I Rp second which in this case is equal 
to 2.13. It is a measure of the distance a point moves in screen space 
during the time it takes to compute all pixels. 

The scale of the scatter, a, or maximum of these points is: 

a= A1ax(Velposnti) = 2.l3pixels. (8) 

The scauer density is the number of inputs sampled in Rp 
second: fps/ Rpps. The scatter density is at a minimum and 
equal to I when: 

fps= Rpps =fps (9) 

This is a traditional double-buffered case. When the density is equal 
to I, there is no spatial scauer. Conceptually, the scatter density 
is the scatter's level of discretization (along a continuum of fine to 
coarse). If inputs are sampled continuously, then scauer density is 
maximized. 

The scatter area is the cumulative scatter of all image plane points 
contained within a single object. Its boundary is the scatter contour. 
The scatter contour is the smallest boundary encompassing the scat· 
ter associated with one particular object. It can also be defined as 
the curve bounding the superimposed image plane projections of an 
object at all input sampling time steps within J Rp second. Scatter, 
and consequently the scatter area, are defined in screen space. At 
any instant in time, scatter area is equal to the number of pixels 
occupied by an object's image plane projection plus some delta. 

In general the total scatter in an image is not equal to the sum of 
its parts. Let Stotal denote the total scatter, Sot>jl denote the scatter 
from object I, S0 b12 denote the scatter from object 2, and so on. 
Then: 

51010/ ':I L Sobji (10) 

8 

We can characterize two cases when the total scatter is, in fact, equal 
to the sum of its parts. The first case is when there are only two 
objects comprising the image. The second case is \Vhen the scatter 
contours of objects in the scene do not overlap. 

The gradient is the standard measure of gradient of the sur· 
face representing height fields of intensity for a snapshot. It is 
the standard measure of the gradient of luminance and is useful in 
modeling local and global frequency information. If a continuous 
2-dimensional surface approximation is derived from the discrete 
intensity values then the gradient is defined as: 

( 
F, ) 'V F(x, y) = F, ( 11) 

\vhere F is the function representing the surface, and FI and F" 
are the to x and y directional derivatives, respectively. Lower order 
approximations may be used by finite methods, considering only 
nearby neighbor values. 

We define the gradient as a scale-space entity [25]. It can be 
defined for I point (or I pixel) or at any scale, a, representing a 
neighborhood of points. The scale, a, can be based on a continuous 
entity, as is the Gaussian kernel, or a discrete entity, such as a 
neighborhood of pixels. 

A traditional method for obtaining coarse to fine scaling is a 
pyramidal structure where the bottom image of the pyramid is the 
full resolution image, and the upper images are successive reduc
tions in resolution obtained by subsampling and application of some 
smoothing filter [38]. The resolution is a factor of the size of the 
reduction operator used to proceed to the next level of the pyramid. 
The scale-space gradient measure in this context is the nonnal gra
dient measured on a reduced resolution image. The scale of the 
gradient is the size of the reduction operator. 

In contrast, the Gaussian scale-space representation of a coarse 
to fine scaling is generated by convolving lhe image \Vith Gaussian 
kernels of"increasing standard deviation or width, a. The gradient 
at a point in each of these images is another scale-space gradient. In 
this case, convolution does not actually decrease the pixel resolution 
of the image, so there is a gradient computable for each pixel from 
the original image resolution. A zoom invariant gradient [13] will 
not introduce ne\v maxima and minima across scales. 

6.3 Projection of I'vlultidimensional Parameter Space 

Numerous factors affect the perceptual visual quality of an inter
ac1ive application running with an Frameless Rendering implemen
tation. A nonexhaustive list includes these interdependent factors: 

• object and viewpoint velocity 

• object number, size. and separation 

• motion complexity (number of objects, constant velocity ver-
sus acceleration, collisions or collision-free, and so on) 

• depth complexity 

• sharpness of boundaries 

• spectral composiJion (spatial and temporal) 

• lighting 

Having defined spatial scatter, the above factors can be quantified 
within the scatter tenninology. We accomplish this for the first two 
items listed. As before, we assume that each sample is a pixel and 
that the frameless rendering computation strategy is randomization 
without replacement. We also assume that a rendering scheme 



is chosen in which a pixel's value is calculable independent of a 
neighbor's current value. 

