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Abstract
This paper introduces a framebuffer level of detail algorithm for controlling the pixel workload in an interactive
rendering application. Our basic strategy is to evaluate the shading in a low resolution buffer and, in a second rendering pass, resample this buffer at the desired screen resolution. The size of the lower resolution buffer provides a
trade-off between rendering time and the level of detail in the final shading. In order to reduce approximation error we use a feature-preserving reconstruction technique that more faithfully approximates the shading near depth
and normal discontinuities. We also demonstrate how intermediate components of the shading can be selectively
resized to provide finer-grained control over resource allocation. Finally, we introduce a simple control mechanism that continuously adjusts the amount of resizing necessary to maintain a target framerate. These techniques
do not require any preprocessing, are straightforward to implement on modern GPUs, and are shown to provide
significant performance gains for several pixel-bound scenes.
Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Picture/Image Generation

1. Introduction and Related Work
Programmable graphics hardware has brought with it a
steady increase in the complexity of real-time rendering applications, often expressed as a greater number of arithmetic
operations and texture accesses required to shade each pixel.
In response, researchers have begun investigating fully general and automatic methods for reducing the pixel processing workload at an acceptable amount of approximation error. These include techniques for automatically simplifying
shader programs [OKS03, Pel05] and data reuse [ZWL05,
DWWL05, NSL∗ 07] which exploit the spatio-temporal coherence in animated image sequences by reusing data generated in previously rendered frames to accelerate the calculation of the shading in the current frame. A related approach
is to exploit the spatial coherence within just a single frame
by simply rendering the scene to a lower resolution buffer
that is then upsampled to the desired screen resolution in a
second rendering pass. Introduced as dynamic video resizing
in the InfiniteReality rendering system [MBDM97], this simple technique is effective for controlling the pixel workload,
but suffers from noticeable sampling artifacts near silhouettes and other discontinuities in the shading (Figure 2).
This paper extends conventional dynamic resizing in three
key ways to provide a framebuffer level of detail (LOD)
system. Following Laine et al. [LSK∗ 07] and Sloan et
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al. [SGNS07], we apply the joint bilateral filter [TM98,
KCLU07] to consider differences in scene depth and surface orientation during framebuffer upsampling. Second, we
extend traditional resizing to allow computing partial components of the shading at different resolutions. This allows,
for example, evaluating a detailed texture map at the full
framebuffer resolution while still reaping the performance
benefits of resizing a more computationally intensive intermediate calculation. Third, we present a feedback control
mechanism that automatically determines the degree of resizing necessary to achieve a target framerate. This approach
is analogous to geometry LOD methods [LWC∗ 02] in that it
controls one aspect of the rendering workload by reducing
the number of pixels that are processed. We evaluate these
techniques using several pixel-bound test scenes to demonstrate their benefits over conventional resizing.
Our approach bears a number of similarities to interleaved
sampling techniques [SIMP06, LSK∗ 07] which reconstruct
a smooth approximation of some component of the shading
(e.g., indirect illumination) from a noisy estimate. As this
noisy approximation is smoothed to produce the final frame,
care must be taken to avoid integrating across discontinuities in scene geometry. The method proposed by Laine et
al. [LSK∗ 07] uses a bilateral filter similar to the one we apply here. However, interleaved sampling reduces the average
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number of samples processed in the shader at every pixel
(e.g., virtual point light sources accumulated [LSK∗ 07])
whereas dynamic resizing reduces the number of expensive
shader invocations within a single frame. In this respect, they
are complimentary approaches for addressing the same problem of reducing shading costs.
The benefit of selectively resizing an expensive component of the shading has been demonstrated in interactive
systems that simulate certain aspects of global illumination [SGNS07, HPB06]. In fact, Sloan et al. [SGNS07] also
apply a reconstruction filter similar to ours. However, these
systems have all focused on optimizing a specific rendering task in which resizing some partial value brings a profitable speed/error trade-off. This paper focuses on the role
geometry-aware resizing plays within a general strategy for
regulating shading costs and we present a number of different effects for which resizing has clear benefits. Finally, a
number of hybrid CPU/GPU cache-based interactive rendering systems have also explored edge-aware framebuffer reconstruction [BWG03,VALBW06]. Although these methods
may apply in this context as well, our emphasis is on providing a lightweight method that runs entirely on the GPU and
can be easily incorporated into existing real-time systems.
2. Geometry-Aware Framebuffer Resizing
In our approach each frame is rendered in two passes. In the
first pass, the scene geometry is rendered to a low resolution
buffer L which stores the color, depth, and surface normal
at each pixel. In the second pass, the scene geometry is rendered to the framebuffer H at the desired screen resolution
using a pixel shader that reconstructs the shading from L.
The resizing factor r is equal to the ratio of the width of H
relative to that of L; resizing the framebuffer by a factor of
r = 2 will thus reduce the pixel load by roughly a factor of
4. We next describe each of these passes in detail.
2.1. Rendering L
The original pixel shader is used to render the scene to the
low resolution buffer L. In addition to surface color, we also
store the depth and surface normal at each pixel (this is
similar to the G-buffer used in deferred shading [DWS∗ 88,
ST90]). This information allows the second pass to consider
discontinuities in the scene geometry when reconstructing
the shading. Our current implementation packs this data into
a single 16-bit RGBA render target (8-bit RGBA packed on
RG, 16-bit depth on B, and 8 bits for each of the normal’s xand y- components on A). Alternatively, this data could be
maintained in a separate buffer using multiple render targets.
2.2. Reconstructing H from L
Montrym et al. [MBDM97] simply upsample L to match
the resolution of H using a bilinear reconstruction filter. Although this can be performed very efficiently, it leaves visible artifacts along depth boundaries and near high-frequency

