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Motivation

The ugly truth about real-time rendering... 

Aliasing artifacts everywhere:

Polygon edges

Shadows

Motion (poor or no motion blur)

Textures



What we have
 NVIDIA GTX460

(best quality settings)

What we want

Motivation



Room for Improvement

Content is designed for 
the game consoles

High-end GPUs are 
much more powerful

A lot of  headroom for 
quality improvements
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Why texture 
filtering is hard?

A pixel is a point sample with a 
reconstruction filter associated 
with it.

High quality reconstruction 
filters (truncated gaussian) have 
a circular footprint

The projection of  a screen 
space circular footprint in the 
3d world is an ellipse



Problem definition

A texture filtering algorithm should return the 
convolution of  the projected pixel footprint with all 
the texels covered by this footprint. 

Poor approximation of  this convolution sum results 
in poor texture filtering (aliasing or blurring).

EWA directly computes this convolution sum by 
iterating over the texels inside the ellipse bbox.



EWA algorithm

Easily implementable in shaders:
    calculate the projected ellipse
    select mip-map level
    for each texel in the ellipse bbox
         if texel inside ellipse
              weight=FilterFunction(u,v)
              sum+= weight * texel
              totalWeight += weight
    return sum/totalWeight

 Filtering parameters control the quality/performance 
tradeoff:
window size, sharpness, texels/pixel
filter type: gaussian, sinc, ...
    



Result

Elliptical filtering
(conservative quality settings)

NVDIA GTX460
(best quality settings)



Performance

2tex: fetch 2 texels at a time
(fetch between texel centers)

4tex: fetch 4 texels at a time 
(fetch from a position that 
better approximates the 
gaussian weights) 

Conclusion: 
Direct convolution methods 
are too slow for games... 0

500

1000

1500

2000

naive 2tex
4tex

hware
Mtexels/sec



Ellipse Approximation
Hardware already supports a limited form of  
anisotropic filtering

How can we take advantage of  it?

Basic Idea:
Approximate an ellipse of  high eccentricity 
with many ellipses of  lower 
eccentricity, provided by 
the hardware.

Figure 5: The basic idea of our method: Approximating a highly



Ellipse Approximation

Number of  probes:

Line length:

Figure 6: A typical game environment. Regions with anisotropy
higher than 16 are highlighted in green (better shown in the inset).
In these regions the hardware filtering is prone to excessive blurring
or aliasing artifacts, especially when using textures with high fre-
quency components. The spatial distribution filter uses high quality
filtering on these regions only.

probes Nprobes are given by the following equations

Nprobes = 2 ! (Rmajor/(! !Rminor))" 1

L = 2 ! (Rmajor " ! !Rminor) (4)

where ! is the degree of anisotropy of the underlying hardware
probes. For ! = 1 our algorithm is equivalent to Feline. For sim-
plicity, an odd number of probes is considered. Similar to Feline,
probes are placed around the midpoint (um, vm) of the filter, as
follows

" = atan(B/(A" C))/2

du = cos(") ! L/(Nprobes " 1)

dv = sin(") ! L/(Nprobes " 1)

(un, vn) = (um, vm) + n/2 ! (du, dv), n = 0,±2,±4 . . .
(5)

where (un, vn) is the position of n-th probe. To better match the
shape of the EWA filter, the probes are weighted proportionally to
their distance from the center of the footprint, according to a gaus-
sian function. The shape of the filter in texture space, compared to
an ideal EWA filter is shown in figure 4.

We don’t have any strong guarantees about the quality or the shape
of those probes, since the OpenGL specification [Segal and Ake-
ley 2006] does not explicitly enforce any particular method for
anisotropic filtering. The only hint given by the hardware imple-
mentation is that the probes approximate an anisotropic area with
maximum anisotropy ofN . In the above analysis, we have assumed
that the hardware anisotropic probes are elliptical, but in practice,
to compensate for their potential imperfections in the shape and to
better cover the area of the elliptical filter, we just increase the num-
ber of probes depending on the desired quality. Furthermore, us-
ing an adaptive number of probes creates an irregular workload per
pixel for the graphics hardware scheduler, which should be avoided
[Ragan-Kelley 2010]. In practice, setting the number of probes to
a constant number gives better performance. In our tests, using
5 probes eliminated all the visible artifacts, on the NVIDIA hard-
ware. For more than 5 probes, no significant improvement in image
quality could be measured.