Object and vie\vpoint velocity: Viewpoint changes and au
tonomous object motion directly change the measure of the scale of 
the scatter and the direction of the scatter. 

A single viewpoint change, in the absence of autonomous object 
motion, causes all objects in a scene to move. This includes graphical 
objects representing textures, lights, and 3-dimensional objects. 

The velocity of the scatter is directly quantifiable given the linear 
and angular model for the vie\vpoint change. The scale of the scatter, 
as described earlier, is equal to the distance the point's image plane 
projection traveled since its last update. Thus, the direction of the 
scatter is the 20 motion flow unit vector. Given a linear velocity 
of T = (T:r, Ty. T,) and an angular velocity and Re about some 
axis A= (A,, Ay. A,). R = (R,, Ry. R,) is the decomposition of 
the rotation around the three principal axis and the point, P, has an 
instantaneous image plane displacement as follo\vs: 

8P:r = R:rPy - RyP: -T;r; 

8Py = R:rPz - R:rP:r - Ty 

6.P, = R 11 P:r - R:rPy - T:: 

If uv is the point, P, in image space, and u' v' is P1
, P's new 

position after a viewpoint change over time t = Rpps- 1
, then i'-'l = 

(u - u', v - v') is the scatter velocity. IMI, the magnitude of this 
vector, is the scale of the scatter: 

IMI = j(u - u')' + (v - v')' 

and the unit directional component is 

Iv[ . ( u - u', v - v') 
IMI = -v"(=u=-=u=,=-),=+=(=v=-=v=,=-)2 

Tracking the scauer velocity for a single object is similar to the 
derivation for viewpoint changes. \Ve consider the velocity of the 
object itself rather than the camera's linear and angular velocity. 
If an object's linear velocity is T = (T,, Ty. T,) and its angular 
velocity is given as Re about the axis A= (A:r. Ay. Az), the point's 
instantaneous image plane displacement is: 

11Pr = RrPy - RyP: -Tr 

11Py = R:tPz - R:rP:r - Ty 

t1Pz;:::: RyP:t - R:rPy - Tz 

The rest of the derivation is the same as for a viewpoint change; 
Let uv be the point, P, in image space, and u'v' is P', P's new 
position after a displacement over time t = Rpps- 1

, then A!/ :::: 
(u - u', v - v') is the scatter velocity. The magnilude, I All. is the 
scale of the scatter, as defined before and the and !he unit directional 
component is as before: 

!vi (u- u1,v-v1
) 

IM I = -v"("'u"'-=,,,=),'f=+=( v==-=v=')"'' 

Object number, size, and separation: Object number, size and 
separation affect the gradient measure at different scales. \Ve are 
referring to size and separation under projection, and the object 
number is the number of objects visible on the image plane after 
projection. We first consider the effect in the absence of scatter. 

For simplicity, we assun1e uniform intensity \vithin the object 
interior, and a uniform background of contrasting intensity. We 
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want to exa1nine how the gradient changes as we move from one 
extreme· a lnrge number of densely packed small objects, 10 anolher 
extreme - a fe\v large objects \Vith large separation. 

Points (or pixels) near the center of an object have a gradient 
approaching 0 if the gradient is taken at a small scale. If the gradient 
is taken at a large scale, points close to the center of a large object 
still have a gradient approaching 0, but points near the center of a 
srnall object will have a higher gradient because boundary points are 
taken into account in the computation. 

The highest gradient is found at points near the object boundary. 
If a gradient is computed at a small scale, q, boundary points that 
are greater than !q away from any object \viii have a gradient close 
too. 

