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Abstract

We describe practically frameless rendering: a new technique that
applies wherever a frame-buffer is in use, for example, to 3D z-
buffered rendering or to 2D user interfaces. Its advantagesinclude
higher frame-rate (our software implementation almost doublesthe
frame-rate and future hardwareimplementations potentially quadru-
pleit), less lag, and generation of motion blur without additional
overhead. However, practically frameless rendering also degrades
image quality. Thus, practically framelessrendering allowsthe pro-
grammer to trade faster image generation for reduced image quality.
Depending on the application, such a trade-off might be desirable.
We explore some of the possible variations.

Keywords: frameless rendering, adaptive refinement, motion
blur, scan-conversion, real-time, frame-rate, lag, spatial coherency

1 Introduction

We introduce a new technique that almost doubles and potentially
quadruplesthe frame-rate of today’s high-performance z-buffer ren-
derers. In addition, the technique produces an approximate motion
blur at no additional cost. However, it also affects image quality
(seeFigure 1).

We call this new technique practically frameless rendering. It
appliesideas from frameless rendering [2] to scan-conversion ren-
derers, thus making framelessrendering practical. Nonetheless, our
new technique maintains discrete frames, i.e., strictly speakingitis
not frameless.

1.1 Benefits and Drawbacks

Practically framelessrendering hasmany advantages. Most notably,
it sharply increasesframe-rate (see Section4). Theincreasedframe-
rate in turn reduces end-to-end lag [14], thus making applications
more usable [7] [10]. More important, increasing frame-rate in
head-mounted displaysbeyond acertain threshold (typically around
10 frames per second) boosts user performance dramatically for
certain tasks[10].
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Figure1: Practically framelessrendering almost doublesand poten-
tially quadruples the frame-rate of today’s high-performance ren-
derers. However, it also affects image quality.

However, since our technique and its variations only recompute
aquarter of the pixels per frame (as compared to traditional double-
buffered rendering), comparisons between our update rate and tra-
ditional frame-rate are unfortunately equivocal. Ultimately, user
studies must ensure that we are not comparing apples to oranges.

Our new rendering technique also introduces visual artifacts (see
Figure 1) that approximate motion blur. While adding motion blur
to scenesis in general desirable [15] [3], it used to be reserved for
non-interactive tasks because motion blur algorithms historically
incur high overhead. Real-time algorithmsfor usein interactive 3D
applications are only arecent development [15] [11]. While those
motion blur algorithms induce only a small overhead, rendering
without blur is nonethelessfaster. In contrast, practically frameless
rendering generates motion blur while boosting performance at the
sametime.

Ontheother hand, the generated motion blur isonly approximate:
it is roughly equivalent to rendering the object semi-transparently
at four different times and displaying the result in the same frame.
Thus, fast moving objects generate visible artifacts (see Figure 2).

Furthermore, the blur always applies to the whole scene. Thus,



a fast head rotation in an immersive setup generates an indistin-
guishable blur. We do not know how or if the user is affected. We
nonetheless provide alternatives designed to avoid possible prob-
lemsin Section 5.

As a secondary effect of the motion-blur-like artifact, objects
never pop into or out of view. Instead, they fade in or out of ex-
istence. In general, all abrupt and discontinuous changes in the
image stream are automatically smoothed to gradual fades — a
particularly beneficial feature for objects with changing levels of
detail. Previous techniques must simulate such a fade either by
morphing object shapes or by simultaneously rendering the object
semi-transparently both at the lower level of detail aswell as at the
higher one [12]; thus, previous techniques always incur extra over-
head when switching levels of detail whereas practically frameless
rendering does not.

Since practically frameless rendering applies equally to 2D ren-
dering, 2D user interfaces in particular benefit from the produced
motion blur and image fades [3]. While previouswork already im-
plements these ideas [3], practically frameless rendering provides
theseeffectsfor freg, i.e., the programmer need not explicitly specify
them.

1.2 Oveview

The remainder of this paper is structured as follows. Section 2
relates practically frameless rendering to previous work in frame-
less rendering, adaptive refinement, and motion blur. The basic
mechanism underlying practically frameless rendering is described
in Section 3. Then, in Section 4 we demonstrate how to implement
practically frameless rendering in software and measure the result-
ing performance. Section 5 explores several variations of the new
algorithm. Finally, in Section 6 we discuss our contribution aswell
as possible future work.