If the probes fail to cover the ellipse, then aliasing will occur. On
the other hand, if the probes exceed the extents of the ellipse (e.g.

Figure 7: From left to right: Frame n using a set of 3 samples,
frame n+ 1 using another set of 3 samples, the average of the two
successive frames, as perceived by the human eye when rendering
at high frame rates. The third image exhibits less aliasing artifacts.

by placing them beyond half the length of the central line in each
direction) then blurring will occur. Our method always avoids the
second case, but the first case can still happen in extreme cases,
since we have clamped the maximum number of probes. Still, our
method always provides an improvement over hardware texture fil-
tering.

4.4 Spatial Sample Distribution

Further examining the infinite tunnel scene of Figure 1, we observe
that the regions where the hardware filtering fails are limited. For
the majority of the scene the quality of the image is free of any alias-
ing artifacts. As expected, the problematic regions are regions with
high anisotropy, and in particular on the NVIDIA hardware regions
with anisotropy greater that 16, which is the advertised maximum
anisotropy of the hardware unit. Figure 6 highlights the problematic
regions on a normal game scene, to assess the extent of the problem
on a typical game environment. We call !0 the anisotropy threshold
after which the hardware filtering of a particular GPU fails.

After this observation, we perform high quality filtering in regions
above the threshold !0, and for the rest of the scene we use hard-
ware filtering. The anisotropy of a pixel is accurately measured
using Equations 2. To eliminate any visible seams between the two
regions, areas with anisotropy between !0 " 1 and !0 use a blend
of hardware and software filtering. This approach creates exactly
two different workloads for the hardware, one high and one low. In
the majority of cases the two different sampling methods are used
in spatially coherent pixel clusters within a frame. Therefore, com-
pared to a completely adaptive sample selection, our tests indicate
that this case is handled more efficiently from the GPU hardware
scheduler and results in a sizable performance gain.

4.5 Temporal Sample Distribution

In order to further improve the run-time performance of our filter-
ing algorithm in games and other real-time applications that display
many rendered images at high frame rates, we propose a temporal
sample distribution scheme, where texture filtering samples are dis-
tributed among successive frames.

In particular, the n anisotropic samples (probes) of Equation 5 are
distributed in two successive frames. The first frame uses samples
0,±4,±8 . . . and the next one 0,±2,±6 . . .. The sample at the
center of the filter (sample 0) is included in both frames to mini-
mize the variance between the two. When the frames are displayed
in quick succession, the human eye perceives the average of the
two frames, as shown in Figure 7. To further improve the temporal
blending between the frames, the set of samples used for filtering
could vary depending on the pixel position, but our tests showed
that the technique works surprisingly well even without these im-
provements.

Figure 6: A typical game environment. Regions with anisotropy
higher than 16 are highlighted in green (better shown in the inset).
In these regions the hardware filtering is prone to excessive blurring
or aliasing artifacts, especially when using textures with high fre-
quency components. The spatial distribution filter uses high quality
filtering on these regions only.

probes Nprobes are given by the following equations

Nprobes = 2 ! (Rmajor/(! !Rminor))" 1

L = 2 ! (Rmajor " ! !Rminor) (4)

where ! is the degree of anisotropy of the underlying hardware
probes. For ! = 1 our algorithm is equivalent to Feline. For sim-
plicity, an odd number of probes is considered. Similar to Feline,
probes are placed around the midpoint (um, vm) of the filter, as
follows

" = atan(B/(A" C))/2

du = cos(") ! L/(Nprobes " 1)

dv = sin(") ! L/(Nprobes " 1)

(un, vn) = (um, vm) + n/2 ! (du, dv), n = 0,±2,±4 . . .
(5)

where (un, vn) is the position of n-th probe. To better match the
shape of the EWA filter, the probes are weighted proportionally to
their distance from the center of the footprint, according to a gaus-
sian function. The shape of the filter in texture space, compared to
an ideal EWA filter is shown in figure 4.