As the scale at which the gradient is taken increases, boundaries 
get blurred together. So, boundary points will have an overall higher 
gradient when the separation between objects is larger. If there 
is only a small separation between objects then the gradient for 
boundary points \Viii be lo\ver on average. Consider the 2 cases: 
boundary points that are within the interior of the object and those in 
the exterior of the object. The interior points, even at a small scale 
will take into account interior points from a neighboring object, thus 
reducing the magnitude of the gradient. The exterior points, on the 
other hand, may take into account other exterior points on the other 
side of a small object. 

In the context of Frameless Rendering and scatter, the gradient, 
though computed identically, \Viii have a different value. The larger 
the scale at which the gradient is computed, the less variability there 
will be. 

V!'e consider t\VO scenes, scene A and scene B, For scene A, 
let A.v denote the number of objects, Ac denote the average length 
of the contour of an object, and A, denote the average separation 
bet\veen objects. Let p denotes a point on the image plane. All 
parameters held constant, if there are more objects in one scene than 
another: 

GivenAo = B 0 and A,> B,: I:;v>A > LV'B (12) 
p p 

If the objects are larger in one scene than another: 

GivenA 0 > B 0 and A, = B, : L V' A > L V' B (I 3) 

p p 

If the separation between objects is greater in one scene than another, 
then for a large: 

GivenAo = B0 ,A, = B.,A, > B,: I:;v>.A > LV'oB 
p p 

(14) 

6.4 Perceptual Analysis of Spatial Scatter 

We have defined scatter within a fixed Frameless Rendering sys
tem. Scatter is the spatial analysis of the effects of a Frameless 
Rendering implementation. Temporal information is literally inte
grated and thus encoded in the spatial scatter. We have taken many 
interdependent factors that ultimately affect the relative quality of 
an application implemented with Fran1eless Rendering. These were 
quantified \Vithin the scatter framework. The final step is to talk 
about how different qualities of scatter affect the psychovisual re
sponse. 

In order to begin this \Ve consider the I 0 graphical perception 
tasks enumerated by Cleveland (8). They are angle, area, color 



hue, color saturation, density or amount of black, length or distance, 
position along a common scale, position along identical, nonaliged 
scales, slope and volume. 

The following existing research can be applied on a first pass 
to the spatial scatter components: Signal processing theory, that is, 
extracting signal from signal+noise, can be applied to the scale of 
the scatter. There \Viii be overlap, but there will be some diver
gence because there is infonnation encoded in the spatial scatter. 
The contrast sensitivity function, that is the careful measurement 
of neural response to contrast is fundamental aiding in analysis of 
the scatter gradient. The scatter area, \Vhich can be derived from 
the scatter velocity and boundary conditions, has meaning \Vith re
spect to the perceptual impact by the size of the retinal image. The 
scatter density's importance is related to how the human visual sys
tem fills in spatially and temporally (pursuit movements) [16] given 
surrounding spatiotemporal information. 

7 Experiments and Results 

Images were rendered on an HP workstation using the public 
domain rendering program, Rayshade [20], developed at Princeton 
University for creating ray-traced images. This rendering pack
age coupled with a the public domain progran1, "animate", were 
the tools necessary for creating a frame-based animation. A fiip
book program, appropriately named, "Hipbook", created by Leonard 
McMillan at UNC was the main program adapted for doing Frame· 
less Rendering studies. 

The flipbook program was adapted to do the following side-by· 
side comparisons (FR: Frameless Rendering, DB: Double Buffering) 

FR - DB: Choose number of pixels to be updated on each input 
for FR; double-buffered side has equivalent pixel budget over time. 

Low Resolution - DB: Program can currently allo\v choices of 
quarter resolution, half resolution in the vertical dimension, or half 
resolution in the horizontal dimension. 

FR · Low Resolution: Program allo\VS equivalent computation 
budget for both sides: lo\v resolution possibilities currently tested 
are quarter resolution, half resolution in the vertical dimension, or 
half resolution in the horizontal dimension which is .25 pixels, .50, 
and .50 pixels respectively per input on the Frameless Rendering 
side. 