2 Reated Work

2.1 FrameessRendering

Framelessrendering [2] proposesto shorten overall 1ag by banishing
double-buffering. To avoid display artifacts such as image tearing,
the authors propose a randomized sampling scheme to update in-
dividual pixels. Such a scheme integrates well with ray-tracers
[13], but makes frameless rendering inapplicable to current poly-
gon renderers, i.e., uselessfor today’s high-performance rendering
architectures.

In contrast, practically frameless rendering takes advantage of
spatial coherency and thus specifically applies to scan-converting
z-buffer engines. As a result, frame-rate increases so much that
software implementations are feasible and useful (see Section 4).

However, to exploit spatial coherence we revert to maintaining
discrete frames. We believe the performance gain achieved through
exploiting spatial coherencemorethan justifiesthe delay introduced
by discrete frames. In addition, some display technologies, particu-
larly CRT designs, refresh their pixels sequentially — in effect, they
update pixels aframe at atime, therefore disabling truly frameless
rendering anyhow.

2.2 Adaptive Refinement

Practically frameless rendering is also an adaptive refinement [1]
technique. As such, it is limited because for static images it con-
verges on the final rendering in only four iterations (although Sec-
tion 6 shows how to extend it to possibly use nine or sixteen it-
erations). However, it is also an efficient refinement technique if
implemented in hardware: rendering the final imagedirectly isonly
slightly faster (see Section 4).
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Figure 2: Themotion blur practically frameless rendering generates
is visually inferior to other known techniques, in particular for fast
moving objects. Nonetheless, its low computation overhead makes
it an attractive alternative for highly interactive applications.

2.3 Motion Blur

Since practically frameless rendering generates visual artifacts
that approximate motion blur, we also evaluate it as a motion blur-
ring technique. Motion blurring techniques roughly fall into three
classes: non-real-time, 2D, and real-time 3D solutions.

First, non-real-time solutions [4] [5] create beautiful images of
motion blur. However, their excessiveuse of computetime disquali-
fiestheir usein interactive applications. Since practically frameless
rendering strictly applies to highly interactive applications, the re-
spective visual results are incomparable.

Second, while 2D solutions [9] [11] are more efficient than the
non-real-time solutions, they usually rely on direct access to the
2D image bitmap. Thus, their implementation usually cannot take
advantage of today’s high-performance rendering architectures and
therefore, they are also inapplicable in highly interactive settings.
Again, we thus feel that the visual results areincomparable.

Third and last, real-time 3D solutions [15] [6] are fast enough
for the highly interactive domain where practically frameless ren-
dering applies. The quality of the blur generated by practically
frameless rendering is inferior to those techniques (in particular for
fast moving objects, see Figure 2). On the other hand, practical
frameless rendering is much faster: if we view traditional double-
buffered rendering as a motion blur technique that produces low
quality blurs (i.e. none), practically frameless rendering produces
better blurs and doesit faster than double-buffered rendering.

3 BasicMethod

Practically frameless rendering remaps how pixels in the frame-
buffer display on the screen. Instead of using an identity mapping
which displays pixel (z,y) at display position (z, y), we map all
pixels (z, y) in the top-left quadrant of the frame-buffer to display
positions (2z,2y). The other three quadrants map similarly as
illustrated in Figure 3.

Wethen render asceneat quarter resolutioninto one of theframe-
buffer quadrants. The next image rendersinto a different quadrant.
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Figure 3: Practically frameless rendering remaps how frame-buffer
pixels display. The top-left quadrant of the frame-buffer maps to
every fourth pixel on the display, thus spreading it over the whole
display as shown. The other three quadrants map similarly, also
shown. The mapping is implemented either by copying pixels
between buffers or, without overhead, by address remapping.

We select which quadrant to render into by successively cycling
through all four. The effect on the display is shown in Figures 4
and 5.

Figure 4: Images arerendered at quarter resolution into a quarter of
the frame-buffer as shown at left. These image pixels then map to
every fourth pixel in the display asexplainedin Figure 3.

Figure 5: The next quarter-resolution image maps to a disjunct set
of pixels, thus displaying the current and the three previous quarter-
resolution images simultaneously.