We don’t have any strong guarantees about the quality or the shape
of those probes, since the OpenGL specification [Segal and Ake-
ley 2006] does not explicitly enforce any particular method for
anisotropic filtering. The only hint given by the hardware imple-
mentation is that the probes approximate an anisotropic area with
maximum anisotropy ofN . In the above analysis, we have assumed
that the hardware anisotropic probes are elliptical, but in practice,
to compensate for their potential imperfections in the shape and to
better cover the area of the elliptical filter, we just increase the num-
ber of probes depending on the desired quality. Furthermore, us-
ing an adaptive number of probes creates an irregular workload per
pixel for the graphics hardware scheduler, which should be avoided
[Ragan-Kelley 2010]. In practice, setting the number of probes to
a constant number gives better performance. In our tests, using
5 probes eliminated all the visible artifacts, on the NVIDIA hard-
ware. For more than 5 probes, no significant improvement in image
quality could be measured.

If the probes fail to cover the ellipse, then aliasing will occur. On
the other hand, if the probes exceed the extents of the ellipse (e.g.
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frame n+ 1 using another set of 3 samples, the average of the two
successive frames, as perceived by the human eye when rendering
at high frame rates. The third image exhibits less aliasing artifacts.

by placing them beyond half the length of the central line in each
direction) then blurring will occur. Our method always avoids the
second case, but the first case can still happen in extreme cases,
since we have clamped the maximum number of probes. Still, our
method always provides an improvement over hardware texture fil-
tering.

4.4 Spatial Sample Distribution

Further examining the infinite tunnel scene of Figure 1, we observe
that the regions where the hardware filtering fails are limited. For
the majority of the scene the quality of the image is free of any alias-
ing artifacts. As expected, the problematic regions are regions with
high anisotropy, and in particular on the NVIDIA hardware regions
with anisotropy greater that 16, which is the advertised maximum
anisotropy of the hardware unit. Figure 6 highlights the problematic
regions on a normal game scene, to assess the extent of the problem
on a typical game environment. We call !0 the anisotropy threshold
after which the hardware filtering of a particular GPU fails.

After this observation, we perform high quality filtering in regions
above the threshold !0, and for the rest of the scene we use hard-
ware filtering. The anisotropy of a pixel is accurately measured
using Equations 2. To eliminate any visible seams between the two
regions, areas with anisotropy between !0 " 1 and !0 use a blend
of hardware and software filtering. This approach creates exactly
two different workloads for the hardware, one high and one low. In
the majority of cases the two different sampling methods are used
in spatially coherent pixel clusters within a frame. Therefore, com-
pared to a completely adaptive sample selection, our tests indicate
that this case is handled more efficiently from the GPU hardware
scheduler and results in a sizable performance gain.

4.5 Temporal Sample Distribution

In order to further improve the run-time performance of our filter-
ing algorithm in games and other real-time applications that display
many rendered images at high frame rates, we propose a temporal
sample distribution scheme, where texture filtering samples are dis-
tributed among successive frames.

In particular, the n anisotropic samples (probes) of Equation 5 are
distributed in two successive frames. The first frame uses samples
0,±4,±8 . . . and the next one 0,±2,±6 . . .. The sample at the
center of the filter (sample 0) is included in both frames to mini-
mize the variance between the two. When the frames are displayed
in quick succession, the human eye perceives the average of the
two frames, as shown in Figure 7. To further improve the temporal
blending between the frames, the set of samples used for filtering
could vary depending on the pixel position, but our tests showed
that the technique works surprisingly well even without these im-
provements.
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higher than 16 are highlighted in green (better shown in the inset).
In these regions the hardware filtering is prone to excessive blurring
or aliasing artifacts, especially when using textures with high fre-
quency components. The spatial distribution filter uses high quality
filtering on these regions only.