features of the shading. We use a geometry-aware reconstruction filter inspired by the bilateral filter [TM98] to reduce these artifacts. The basic idea is to modify the reconstruction kernel at each pixel to avoid integrating across
shading data associated with different regions in the scene.
Specifically, we weight the contribution of each pixel in L toward the reconstruction of each pixel in H based not only on
their distance in the image plane, but also on the difference
between their respective scene depths and surface normals.
At each rendered pixel xi in H, a pixel shader first computes
H
the surface normal nH
i and scene depth zi and reconstructs
the surface color cH
according
to
i
cH
i =

L
H
L
∑ cLj f (x̂i , x j ) g(|nH
i − n j |, σn ) g(|zi − z j |, σz )
,
H
L
H
L
∑ f (x̂i , x j ) g(|ni − n j |, σn ) g(|zi − z j |, σz )

(1)

where cLj , nLj , and zLj are the respective counterparts in L
and x̂i is the position of xi after having been downsampled
in each dimension by r. Note that the normals are defined
in screen-space so the vector n = (0, 0, 1) points toward the
viewer. This sum is carried out over all the pixels in L. The
domain filter f weights the contribution of each pixel in L
according to its distance in the image plane. Instead of modeling this as a Gaussian, as is commonly done with the bilateral filter, we instead use a simple tent function which
restricts this sum to only the 2 × 2 grid of nearest pixels.
We found this gave acceptable results at a fraction of the
compute overhead. The range filters g(·, σn ) and g(·, σz ) are
modeled as Gaussians and weight each pixel based on differences in surface normals and scene depths, respectively.
A similar generalization of the bilateral filter was proposed by Toler-Franklin et al. [TFFR07] for manipulating
natural images augmented with per-pixel surface normals.
They note the importance of accounting for foreshortening when computing the distance between screen-space normals. Following that work, we transform each normal vector
(nx , ny , nz ) by its z-component (nx /nz , ny /nz , 1) before computing the Euclidean distance.
The standard deviations σn and σz are important parameters that determine the extent to which shading information
is shared between surface regions with different depths and
orientations. Figure 1 illustrates the effect of these parameters at different resizing factors. Smaller values of σz limit
the amount of blending across depth boundaries as can be
seen along the silhouette edges of the car. Smaller values of
σn limit the amount of blending across orientation boundaries like where the rear-view mirror meets the car’s body.
Although larger values of these parameters allow a larger
number of samples to influence each reconstructed pixel, we
have found it’s almost always desirable to use small values
in order to preserve sharp boundaries in the scene geometry.
Finally, note that this approach subsumes conventional dynamic resizing which can be obtained by setting σn , σz = ∞
(leftmost images in Figure 1).
Equation 1 can be efficiently computed in a pixel shader
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Large σz , large σn

Small σz , large σn

Large σz , small σn

Small σz , small σn

Figure 1: Framebuffer resized by a factor of (top row) r = 7.3 and (bottom row) r = 2.0 using depth and normal range filters
of varying widths.
since evaluating the two Gaussians can be easily vectorized. Compared to bilinear reconstruction, we have found
this adaptive kernel requires very little additional overhead,
especially for heavily pixel-bound scenes (Figure 2).