Dueto our frame-buffer-to-display mappingall four frame-buffer
quadrants are displayed at all times. A static object appears solid
after four iterations, sinceitsimagein all four quadrantsisidentical.
The pixels of a dynamic object, however, are interspersed with
the background pixels, since the image of the dynamic object in
the four quadrants changes over time. This pixel interspersion
approximates transparency and thus produces a motion-blur-like
effect for dynamic scenes (see Figures 1 and 2).

For a static scene the above described method renders the same
image in each quadrant. Thus, the four pixels in each two-by-two
pixel group in the display are all the same. Effectively, we thus
display a quarter-resolution image expanded both horizontally and

vertically by afactor of two via pixel replication.

To avoid thisimage degradation, practically frameless rendering
transforms the camera slightly before it renders into a particular
frame-buffer quadrant. For example, if we render into the top left
quadrant, we translate the original camera film-plane half aframe-
buffer-pixel up and half a pixel to the left. The original camera
eye-point remains unchanged. Similarly, the top-right, bottom-|eft,
and bottom-right quadrants cause the camera film-plane to move
half a frame-buffer-pixel up, down, or down, respectively and half
apixel to theright, left, or right, respectively.

These transformations guarantee that after rendering four static
quarter-resolution images, the displayed image is full resolution, if
the renderer supports subpixel resolution. In other words, for static
scenesfour iterations of practically frameless rendering produce an
image equivalent to a conventional full-resolution rendering.

If the renderer does not support subpixel resolution, e.g., the
implementation described in Section 4.1, then shifting thefilm-plane
as described above does not necessarily produce a full-resolution
rendering. Because vertex coordinates are rounded to the nearest
pixel, each of the four renderings produce a triangle that is slightly
different from the desired full-resolution rendering. Theserounding
errors thus cause the union of the four rendered triangles to be
different from from the full-resolution triangle (see Figure 6).

Figure 6: The black lines (and all the pixels outlined in black)
represent the full-resolution rendering of a triangle. The green,
blue, red, and cyan lines and the respectively enclosed green, blue,
red, and cyan pixels represent the quarter-resolution renderings of
the triangle. The union of the quarter-resolution renderings is not
equivalent to the full-resolution rendering due to rounding errors.

Finally, practically frameless rendering is faster than traditional
rendering becausefor eachupdateit only createsaquarter-resolution
image instead of a full-resolution one. If we are assuming that to-
day’s renderers are pixel-bound, i.e., their speed is limited by how
fast they scan-convert, rendering quarter-resolution images should
be as much as four times faster than rendering full-resolution im-
ages. Thisassumption is not unreasonable, given the current trend
towards constructing sceneswith less, yet larger and texture-mapped
polygons. In addition, our performancetests described in Section 4
confirm these numbers.



4 Softwarelmplementationsand
Perfor mance

Since we cannot directly modify our hardware renderers, we im-
plement the frame-buffer-to-display mapping shownin Figure 3in
software. We describetwo such implementations. Thefirst usesthe
rectcopy and stenciling features [8] of the SGI RealityEngine2. The
second one alters a high-performance software z-buffer to produce
images at different resolutions.

41 RealityEngine2 Implementation

Thefollowing three stepsimplement practically framelessrendering
on our SGI Onyx with a RealityEngine2.

First, we select which frame-buffer quadrant to render into. (We
select quadrantsin the following order: top-left, bottom-right, top-
right, bottom-left, repeat.) We center the camera with respect to
that quadrant and also slightly move the image-plane position as
described in Section 3. Then, we change the view-port so that
all subsequent operations only affect that selected quadrant of the
back-buffer.

Second, we clear the color- and z-planes of that back-buffer
quadrant. Then, we render the sceneinto the cleared quadrant.

Third and last, we copy the pixels from the back-buffer quadrant
to the front-buffer. We use horizontal and vertical pixel replica-
tion (i.e. rect zoom(2. 0, 2.0)) to fill the entire front-buffer
with the new data. To avoid overwriting data from the other three
quadrants already stored in the front-buffer, we also enable sten-
ciling before executing the pixel transfer. The stencil mask used
depends on which quadrant we are transferring; for example, if we
are transferring the top-left quadrant, all but the top-left pixel for
every two-by-two pixel group are blocked, i.e., only the top-left
pixel for every two-by-two group actually overwrites a front-buffer
pixel.