probes Nprobes are given by the following equations

Nprobes = 2 ! (Rmajor/(! !Rminor))" 1

L = 2 ! (Rmajor " ! !Rminor) (4)

where ! is the degree of anisotropy of the underlying hardware
probes. For ! = 1 our algorithm is equivalent to Feline. For sim-
plicity, an odd number of probes is considered. Similar to Feline,
probes are placed around the midpoint (um, vm) of the filter, as
follows

" = atan(B/(A" C))/2

du = cos(") ! L/(Nprobes " 1)

dv = sin(") ! L/(Nprobes " 1)

(un, vn) = (um, vm) + n/2 ! (du, dv), n = 0,±2,±4 . . .
(5)

where (un, vn) is the position of n-th probe. To better match the
shape of the EWA filter, the probes are weighted proportionally to
their distance from the center of the footprint, according to a gaus-
sian function. The shape of the filter in texture space, compared to
an ideal EWA filter is shown in figure 4.

We don’t have any strong guarantees about the quality or the shape
of those probes, since the OpenGL specification [Segal and Ake-
ley 2006] does not explicitly enforce any particular method for
anisotropic filtering. The only hint given by the hardware imple-
mentation is that the probes approximate an anisotropic area with
maximum anisotropy ofN . In the above analysis, we have assumed
that the hardware anisotropic probes are elliptical, but in practice,
to compensate for their potential imperfections in the shape and to
better cover the area of the elliptical filter, we just increase the num-
ber of probes depending on the desired quality. Furthermore, us-
ing an adaptive number of probes creates an irregular workload per
pixel for the graphics hardware scheduler, which should be avoided
[Ragan-Kelley 2010]. In practice, setting the number of probes to
a constant number gives better performance. In our tests, using
5 probes eliminated all the visible artifacts, on the NVIDIA hard-
ware. For more than 5 probes, no significant improvement in image
quality could be measured.

If the probes fail to cover the ellipse, then aliasing will occur. On
the other hand, if the probes exceed the extents of the ellipse (e.g.

Figure 7: From left to right: Frame n using a set of 3 samples,
frame n+ 1 using another set of 3 samples, the average of the two
successive frames, as perceived by the human eye when rendering
at high frame rates. The third image exhibits less aliasing artifacts.

by placing them beyond half the length of the central line in each
direction) then blurring will occur. Our method always avoids the
second case, but the first case can still happen in extreme cases,
since we have clamped the maximum number of probes. Still, our
method always provides an improvement over hardware texture fil-
tering.

4.4 Spatial Sample Distribution

Further examining the infinite tunnel scene of Figure 1, we observe
that the regions where the hardware filtering fails are limited. For
the majority of the scene the quality of the image is free of any alias-
ing artifacts. As expected, the problematic regions are regions with
high anisotropy, and in particular on the NVIDIA hardware regions
with anisotropy greater that 16, which is the advertised maximum
anisotropy of the hardware unit. Figure 6 highlights the problematic
regions on a normal game scene, to assess the extent of the problem
on a typical game environment. We call !0 the anisotropy threshold
after which the hardware filtering of a particular GPU fails.

After this observation, we perform high quality filtering in regions
above the threshold !0, and for the rest of the scene we use hard-
ware filtering. The anisotropy of a pixel is accurately measured
using Equations 2. To eliminate any visible seams between the two
regions, areas with anisotropy between !0 " 1 and !0 use a blend
of hardware and software filtering. This approach creates exactly
two different workloads for the hardware, one high and one low. In
the majority of cases the two different sampling methods are used
in spatially coherent pixel clusters within a frame. Therefore, com-
pared to a completely adaptive sample selection, our tests indicate
that this case is handled more efficiently from the GPU hardware
scheduler and results in a sizable performance gain.

4.5 Temporal Sample Distribution

In order to further improve the run-time performance of our filter-
ing algorithm in games and other real-time applications that display
many rendered images at high frame rates, we propose a temporal
sample distribution scheme, where texture filtering samples are dis-
tributed among successive frames.