2.3. Fine-Grained Resizing
Our basic approach can be extended to defer the evaluation
of certain components in the shading until the second pass.
This allows resizing only those calculations that are particularly expensive while evaluating relatively inexpensive calculations at the framebuffer’s full resolution. For shaders that
combine an expensive calculation that results in a smooth
spatial signal (e.g., soft shadows, subsurface scattering approximation) with an inexpensive yet detailed calculation,
this can lead to dramatic speedups. This offers finer-grained
control over the way resources are allocated to evaluate the
shading in each frame and thus greater flexibility for optimizing pixel-bound scenes.
Fine-grained resizing is related to deferred shading [DWS∗ 88, ST90], which renders the attributes of
the geometry to multiple screen-sized render targets and
then selectively performs additional computation by rendering proxy quadrilaterals. Deferred shading is particularly
useful for scenes with high geometric complexity since it
supports multi-pass shading without rendering the geometry
multiple times. On the other hand, our approach targets
scenes with high shading complexity by reducing the resolution of expensive computations and deferring inexpensive
yet detailed components until they can be calculated at full
resolution. Although our approach does require processing
the geometry twice, we do not require rendering all of
the attributes of the geometry that are used for shading to
multiple render targets like with deferred shading, but rather
must only store depths and normals.
c 2008 The Author(s)
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3. Automatic Framerate Control
Dynamic resizing presents a clear error/performance tradeoff which is regulated by the resizing factor r. The InfiniteReality system [MBDM97] used a feedback control mechanism to set r based on geometry-raster FIFO statistics provided by the underlying hardware to determine when the
application was fill rate limited. We propose a similar approach, but one that requires only the total amount of time
spent rendering the previous frame which can be easily monitored by the user-level application. If we assume the pixel
processing time is directly proportional to the number of
shaded pixels then the time required to render a single frame
can be modeled as
t ≈ K p +C,
(2)
where p is the number of pixels processed in L, K is equal to
the cost of processing each pixel, and C captures the remaining overhead which includes geometry processing and rendering the final pass. Dynamic resizing is useful for shaders
that are highly pixel bound in which case the first term in
Equation 2 dominates the sum. If we assume the coverage
of the model on the screen does not change then p ∝ wh/r2
(for a framebuffer of size w × h) and we obtain
t ≈ K 0 (1/r2 ) +C

(3)

0

where K accounts for the size of the framebuffer and the
percent that is currently shaded. This gives the desired relationship between the change in rendering time ∆t and the
change in the resize factor ∆r:
∆t ≈ K 0 ∆(1/r2 ).

(4)

We estimate these quantities using the rendering times of the
previous and current frames, as well as the previous scale
factor; the value K 0 is experimentally determined using a
scene with the expected workload. At runtime, we adjust the
scale factor r to produce a ∆t that will maintain the target
framerate. In practice, we limit the range of ∆r to 0.2 between consecutive frames and disallow values below r = 1.0.
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Reference rendering

Montrym et al. 1997

Ours (full resizing)

Ours (fine-grained resizing)

27 FPS

r = 2.0 / 87 FPS / 32 PSNR

r = 2.1 / 92 FPS / 35 PSNR

r = 5.0 / 252 FPS / 42 PSNR

3.2 FPS

r = 2.0 / 9 FPS / 29 PSNR

r = 2.0 / 9 FPS / 31 PSNR

r = 3.5 / 21 FPS / 36 PSNR

120 FPS

r = 2.0 / 232 FPS / 26 PSNR

r = 2.4 / 233 FPS / 33 PSNR

r = 4.0 / 309 FPS / 38 PSNR

Figure 2: Comparison between (first column) the original shading, (second column) conventional dynamic resizing, (third
column) our approach where the full shading is resized, and (fourth column) our approach with fine-grained resizing.
4. Results
We have evaluated our resizing and LOD techniques using several test scenes with high pixel processing workloads
shown in the left column in Figure 2. The Car scene combines 9 × 9 shadow map queries using the percentage-closer
filtering (PCF) [RSC87] to generate antialiased shadow
boundaries. The Dragon scene combines a procedural noise
function [Per85] with a simple Phong specular layer. The
Chess scene computes ambient occlusion at the pixel level
using the algorithm described by [HJ07]. All of our experiments were performed using a HP Compaq DX7300 PC
equipped with an AMD ATI HD2900XT graphics card.
Figure 2 shows equal time comparisons between conventional resizing [MBDM97] and our geometry-aware resizing. Because the pixel workload in each scene far exceeds
the geometry workload, the additional rendering pass re-