Thus, we implement the mapping depicted in Figure 3 by copy-
ing pixels from the back-buffer to the front-buffer (i.e., using
rect copy()). The copy operation is modified to replicate and
stencil (i.e, rect zoom() andst enci | () ) pixelsto achievethe
desired effect.

Thefront- and back-buffersin thisimplementation have different
functions, i.e., the back-buffer generates quarter-resolution render-
ings and the front-buffer retains the four most recent renderingsin a
displayableformat. Therefore, they are no longer interchangeable:
we never switch front- and back-buffers. It also follows that this
implementation is suspectable to artifacts usually associated with
single-buffer displays. In particular, becausethe pixel transfer from
the back-buffer to the displayed front-buffer takes13 ms, i.e., longer
than the vertical retrace of the monitor, image tearing is possible.
In practice, since only every fourth pixel exhibits the tear, it is not
as noticeable as in conventional single-buffer displays.

Table 1 shows how this implementation performs on an SGI
Onyx with a RealityEngine2. All examples render to a 800 by
800 pixel display. The actual speed-up indicates how much faster
this implementation of practically frameless rendering is compared
to conventional double-buffered rendering. The potential speed-
up discounts the overheads particular to the implementation of the
rendering method. For example, when double-buffering the scenes
“Abstracts” “Room,” and “Campus,” we wait approximately 16
ms, 8 ms, and 8 ms, respectively, to swap buffers. The pixel
transfer in practically framelessrendering from back- to front-buffer
costs a constant 13 ms per frame. The potential speed-up thus
reflectsthe speed-up possibleif practically framelessrendering were
implemented in hardware by remapping addresses. (The scenes
“Abstracts,” “Room,” and “Campus’ are shown in Figures 10, 11,
and 12, respectively.)

Note that the speed-up achieved by practically frameless ren-
dering substantially decreases the more polygons we render. This

decreaseindicates that we are no longer pixel-bound as the number
of polygonsincreaseswhile their size decreases.

Abstracts | Room
Number of 656 5,000
Triangles

Campus
10,000

Double- 33 ms 34 ms 74 ms

Buffered (30fps) | (30fps) | (13 fps)
Practically 18 ms 26 ms 69 ms
Frameless || (57Hz) | (39Hz) | (15H2)

Actua 19 13 11
Speed-Up

Potential 3.8 20 12

Speed-Up

Table 1: Performance results of our implementation using an SGI
Onyx with a RealityEngine2. The rows “double-buffered” and
“practically frameless” show how long it takesto render the scene
using double-buffered rendering and practically frameless render-
ing, respectively. The actual speed-up is the speed-up achieved.
The potential speed-up discounts the overhead inherent to the im-
plementation, i.e., waiting for the vertical retracein double-buffered
rendering and transferring pixels from the back- to the front-buffer
in practically frameless rendering.

4.2 Software Z-Buffer Implementation

In the previous section, we produce quarter-resolution images by
rendering into a frame-buffer that is only one fourth the size of the
original frame-buffer. Another way to generate quarter-resolution
images is to change the step-size of the scan-converter: instead of
computing every pixel in afull-resolution image, it only computes
every other pixel of every other scan-line. The software z-buffer
implementation described here uses this second approach.

Our software z-buffer usesthefollowing three stepstoimplement
practically frameless rendering. First, it clears every other pixel on
every other scan-line in an off-screen buffer. Second, because it
uses an appropriately adjusted step-size, it then scan-converts and
z-buffers polygonsinto these cleared pixels only. Third and finally,
we bit-blit the off-screen buffer to the screen. The bit-blit copies
all the pixels from the off-screen buffer, i.e., not just the modified
ones, and thus induces overhead.

As we repeat these three steps, we adjust the horizontal and
vertical step-size offsets so that after four iterations al the pixelsin
the off-screen buffer are modified.

Becausethis algorithm operatesin full-resolution and only skips
certain pixels, it alwaysroundsthe vertex coordinatesto the correct
pixels. Therefore, it automatically renders a static scene in full-
resolution after four passes (without having to modify any camera
parameters in-between passes). |n particular, it does not share the
rounding error problems described in Section 3 and exhibited in the
implementation of Section 4.1.