FR· Full-frame Updates: Choose number of pixels to be updated 
on each input for the Frameless Rendering side. The other side gets 
full frame updates. This option was used to investigate power of 
low-cost motion blur effect [44 ]. 

FR - Essential FR: Essential Frameless Rendering uses neighbor 
information for value of aging pixels. 

The low resolution version is created by reducing the sampling, 
but propagating the infonnation to neighbor pixels at a higher pixel 
resolution (nearest neighbor reconstruction). More sophisticated fil
ters were not experimented with for the side-by-side comparisons. 
The Frameless Rendering case does not use any reconstruction fil
ters, either. (See Figure 5.) 

In an interactive synthetic environment, \Vhen motion stops -
either objects are settled in an animation, or a user in a Head Mounted 
Display slows to a virtual halt - the system has a chance to catch up 
and compute all the pixel infonnation. To simulate this effect the 
Hipbook program has a "melt" option. It allows pixels to fill in when 
motion ceases. It is sin1ilar to what happens in the human visual 
systen1, the retinal image is no longer smeared.i (6). 

4 l\-lotlon Smear: A description of the integrated information on the retina 
occurring over a 125 ms temporal window. 

IO 

o~o~u 
Resolution of 
display 

Redut:ed . Propagation of 
s;:implmg resoluuon sample 10 region 

of pixels 

Bump up to higher resolution according to available 
compute time. 

I sample/4 pixels ~ typically accomplished 
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Figure 5: Co111pariso11 with Lou• Resolution Strategy. 

7.1 Implen1entation Issues 

The experiments \Vere ei!her limited by frame rate, image size 
number of bits available for color. An HP-735 with a 125 MHz 
clock rate, 24-bit color frame buffer and a pixel resolution of 576 
by 450, only produced approximately 5 fps animations for side-by· 
side comparisons. This bandwidth limitation could be alleviated by 
using an 8·bit color frame buffer, but visual artifacts were difficult 
to sort out as to their derivation. So, typically a screen resolution of 
320 by 240 and 24-bit color frame buffer was used to conduct the 
experiments. 

7.2 Results 

Lo\v versus High Frequency Content: 1\vo very different im
age sequences \Vere compared. One had well defined boundaries, 
and the other did not. Further studies are certainly necessary, but 
as was expected, Frameless Rendering did not suffer from as se
vere spatial scatter artifacts in the fuzzy boundary case. This can 
be attributed to a \vell·known understanding in sampling and recon· 
struction theory: if a signal is bandlimited, then we have a bound on 
the minimum sampling density necessary. 

Temporal Coherence: Temporal coherence is clearly a factor 
in determining the width of the spatial scatter, or in other words, 
the extent of image degradation with a Frameless Rendering imple
mentation. It is not the only factor, though, as mentioned above 
concerning the spatial frequency content of the individual images 
comprising the animation. 

Pixel Computation Rate: We experimented with a wide range 
of frame rates. Frameless Rendering exhibits an obvious smoothing 
payoff when frame rates are below 10 fps. This is well below the 20 
Hz threshold of detectability of a noncontinuous visual effect [34]. 
At 30 fps, sequences are interchangeable in playback whether they 
use double buffering or Frameless Rendering. This is regardless of 
the number of temporal supersamples. One anomalous case surfaced 
after repeated playback of the rotating torus. After many repetitions, 
a static frame's infonnation is etched in our mind and we can see 
the frame as though the motion stopped. 

Essential Frameless Rendering: Aging pixels were allo\ved to 
take on the value of either one of its next door neighbors along the 
horizontal axis (with \Vraparound). It chose the neighbor with the 
smallest total component-wise (r. g, and b) disparity. Let r, g and b 



be the aging pixel's value. If: 

l(n,11 - r)I + 1(9••1• -g)I + l(b1,11 -b)I ~ (15) 

l(rdght - r)I + j(g,; 9ht - g)I + l(b,; 9ht - b)I (16) 

the left neighbor is used, othenvise the right neighbor's value is 
used. 