quired for our approach amounts to a very small overhead
and both approaches give significant speedups at even moderate resizing factors of around r = 2.0. Our adaptive reconstruction filter clearly does a better job of preserving
sharp geometric features in the scene. A limitation of both
methods is that high-frequency features in the shading itself are inevitably lost; this is clearly noticeable in the camouflage pattern in the Car scene which is represented as a
diffuse texture map. However, the evaluation of this component may be deferred to the second pass while still resizing the shadow calculation. Similarly, we can defer the diffuse texture lookup and specular lighting calculation in the
Chess scene (resizing only the ambient occlusion calculation) as well as the specular calculation in the Dragon scene
(resizing only the procedural noise calculation). The rightmost column in Figure 2 shows the results of fine-grained
resizing. Note that perceptually important features in the
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Figure 3: Image error as a function of speed improvement for the three test scenes. The points that correspond to the images
shown in Figure 2 are highlighted.

shading are better maintained, but at much higher framerates. Figure 3 plots the performance improvement vs image
error (PSNR) for these same scenes and resizing amounts.
Our technique provides higher image quality at equal performance improvements as compared to standard resizing
in all cases while fine-grained resizing provides a more impressive error/performance trade-off than either. Finally, performing fine-grained resizing with standard bilinear upsampling can cause data to “leak” across silhouette boundaries.
Figure 4 illustrates this problem for the Car scene where
you can clearly see haloing artifacts in the shadows near the
car’s silhouette edges. These artifacts are avoided with our
geometry-aware reconstruction filter.
Figure 5 visualizes our automatic feedback control system
being used to control the framerate in the Car scene. Note
that the framerate oscillates heavily for a fixed resizing factor (Figure 5a), while our technique automatically adjusts
the resizing factor in order to maintain a smoother and more
constant framerate (Figure 5b).
5. Discussion
It would be possible to build a similar LOD system that resizes calculations performed in a coordinate system other
than screen-space. For example, many effects compute elements of the shading in texture-space. Although texturec 2008 The Author(s)
Journal compilation c 2008 The Eurographics Association and Blackwell Publishing Ltd.

3
2

50

1
0

200

400

600

Frame number

800

Car Scene with Framerate Control

200

Framerate

4

100

Geometry-Aware

Figure 4: Using bilinear upsampling with fine-grained resizing can cause the resized elements to “lead” across depth
boundaries. Our geometry-aware reconstruction filter eliminates this problem.
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Figure 5: Framerate and resize factor over a sequence of
frames of the Car scene. Top: For a fixed scale factor r, the
framerate oscillates heavily. Bottom: Our framerate control
system automatically adjusts r to maintain a framerate.
space resizing would avoid the problems associated with
handling geometric discontinuities in the scene, it would introduce others that are avoided by our approach. First, it
would require surface parameterizations for all of the models in the scene and the use of different render targets for
each visible object. Second, it would still suffer from texture
seams which is a different type of discontinuity that would
need to be addressed during filtering. A key benefit of our
screen-space approach is that multiple objects and shaders
may all share the same low resolution buffer with minimal
modification to the original application.
An important limitation of our approach is that scenes with
very fine geometric detail may not be adequately reproduced
in the low resolution buffer, resulting in artifacts in the final
shading at pixels for which all of the weights in Equation 1
are small. Note that interleaved sampling [SIMP06,LSK∗ 07]
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does not share this drawback since the shading at every pixel
is partially evaluated. Finally, geometry-aware resizing is
only appropriate for scenes that are limited by fill rate to such
an extent that processing the geometry twice is outweighed
by evaluating the shading at its full resolution. While not all
scenes will exhibit this characteristic, we have demonstrated
examples that do from a range of effects.
6. Conclusion
We have presented a framebuffer level of detail algorithm
that provides continuous control over the pixel processing
workload in real-time rendering applications. This work extends classic dynamic resizing to use a geometry-aware reconstruction filter and demonstrates how partial components
in the shading may be selectively resized. These techniques
are straightforward to incorporate into existing applications
executing on modern GPUs and were shown to provide
notable performance improvements for several pixel-bound
scenes. We also presented a simple feedback control mechanism that automatically adjusts the degree of resizing in order to maintain a target framerate.
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