Table 2 shows how this pure software implementation performs.
All timing measurements are for 512 by 512, 8 bit raster images
rendered on an HP9000/735with aCRX 24Z graphicscard. Double-
buffering is achieved via the same implementation, except that the
step-sizes are adjusted to render full-resolution images for each
iteration. Neither the practically framelessrendering nor thedouble-
buffered rendering wait for the vertical retrace. (The scenes” Cube,”
“Txplane,” and “Teapot” are shown in Figures 13, 14, and 15,



respectively.)

Cube | Txplane | Teapot
Number of 12 700 7000
Triangles
Double- 38ms 42 ms 110 ms

Buffered || (26 Hz) | (24Hz) | (9H2)
Practically 24 ms 32ms | 105ms
Frameless || (41Hz) | (31 Hz) | (10 H2)
Speed-Up 16 13 11

Table 2: Performance results of our implementation using a mod-
ified software z-buffer running on an HP 9000/735 with CRX24Z
graphics card. The rows “double-buffered” and “practically frame-
less” show how long it takes to render the scene using double-
buffered rendering and practically framelessrendering, respectively.
The actual speed-up is the speed-up achieved. The scenes“Cube”
and“Txplane” aretexture-mapped; the scene* Teapot” isnot. None
of the objects are shaded.

5 Variations

In the following sectionswe vary the basic frame-buffer-to-display
mapping introduced in Figure 3. While we always maintain the
characteristics of practically frameless rendering as described in
Section 3, thesevariations differ slightly in the imagesthey produce
— each one trades off different image enhancements and degrada-
tions.

5.1 Locally Randomized Grid

The original mapping always maps pixels from the top-left frame-
buffer quadrant to the top-left pixel in each two-by-two pixel group
in the display (see Figure 3). Similarly, pixels from the top-right,
bottom-left, and bottom-right quadrant respectively map to the top-
right, bottom-left, and bottom-right pixel in each two-by-two group.
Thus, we say that the top-left, etc. quadrant alwaysmapsto the top-
left, etc. pixel.

Since there are four quadrants that have to choose one and only
one pixel (in every two-by-two group), there is atotal of 4! = 24
possible quadrant-to-pixel maps. Note that the original method
picks one of these quadrant-to-pixel maps and applies it to every
two-by-two pixel group in the display.

In this variation, we randomly pick one of the 24 different
quadrant-to-pixel mapsfor every two-by-two pixel group. Sincewe
thus perturb the overall frame-buffer-to-display map only locally
(i.e., within every two-by-two pixel group), we call this variation
locally randomized grid.

Because the locally randomized grid is not as regular as the
original mapping, two advantagesresult. First, the increased irreg-
ularity diffuses the motion blur artifacts, thus making the motion
blur higher quality (see Figure 7). Second, theincreasedirregularity
also reducesimage tearing artifacts.

On the other hand, the locally randomized mapping makesit im-
possibleto adjust camera parametersto automatically generatefull-
resolution imagesfor static scenes(see Section 3). Thus, oneeither
accepts quarter resolution, or switches to double-buffered render-
ing whenever the scene becomes static (or whenever the viewpoint
becomes static).

Random Grid Blur Picture

Figure 7: The locally randomized grid variation locally perturbs
pixel mappings. Thus, it diffuses the motion blur artifacts, height-
ening the image quality.

52 Semi-Transparent Grid

Practically frameless rendering, as amotion blur technique, always
simultaneously displaysfour distinct temporal samples of the scene
(see Section 3). Since each sample each uses one fourth of the
display’s pixels, all samples have the same weight. Therefore,
we emulate a temporal box-filter [5]. Other temporal filters, for
example, ramp filters, generally produce visually more pleasing
results.

To experiment with different temporal filters, we change the
original implementation of practically framelessrendering. Instead
of overwriting exactly one pixel in every two-by-two pixel group
when copying a frame-buffer quadrant to the display, we instead
alter all four pixels in the two-by-two group. For instance, when
copying the top-left quadrant, we overwrite the top-left pixel in
every two-by-two group. In addition, we assign the top-right pixel
a value halfway in-between its old value and the new value from
the top-left quadrant. Similarly, the bottom-left pixel combines
three fourths of its old value with one fourth the new value. The
bottom-right pixel remains unchanged.