In particular, the n anisotropic samples (probes) of Equation 5 are
distributed in two successive frames. The first frame uses samples
0,±4,±8 . . . and the next one 0,±2,±6 . . .. The sample at the
center of the filter (sample 0) is included in both frames to mini-
mize the variance between the two. When the frames are displayed
in quick succession, the human eye perceives the average of the
two frames, as shown in Figure 7. To further improve the temporal
blending between the frames, the set of samples used for filtering
could vary depending on the pixel position, but our tests showed
that the technique works surprisingly well even without these im-
provements.

: ellipse major axis

Figure 6: A typical game environment. Regions with anisotropy
higher than 16 are highlighted in green (better shown in the inset).
In these regions the hardware filtering is prone to excessive blurring
or aliasing artifacts, especially when using textures with high fre-
quency components. The spatial distribution filter uses high quality
filtering on these regions only.

probes Nprobes are given by the following equations

Nprobes = 2 ! (Rmajor/(! !Rminor))" 1

L = 2 ! (Rmajor " ! !Rminor) (4)

where ! is the degree of anisotropy of the underlying hardware
probes. For ! = 1 our algorithm is equivalent to Feline. For sim-
plicity, an odd number of probes is considered. Similar to Feline,
probes are placed around the midpoint (um, vm) of the filter, as
follows

" = atan(B/(A" C))/2

du = cos(") ! L/(Nprobes " 1)

dv = sin(") ! L/(Nprobes " 1)

(un, vn) = (um, vm) + n/2 ! (du, dv), n = 0,±2,±4 . . .
(5)

where (un, vn) is the position of n-th probe. To better match the
shape of the EWA filter, the probes are weighted proportionally to
their distance from the center of the footprint, according to a gaus-
sian function. The shape of the filter in texture space, compared to
an ideal EWA filter is shown in figure 4.

We don’t have any strong guarantees about the quality or the shape
of those probes, since the OpenGL specification [Segal and Ake-
ley 2006] does not explicitly enforce any particular method for
anisotropic filtering. The only hint given by the hardware imple-
mentation is that the probes approximate an anisotropic area with
maximum anisotropy ofN . In the above analysis, we have assumed
that the hardware anisotropic probes are elliptical, but in practice,
to compensate for their potential imperfections in the shape and to
better cover the area of the elliptical filter, we just increase the num-
ber of probes depending on the desired quality. Furthermore, us-
ing an adaptive number of probes creates an irregular workload per
pixel for the graphics hardware scheduler, which should be avoided
[Ragan-Kelley 2010]. In practice, setting the number of probes to
a constant number gives better performance. In our tests, using
5 probes eliminated all the visible artifacts, on the NVIDIA hard-
ware. For more than 5 probes, no significant improvement in image
quality could be measured.

If the probes fail to cover the ellipse, then aliasing will occur. On
the other hand, if the probes exceed the extents of the ellipse (e.g.

Figure 7: From left to right: Frame n using a set of 3 samples,
frame n+ 1 using another set of 3 samples, the average of the two
successive frames, as perceived by the human eye when rendering
at high frame rates. The third image exhibits less aliasing artifacts.

by placing them beyond half the length of the central line in each
direction) then blurring will occur. Our method always avoids the
second case, but the first case can still happen in extreme cases,
since we have clamped the maximum number of probes. Still, our
method always provides an improvement over hardware texture fil-
tering.

4.4 Spatial Sample Distribution

Further examining the infinite tunnel scene of Figure 1, we observe
that the regions where the hardware filtering fails are limited. For
the majority of the scene the quality of the image is free of any alias-
ing artifacts. As expected, the problematic regions are regions with
high anisotropy, and in particular on the NVIDIA hardware regions
with anisotropy greater that 16, which is the advertised maximum
anisotropy of the hardware unit. Figure 6 highlights the problematic
regions on a normal game scene, to assess the extent of the problem
on a typical game environment. We call !0 the anisotropy threshold
after which the hardware filtering of a particular GPU fails.

