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Abstract

The parallel and discrete nature of many image-based
techniques, such as interpolation methods, are highly suit-
able for GPU implementations. An important advantage is
their bounded complexity by the screen resolution as op-
posed to the data size. Consequently, the direct surface re-
construction of points using image-based methods is an at-
tractive solution to interactively render large data-sets. In
this paper, we propose a novel approach that raises the ro-
bustness and quality standards of previous related works.
The algorithm achieves quality equivalent to Surface Splat-
ting techniques, while maintaining high performance rates
compatible with previous image-based methods. A hierar-
chical pixel structure is employed to render the projected
samples efficiently with minimum artifacts. One of the main
advantages of the method is the independency from the num-
ber of samples during the surface reconstruction. Further-
more, no extra object space data structure is needed, mak-
ing the approach also memory efficient.

1. Introduction

Point-based graphics is an evolving area and has gained
much interest during this last decade. One of the main mo-
tivations is the increase in resolution and precision of reg-
istration devices that generate extremely large point data,
e.g., 3D scanners. The major advantage of working directly
with this representation is the lack of connectivity informa-
tion, as opposed to triangle meshes. Points, the most basic
primitive, are appealing for their simple nature, since they
contain all relevant data in themselves.

Notwithstanding, interactively rendering and manipulat-
ing data in the order of millions of points is not a trivial
task, even more, because the graphics hardware are special-
ized triangle renderers. By contrast, due to their lack of con-
nectivity, point graphics algorithms are highly adequate for
GPU implementations, being able to overcome this draw-
back. In addition, image-based approaches also map well to
the GPU, considering that they are inherently discrete and

Figure 1. The Asian Dragon model with ap-
proximately 3.6 M points rendered at 20fps
with our algorithm.

pixel bound methods. Therefore, they are able to fully profit
from the graphics processor parallelization power without
resorting to complex setups and data structures.

Surface Splatting, a point-based rendering method, has
a consolidated resampling theory background that allows it
to generate quality images. On the other hand, point render-
ers based on image-processing techniques have attained the
highest performances to this date, achieving rates of over a
hundred million points per second.

In this paper, we present a new fully image-based inter-
active point rendering method with performance competi-
tive with previous approaches and, at the same time, able
to achieve a quality similar to Surface Splatting. An exam-
ple of a model rendered with the proposed algorithm is de-
picted in Figure 1. The main points and goals proposed by
this work are outlined below:

• support to large point models and minimize the cost as-
sociated with the number of samples, by using a very
simple projection routine;

• use an image-based hierarchical structure for efficient
and constant time surface reconstruction;



• keep the system independent of any auxiliary data
structure or heavy pre-processing;

• reduce aliasing and flickering issues significantly com-
pared to previous image-based renderers.

Briefly, our main contribution is a novel hierarchical
search scheme that allows a fast coverture evaluation of
the projected splats. Apart from the projection phase, the
reconstruction cost is bounded only by the screen resolu-
tion, and consequently, is independent of the number of
splats. The complete rendering algorithm has complexity
O(s)+O(n log n), for projecting and reconstructing respec-
tively, where s is the number of splats and n is the number
of pixels.

In the next section related works are presented followed
by the algorithm description in Section 3. Some results ob-
tained with our prototype are presented in Section 4. Fi-
nally, conclusions and directions for future work are layed
out in Section 5.

2. Related Work

Levoy and Whitted [9] proposed the use of points to re-
construct surfaces more than two decades ago. Nonethe-
less, only in the last few years has this become an appealing
area. To obtain an efficient algorithm we have advocated the
use of image-processing techniques. This two topics are re-
viewed next.

2.1. Point-Based Rendering

Surface Splatting [21] is today the most popular tech-
nique for direct rendering of point models. It relies on the
projection of circular or elliptical kernels centered at each
sample with radii respecting the local sampling space. The
surface is reconstructed using Gaussian filters to blend the
splats in screen space. Elliptical weighted average (EWA)
splats[22], together with perspective correct projection [23],
provide high quality results and hole-free surface recon-
struction.

This rendering method was further extended to make use
of graphics hardware resources [15, 3, 2, 8] achieving high
frame rates, while maintaining the original quality. One of
the weakness of most GPU Surface Splatting algorithms
is the need for a two-pass rendering approach, where the
first pass treats the visibility issue, while the second re-
constructs the model by weighting the splats. Recently, a
single-pass method has also been proposed by Zhang & Pa-
jarola [19, 20]. Nonetheless, these and other similar meth-
ods tackle the surface reconstruction problem by rasterizing
screen space ellipses (or Gaussian filters), and have com-
plexity bound by the number of samples as well as their
projected size.

2.2. Image-Based Techniques

With the advent of graphics hardware programming,
well known image-based techniques have been rethought
to solve problems many times faster. An example is the
pyramid algorithm [12, 4, 6] (also known as pull-push or
gather-scatter algorithm) employed to solve problems, such
as the interpolation of scattered data, for example. This al-
gorithm was recently adapted to the GPU by Strengert et
al. [18] achieving interpolation times of a few milliseconds
for high-resolution settings, i.e., 10242 and 20482. Another
example is the Jump Flooding Algorithm [16, 17], where
applications such as 2D Voronoi Diagrams and the Distance
Transform are rapidly computed.

Due to their logarithmic nature, these techniques have
in common their image space search complexity. Using a
gather strategy, where each pixel “looks around” to deter-
mine its value, efficient GPU implementations are accom-
plished. Even though these are approximative methods, it is
possible to render high quality images with little or no de-
viation from the exact approach.