This first pass at uncovering a specification for Essential Frame· 
less Rendering indicates that abandoning the display of old informa· 
tion for neighbor information actually diminishes the quality of the 
image sequence. It lessens Frameless Rendering's smoothing effect 
and makes no improvement in in1age fidelity. 

Lo\V Resolution Comparisons: Reduced sampling resulted in 
aliasing artifacts, whereas Frameless Rendering results in spatial 
scauering artifacts. With low temporal coherence the spatial scatter 
of the Frameless Rendering case dominated the visual effect, but 
with strong temporal coherence, the aliasing artifacts of the reduced 
resolution side dominated. It appears from this demonstration that 
Frameless Rendering \viii fare better in applications that do not 
require dra1natic viewpoint or head rotations. 

Dissolve: Frame less Rendering exhibits a natural dissolve effect 
when l\VO successive frames are completely different [30). This is 
illustrated by an HMD simulation \Vhere the user can change Hoors 
of a gallery with the push of a single button. The room the user is 
leaving naturally fades out as the room he or she is entering fades 
into view. 

Motion Blur: In an HMD simulation, when Frameless Render· 
ing was compared with full frame updates at the same input sampling 
rate as the Frameless Rendering case, the Frameless Rendering side 
exhibited benefits in smoothing motion. The indication is that there 
is some value to having old and ne\v infonnation flashed at the same 
instant in time. 

Frameless Rendering may be approximating the human visual 
system's integration of infonnation over a 125 ms time windO\V [6]. 
If an application's achievable frame rate is 30 fps then a new frame 
is shown every 33 ms In 125 nis between 3 and 4 full frames have 
flashed before the eye. But, if the achievable frame rate is only 8 fps 
only one frame is Hashed every 125 ms and no visual integration is 
allowed to take place. So within the range of approximately 5-10 fps 
we can expect to see smoothing effects by deliberately retaining old 
information, even if full frame computation is possible. This "free" 
temporal antialiasing effect is discussed in Wloka and Zeleznik's 
real-time motion blur work [44]. 

8 Future Work 
Frameless Rendering is relatively ne\v and unchartered. Conse· 

quently much of the Frameless Rendering \vork falls into the cat· 
egory of future work. For historic purposes, we provide details of 
viable alternatives to refining and analyzing Frameless Rendering. 
The alternatives are based on conclusions from our experiments and 
the spatial scatter mathematical underpinning. 

8.1 Measuring FR Image Quality 

Quantify temporal aliasing: For a given object velocity, com· 
pule the frame sampling rate necessary for fluid motion using sam· 
piing theory [36]. If the double buffering frame rate is less than 
the adequate sampling rate, then ten1poral aliasing occurs. If the 
frequency aliases are wi1hin the \Vi:.Jow of visibility [39) then the 
motion may not appear smooth. This is the range \Vhere Frameless 
Rendering has the greatest potential. 

Upper bound: As a factor of object velocity, \Vhat is the approx· 
imate frame rate boundary where apparent motion changes from 
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abrupt to s1nooth, that is, the highest fra1ne rate just before s1nooth
ness of motion is attained? This requires finding a perceptual least 
upper bound. An upper bound which covers most typical motion is 
60 interlaced fps That is \\'hy that update rate is the common goal 
of interactive systems. There are anomalous behaviors, such as the 
common "wagon wheel" problem where the spokes appear to move 
back,vards, which are comprised of arbitrarily high frequencies and 
no discrete sampling can address the problem [42]. 

Vary object n1otion complexity: Object 1notion complexity 
refers to the number of objects undergoing independent motions 
in !he scene. It n1ay also refer to the nature of the motion such 
as constant velocity versus. acceleration. Motion complexity can 
be investigated as it correlates with improved Frameless Render. 
ing perfonnance in tenns of perceptual quality and improved user 
interaction. 