After this observation, we perform high quality filtering in regions
above the threshold !0, and for the rest of the scene we use hard-
ware filtering. The anisotropy of a pixel is accurately measured
using Equations 2. To eliminate any visible seams between the two
regions, areas with anisotropy between !0 " 1 and !0 use a blend
of hardware and software filtering. This approach creates exactly
two different workloads for the hardware, one high and one low. In
the majority of cases the two different sampling methods are used
in spatially coherent pixel clusters within a frame. Therefore, com-
pared to a completely adaptive sample selection, our tests indicate
that this case is handled more efficiently from the GPU hardware
scheduler and results in a sizable performance gain.

4.5 Temporal Sample Distribution

In order to further improve the run-time performance of our filter-
ing algorithm in games and other real-time applications that display
many rendered images at high frame rates, we propose a temporal
sample distribution scheme, where texture filtering samples are dis-
tributed among successive frames.

In particular, the n anisotropic samples (probes) of Equation 5 are
distributed in two successive frames. The first frame uses samples
0,±4,±8 . . . and the next one 0,±2,±6 . . .. The sample at the
center of the filter (sample 0) is included in both frames to mini-
mize the variance between the two. When the frames are displayed
in quick succession, the human eye perceives the average of the
two frames, as shown in Figure 7. To further improve the temporal
blending between the frames, the set of samples used for filtering
could vary depending on the pixel position, but our tests showed
that the technique works surprisingly well even without these im-
provements.

: hardware 
  anisotropy  limit

Figure 6: A typical game environment. Regions with anisotropy
higher than 16 are highlighted in green (better shown in the inset).
In these regions the hardware filtering is prone to excessive blurring
or aliasing artifacts, especially when using textures with high fre-
quency components. The spatial distribution filter uses high quality
filtering on these regions only.

probes Nprobes are given by the following equations

Nprobes = 2 ! (Rmajor/(! !Rminor))" 1

L = 2 ! (Rmajor " ! !Rminor) (4)

where ! is the degree of anisotropy of the underlying hardware
probes. For ! = 1 our algorithm is equivalent to Feline. For sim-
plicity, an odd number of probes is considered. Similar to Feline,
probes are placed around the midpoint (um, vm) of the filter, as
follows

" = atan(B/(A" C))/2

du = cos(") ! L/(Nprobes " 1)

dv = sin(") ! L/(Nprobes " 1)

(un, vn) = (um, vm) + n/2 ! (du, dv), n = 0,±2,±4 . . .
(5)

where (un, vn) is the position of n-th probe. To better match the
shape of the EWA filter, the probes are weighted proportionally to
their distance from the center of the footprint, according to a gaus-
sian function. The shape of the filter in texture space, compared to
an ideal EWA filter is shown in figure 4.

We don’t have any strong guarantees about the quality or the shape
of those probes, since the OpenGL specification [Segal and Ake-
ley 2006] does not explicitly enforce any particular method for
anisotropic filtering. The only hint given by the hardware imple-
mentation is that the probes approximate an anisotropic area with
maximum anisotropy ofN . In the above analysis, we have assumed
that the hardware anisotropic probes are elliptical, but in practice,
to compensate for their potential imperfections in the shape and to
better cover the area of the elliptical filter, we just increase the num-
ber of probes depending on the desired quality. Furthermore, us-
ing an adaptive number of probes creates an irregular workload per
pixel for the graphics hardware scheduler, which should be avoided
[Ragan-Kelley 2010]. In practice, setting the number of probes to
a constant number gives better performance. In our tests, using
5 probes eliminated all the visible artifacts, on the NVIDIA hard-
ware. For more than 5 probes, no significant improvement in image
quality could be measured.

If the probes fail to cover the ellipse, then aliasing will occur. On
the other hand, if the probes exceed the extents of the ellipse (e.g.

Figure 7: From left to right: Frame n using a set of 3 samples,
frame n+ 1 using another set of 3 samples, the average of the two
successive frames, as perceived by the human eye when rendering
at high frame rates. The third image exhibits less aliasing artifacts.

by placing them beyond half the length of the central line in each
direction) then blurring will occur. Our method always avoids the
second case, but the first case can still happen in extreme cases,
since we have clamped the maximum number of probes. Still, our
method always provides an improvement over hardware texture fil-
tering.