We call this technique semi-transparent grid because it writes
pixels from the frame-buffer to the display through a semi-
transparent grid. Like the locally randomized grid, it also prohibits
automatic full-resolution rendering of static scenes. However, it
does improve the generated motion blur (see Figure 8).

5.3 Grid with Centroid Bleeding Hole

Asmentioned in Section 1, because practically frameless rendering
always blurs the whole scene, users cannot focus anywhere during
rapid cameramovements, thus possibly causing problemsinimmer-
sive setups. To avoid these possible problems we create a circular
inset in the middle of the display that never blurs. We implement
this inset by overwriting all the pixels within the inset every time
we copy a frame-buffer quadrant to the display. In other words,
whereasoutsidethe inset each frame-buffer quadrant overwrites ex-
actly one pixel in every two-by-two group (as before), within the
inset each frame-buffer quadrant always overwrites all four pixels
in every two-by-two group.



Semi-Transparent Grid Blur Picture

Figure8: The semi-transparent grid variation writes pixelsfrom the
frame-buffer to the display through a semi-transparent grid. It thus
emulates different temporal filters, improving the generated motion
blur.

Sincethe human perceptual system easily recognizesdiscontinu-
ities, we must diffuse the border between the inside (where all the
pixels update) and the outside (where only one fourth of the pixels
update) of theinset. We do so by modifying the mapping for pixels
outside the inset: the closer a frame-buffer-quadrant pixel mapsto
the inset border, the more likely that it overwrites not only the dis-
play pixel it maps to, but also one or several of the other pixelsin
the same two-by-two group. Figure 9 shows animage generated by
this technique.

While this technique might be superior for immersive setups,
it introduces other problems. The image part within the inset is
always quarter resolution. Slightly shifting the film-plane as de-
scribed in Section 3 (for example, to at least maintain the automatic
full-resolution for the image parts outside the inset), causes object
edges within the inset to flicker — after all, within the inset we
are displaying four slightly different imagesin rapid succession. In
addition, image tearing becomes obvious within the inset.

6 Concluson and Future Work

Practically framelessrendering isanew techniquefor usein interac-
tive computer graphics. It increases frame-rate, decreaseslag, and
generates motion blur without overhead. However, it also updates
only aquarter of the pixels at atime, and only approximatesmotion
blur.

Wethink it isavaluabletool for graphics programmersbecauseit
allowsthemto explore varioustrade-offsbetween frame-rate and lag
versus image quality. Asshown in Section 5, practically frameless
rendering influencesquality attributes such as resolution, interlace,
or blur. Hopefully, practically frameless rendering inspires other
techniquesthat allow similar trade-offs.

Furthermore, practically frameless rendering applies broadly.
Whilethis paper concentrateson its usefor 3D rendering, in particu-
lar in conjunction with high-performance renderers, it is not limited
to this domain. Practically frameless rendering applies wherever a
frame-buffer isin use. Thus, for example, 2D user interfacesbenefit
equally. Practically frameless rendering’s simplicity further aids a

Bleeding Hole Picture

Figure 9: The grid with centroid bleeding hole variation always
updates all the pixels within a circular center-inset. Thus, objects
within the inset never blur, enabling the user to focus during rapid
camera movements.

possibly wide application, especially if implemented in hardware.

6.1 FutureWork

Since practically frameless rendering degrades image quality to
various degrees, user studies need to be performed to evaluate the
effects on user performance. Such studies would compare those
effects to the benefits achieved through increased frame-rate and
decreased lag.

Furthermore, the variationsintroduced in Section 5 causethe loss
of automatic full-resolution rendering of static scenes. Therefore,
an interesting extension of practically frameless rendering would
switch between practically frameless rendering for dynamic scenes
and double-buffering for static scenes. Such a combination tech-
nique possibly eliminates the disadvantages associated with using
either one of the techniquesin isolation. Deciding when a scene
is sufficiently static to perform the switch is one of the associated
problems.

Finally, practically frameless rendering generalizesfrom render-
ing images at quarter resolution to rendering images at ith, -tth,
... the original resolution. While we would not expect a compa-
rable speed-up for those other resolutions, the speed-ups generated

might nonethelessbe useful.
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