Strategy: lncrernentally add moving objects to the scene, along 
parallel and non.parallel trajectories. Determine ho\v the increase 
in motion complexity affects visible scatter. Build on existing per· 
ceptual research relating to the hun1an visual system's tendency to 
correlate independent motions. 

Vary vie,vpoint motion: Experiments and the spatial scatter 
computation point toward vie\vpoint motion being the single most 
significant factor affection image quality within a Frameless Ren· 
dering implementation. In order 10 characterize optimal viewpoint 
motion we recommend the following tack: 

Consider motion of varying velocities and accelerations along 
the optical axis, perpendicular to the optical axis (that is, motion in a 
plane parallel to the image plane), and at varying angles with respect 
to the optical axis. Motion can be described analytically or in terms 
of optical flow and used to compute the spatial scatter for a range of 
cases. This \Viii aid in correlating temporal coherence, optical How, 
and image quality. To confirm the practical scope of applicability, 
we can analyze motion data taken from actual \vork sessions, such 
as tracker data acquired from architectural walkthrough sessions. 

Vary sCene types: Compare the relative visual quality of anima· 
tion sequences based on high versus low contrast object/boundary 
pairs. Apply low, high, and band pass filters to see if frequency 
range is a factor in Frameless Rendering utility. Compute the spa~ 
tial scatter for a range of object scales and separations to determine 
how they affect perceived image quality within a Frameless Render· 
ing implementation. The infonnation from these experiments then 
will direct characterization of texture qualities that are conducive to 
exploitation of Frameless Rendering. 

l'vleasure feedback loops: Once "look and feel" improvements 
are stark, user studies can be devised that quantitatively measure 
shortened feedback loops and improved task execution. Ideally, 
typical motions should be generated by automating head motion 
using coordinates from data collected from actual user trials. This 
will help to characterize tasks conducive to use with Frameless 
Rendering. tvlotion appears to be the last visual component lost, with 
respect to image quality, due to the limited updating of pixels per 
unit of time. If the motion is smooth and apparent latency reduced, 
we \Vant to determine if the perceived position of an object in the 
scene is more accurate \Vith Frameless Rendering implemented? 

Strategy: Consider.an object moving right to left across the vie\V· 
plane. Using a target vertical line, detennine \vhen a vie\ver per· 
ceives that the object reaches the line. Compare a double-buffered 
and Frameless Rendering implementation of equivalent pixel bud
get. If a user can more easily navigate a \Valk through a building 
to a target room, then a tightened feedback loop has been achieved. 
Construct a task within a pathfinding application and measure task 



execution times for Frameless Rendering and for the double-buffered 
counterpan. (See Figure 6.) 

Qualities that result in increased apparent frame rates will likely 
be qualities that improve interaction, too. Vary parameters from 
subsection 5.6,such as contrast, frequency content and object 1notion 
to further identify ideal conditions for a Frameless Rendering in the 
context of improved user interaction. 

In order to characterize scene and optical fto"" that give the 
best improvements to executing interactive tasks and tightening th 
feedback loops \Ve recommend the follov.1ing approach: 

Construct similar tasks as described above allowing for sliders 
to affect parameters such as nun1ber, size and velocity of objects in 
the scene, frequency range of image sequence, viewpoint speed and 
direction, etc. \Vhen large effects are found subjectively, confinn 
with a fonnal user studies. 

Application: 

Arch. walkthrough find target room 

Figure 6: Shoiv hnproved User Interaction by Ability to Reach 
Target Roo111. 

Variable Conductance Diffusion (VCD) and Cores: Compare 
Frame less Rendering techniques using a model observer. The model 
observer will identify shapes, statically, using tools designed to 
function according to the workings of our human visual system. 
VCD and Cores are examples of such tools (5, 31]. Cumulative 
Cores, generated by summing over time, can be used to do some 
temporal analysis. One caveat: these are scale space tools and will 
require scale space guidance that varies across applications, as well 
as within an application. For example, the scale of a visit through the 
galaxy differs significantly in scale from a visit through the internal 
organs of the human body. In tenns of two dimensional image space, 
the projection of a close up view of an egg differs from a projected 
aerial vie\v. In tenns of a single snapshot, the large scale oval 
shape of a head differs from its small scale details such as the ears, 
eyes, and nose, which differs from the even smaller scale strands of 
hair. A multiscale approach, even when analyzing a single image, 
is necessary because most geometry spans many scale spaces. 