4.4 Spatial Sample Distribution

Further examining the infinite tunnel scene of Figure 1, we observe
that the regions where the hardware filtering fails are limited. For
the majority of the scene the quality of the image is free of any alias-
ing artifacts. As expected, the problematic regions are regions with
high anisotropy, and in particular on the NVIDIA hardware regions
with anisotropy greater that 16, which is the advertised maximum
anisotropy of the hardware unit. Figure 6 highlights the problematic
regions on a normal game scene, to assess the extent of the problem
on a typical game environment. We call !0 the anisotropy threshold
after which the hardware filtering of a particular GPU fails.

After this observation, we perform high quality filtering in regions
above the threshold !0, and for the rest of the scene we use hard-
ware filtering. The anisotropy of a pixel is accurately measured
using Equations 2. To eliminate any visible seams between the two
regions, areas with anisotropy between !0 " 1 and !0 use a blend
of hardware and software filtering. This approach creates exactly
two different workloads for the hardware, one high and one low. In
the majority of cases the two different sampling methods are used
in spatially coherent pixel clusters within a frame. Therefore, com-
pared to a completely adaptive sample selection, our tests indicate
that this case is handled more efficiently from the GPU hardware
scheduler and results in a sizable performance gain.

4.5 Temporal Sample Distribution

In order to further improve the run-time performance of our filter-
ing algorithm in games and other real-time applications that display
many rendered images at high frame rates, we propose a temporal
sample distribution scheme, where texture filtering samples are dis-
tributed among successive frames.

In particular, the n anisotropic samples (probes) of Equation 5 are
distributed in two successive frames. The first frame uses samples
0,±4,±8 . . . and the next one 0,±2,±6 . . .. The sample at the
center of the filter (sample 0) is included in both frames to mini-
mize the variance between the two. When the frames are displayed
in quick succession, the human eye perceives the average of the
two frames, as shown in Figure 7. To further improve the temporal
blending between the frames, the set of samples used for filtering
could vary depending on the pixel position, but our tests showed
that the technique works surprisingly well even without these im-
provements.
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Figure 5: The basic idea of our method: Approximating a highly



Plot

Exact Approximation
(3 samples)



Performance Considerations

The number of  samples depends on ellipse 
eccentricity

Creates a per-pixel varying workload for the GPU 
scheduler

In practice using always a fixed number of  samples 
is faster (5 were enough in our tests)

Two additional optimization opportunities... 



Observation

Problems with hardware anisotropic filtering arise 
when the anisotropy exceeds a threshold 
(16 on nvidia - as expected) 

Spatial filter: Apply the 
improved filtering only on 
pixels above this threshold
(red pixels)



Spatial filter

Avoid seams: pixels near the threshold get a blend 
of  hardware and software filtering

Creates exactly two 
scheduler workloads

Reduced performance 
gain due to scheduler 
inefficiencies 



Temporal filter

Distribute samples in time

The central sample is included in both frames to 
reduce variance

Figure 5: The basic idea of our method: Approximating a highly



Temporal filter

When rendering at high frame-rates, the human 
eye perceives the average of  the two frames

Requires 60Hz or more, with v-sync enabled 

Effectively transforms the aliasing artifacts to high 
frequency noise/flickering



Temporal filter

Frame n Frame n+1 Average



Temporal filter

Ideal case: static camera with static objects

Moving objects receive less samples

Only affects pixels with high anisotropy
(since it jitters along the axis of  anisotropy)

In practice always improves the perceived image 
quality



Results

Video Demo...



Performance Chart
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Engine Integration

Trivial. We provide drop-in replacements for the 
build-in GLSL texturing functions

Possibility to enable it in the graphics drivers

Limited performance impact when applied only to 
surfaces that need it

Easy to control performance and quality



Conclusions

Pros

Simple and effective

Limited performance overhead

Easy engine integration

Cons

Requires a (working) hardware anisotropic 
filtering implementation



Conclusions

High quality texture filtering is feasible on todays 
GPUs

Both games and off-line GPU renderers can use the 
method

Faster hardware is not enough, we also need smart 
and robust algorithms to take advantage of  this 
hardware and improve quality.



Thank you !