Analyze Loss ofBoundary Informallon: What psychophysical 
results can you expect by increasing the number of boundary region 
pixels rendered per unit of time? This can be explored in 1enns 
of perception theory and by analyzing the behavioral results of the 
model observer described above. For example, increased difficulty 
in finding shape middles, Cores, is an indication of loss of pertinent 
visual infonnation (31 ]. 

Analyze images in terms of .image Energy: Using least squares 
and root mean square measurements of total intensity deviation from 
fully rendered frame, images can be analyzed in terms of image en
ergy. This technique does not directly correlate \Vith perceptual 
improvements, but may still offer some infonnation about the devi
ation of the fran1eless "frame" from the double-buffered frame, and 
the relative quality of different Frameless Rendering implementa
tions. 
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Ten1poral coherence (tc) measures: The following are potential 
temporal coherence measures (tc-measures): The first is generated 
by computing simple image disparity between pixels and normaliz
ing by the pixel resolution. Although crude, this is the most direct 
n1eans to detennining !he scope of change over time. Another adap
tation is to apply a gaussian blur and then differencing pixels from 
hvo time steps. The advantage of this technique is that it takes into 
account neighbor information as relevant to the computation. Fi
nally, by combining the first two methods with a \Veighting value 
inversely proportional to the pixel's distance from the center of pro
jection. \Ve take into account the fact that pixels in the foveal view, 
the area of highest visual acuity, are more relevant 10 the tc-measure 
than pixels in the periphery, the area of lo\vest visual acuity. 

Devise a nteasure of temporal coherence: An outline of the 
steps and considerations pertinent to developing a robust quan1ifica
tion of temporal coherence follows: 

We suggest further experimentation \Vith the simplest tc
measure: pixel by pixel square differences between successive 
frames and \Vith applying Gaussians at varying scales, and doing 
an image energy difference between successive, filtered frames. 

The final temporal coherence quantification must take into ac
count the following issues: 

• resolution: must normalize by dividing by the number of pixels 
when comparing sequences made up of frames of varying 
resolutions 

• complexity of scene: \vhen comparing drastically different 
scenes how do \Ve "nom1alize" for differences in scene com
plexily? (For example, a scene with I small object en1bedded 
in a homogeneous background will have a low absolute tc
measure regardless of user viewpoint motion.) 

• foveal view emphasis: should adapt le-measure to give more 
\Veight to action in foveal view. Because of low visual acu
ity, user may not perceive large changes in periphery. In other 
words tc-measure must take into account some perceptual con
siderations. 

• effects of lighting: In one extreme, a light source may move 
\Vhile all other action is stationary. Ho\V does this affect tc
measure? What about the more subtle case of slow translation, 
but severe lighting changes, i.e. change in surface reflectance 
due to a highly specular surface. 

8.2 Refinements 

Refinements to the Frameless Rendering technique are based 
on predictions of the above image quality measures, current ex
perimental observations, an understanding of how different factors 
affect spatial scatter, and established results in stochastic sampling, 
reconstruction, and human vision perception. 

Combine techniques \vhich handle head rotation \Veil \Vith 
Frameless Rendering \Vhich handles translation \Veil Assum
ing that tracking head translations produces animations \Vith strong 
frame-to-frame coherence, create a hybrid scheme which switches 
between Frameless Rendering and say, Quicktime YR [7], at some 
threshold of magnitude of angular velocity of the head. Good 
latency-reduction techniques, such as hard\vare address recalcula
tion (33], handle isolated head rotations. 

Use Preference Factoring and the Visible Differences Predic· 
tor to steer Essential Frameless Rendering: Preference factor
ing [ 1] organizes the multidimensional human visual problem space 
by using observer preferences and assign \Veights to the different 
physical characteristics. The visible differences predictor (I OJ con
siders physical differences mathematically and correlates it to visible 



differences. The results of these two methods can be used to steer 
Essential Frameless Rendering design. 

Foveal sand macular6 vie'v in1portancesan1pling [23]: Given 
eye-tracking of 1he vie\ver, over time a sample that is in the high acu
ity region of the viewer's frustum will be updately more frequently 
than a sample in the periphery. 

Layers: By dividing the scene into layers in depth [33), priority 
for updating visible pixels can be based on their distance from the 
eyepoint (emphasizing layers near the eyepoint), and based on their 
image plane velocity (emphasizing layers effecting a large distance 
change on the in1age plane). This philosophy is not new: a similar 
hard\vare idea, sprites, is used for doing fast animation. Super
imposed layers of pixmaps are manipulated independently. Image 
processing research also exploits this layered approach in creating 
velocity flow diagrams to predict information for future frames [40]. 

Gradient Importance Sampling: Importance sampling based 
on regions of high gradient to emphasize boundary infonnation 
\Vas suggested in section 5.4. Extensive literature supports the 
clain1 that it is an area of perceptual significance. It is not the 
only area of perceptual significance, and not even with respect to 
boundary information. Inferred boundaries exist at small or zero 
gradient magnitudes. The gradient magnitude at a pixel may be zero, 
although it lies on a boundary due to occlusion. The visual system 
can detect this boundary without a change in intensity. Another case, 
two different patterns, \Yith similar overall intensities, abutting each 
other may fonn a clear boundary, but be unnoticeable with a gradient 
magnitude measure. A final case exists \Yhen, spatially, a boundary 
is barely detectable, but temporally, with motion introduced, an 
obvious boundary exists. This can be conceptualized by thinking of 
the real life scenario of a predator tracking camouflaged prey. 

Pixel energy diverted to computation of future pixels: (See 
Section 5.5 for more details.) Strategy: Try replacing fully rendered 
frames with frameless·rendered frames for a subset of frames; those 
\Vhich occur during rapid head motion. If such a subset is identified 
where the loss of visual integrity is virtually imperceptible, further 
experimentation \Yith adding noise to these frames will focus identi· 
fication and characterization of thresholds. The saved pixel energy 
can be used for prediction and computation of future pixel values. 

9 Conclusion 

The key to detennining the domain of applicability of Frame less 
Rendering is to address the nature of its spatially scattered artifacts. 
Temporal coherence is the most compelling realm in which to ana
lyze the scale of the spatial scatter. Temporal coherence is a factor 
in many components of scene generation - viewpoint and object 
motion, lighting changes, etc. This paper explained the issues that 
need to be addressed in order to specify this range in a manner such 
that scientists can easily tailor its use to their specific needs. The 
results of preliminary studies and comparisons have been described. 

The experiments lead to the following general assertions: 
There is wide variability in the visible artifacts within a Frameless 

Rendering implementation. 
Old infonnation is relevant tc improved visual perception. 
Neither low resolution nor Frameless Rendering are optimal in 

all circumstances. 

5Foven: n rodless area of 1he retina affording acute vision.(from online 
dictionary) 

61\.'facula: the small circular central region of the retina, 1.5 millin1eters 
in diameter and encon1passing lhe fovea. This area. though larger than the 
fovea. has densely packed receptors and is essential for good vision, 
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Spatio1e1nporal frequencies affect the extent of visual artifacts. 
Strong Te1nporal Coherence is a predictor of small Frameless 

Rendering artifacts. 
Fran1eless Rendering has con1pelling side effects: motion blur, 

dissolve, and unlike nlany calculation avoidance techniques, it pre
serves topology and lighting. 

Frameless Rendering improves user interaction. 
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