Image-based methods appeared in the point-based ren-
dering literature, as early as a decade ago, when Grossman
and Dally [7] proposed a method to reconstruct the surface
in image-space. Pfister et al. [14] introduced the concept of
Surfels, or Surface Elements, and employed a pyramid al-
gorithm to fill holes on the reconstructed surface. Howbeit,
both techniques require the data to be resampled within uni-
form structures.

A more recent image-based surface reconstruc-
tion method for points was proposed by Marroquim et
al. [10, 11]. The Pyramid Point Renderer (PPR) algo-
rithm is based on image processing techniques, where the
projected samples are interpolated using a pull-push ap-
proach. By integrating elliptical kernels with the pyra-
mid hierarchy, the algorithm’s complexity is lowered
from O(s × ā + n) to O(s + n), where ā is the aver-
age splat size in pixels. All the same, the output quality still
does not match the Surface Splatting method, and alias-
ing artifacts are evident, specially near the silhouettes. This
is mainly caused by the averaging scheme that creates el-
lipses in some pyramid levels, and are not fully propagated
during the push phase. Nevertheless, they reported the high-
est performance rates to this date, up to 130M splats per
second, i.e., nearly 5M points in real-time (around 30fps).

3. Surface Reconstruction in Constant Time

Disregarding the projection phase, the reconstruction of
surfaces in screen space in constant time requires every
pixel to be treated indifferently, regardless of the number
and size of projected samples. One possible way to accom-
plish this task using recent GPU techniques is to implement



a gather strategy, where each pixel collects the necessary
information to compute its final value; as opposed to a tra-
ditional CPU splatting algorithm, where each splat scatters
its contribution to the pixels it covers.

A naive implementation of a gather scheme is to project
each sample’s center onto a single pixel, and store in it
the information necessary to render the elliptical splat, i.e.
normal, radius, color, etc... Following the projection phase,
each pixel searches its neighbors for splat centers and evalu-
ates by which ones it is covered. The valid contributions are
weighted averaged to determine the pixel’s final value, by
using, for example, elliptical distances. However, to guar-
antee that the pixel finds every possible splat, it must search
the whole screen space. This leads to an O(n2) complex-
ity making the algorithm inviable for interactive rendering
systems.

The algorithm presented here also employs the gather
strategy, but makes use of a multi-resolution search struc-
ture to reduce the complexity to O(n log n). This allows
each pixel to gather the splats around it, without having to
look at n−1 neighbors. In fact, we further demonstrate that
for an 10242 screen resolution, the surface can be recon-
structed with 100 fetches per pixels. This is equivalent to
only fully rendering ellipses that fit in a 10 × 10 pixel re-
gion with the naive approach.

In a nutshell, the idea of the method is to, in a first phase,
project each splat in a specific level, where it is fully cov-
ered by a kernel of size k × k pixels, as described in Sec-
tion 3.1. During a second phase, as described in Section 3.2,
each screen sized pixel searches for projections in all coars-
est levels with a template kernel of same size. For each
projection center found, if the elliptical extent covers the
pixel, it is blended with the currently stored value. In a fi-
nal O(n) pass deferred shading is employed as described in
Section 3.3.

3.1. Multi-Resolution Structure

The multi-resolution structure is created in a very similar
way to the pull phase of the Pyramid Point Renderer (PPR)
algorithm. Nevertheless, since there are crucial differences,
we will describe the process entirely here.

Each sample is projected as a pixel-sized point onto the
screen plane applying back-face culling as an early discard
test. To comply with splats projecting onto the same pixel,
a simple depth test is used to retain only the frontmost. The
splat projection is stored in a single pixel with the following
data:

• projected normal;

• projected radius;

• screen coordinates of projection;

• depth component.

Figure 2. Each pixel in a coarsest resolution
level of the pyramid structure is computed by
gathering four pixels from the level below, un-
til a one pixel level is reached.

Since the projection buffer has typically four elements
per pixel, two buffers are used to store this information,
without having to resort to compression techniques. In re-
ality, during our implementation, three buffers were used to
grant a fair comparison with the PPR algorithm, where the
third buffer stores extra shading values such as color.

The samples are circular kernels in object space, pro-
jected as ellipses onto screen-space. As the radii size is usu-
ally very small, the splats can be projected orthogonally,
instead of perspectively, without generating significant er-
rors and leaving gaps on the surface. The major axis size
is twice the pixel’s radius and is perpendicular to the nor-
mal’s x and y coordinates, while the minor axis is scaled by
the normal’s z coordinate. In this manner, ellipses near the
silhouette are narrow, while samples with orthogonal nor-
mals to the screen plane are projected as circles.

The structure is based on a pyramid algorithm for im-
age reconstruction, where each level of the pyramid halves
the dimensions of the immediately higher resolution level.
Each coarser pixel is computed by averaging the four pix-
els it covers in the level below (see Figure 2 for an illustra-
tion of this gather strategy).

A projected splat is propagated up the pyramid until it
reaches the level that fully covers it with a k × k tem-
plate. This guarantees that all pixels it extends over in level 0
(highest resolution) are able to find the projection center.
Furthermore, multiple fetches of the same center in different
levels have to be avoided, otherwise artifacts appear from
blending the same ellipse several times.

The minimum level to fit a splat depends on the size of
the search template kernel, and can be easily computed us-
ing the following equation:

l = �log2
D

ts
�, (1)

where D and ts are respectively the projected radius and



Figure 3. The projection level must be large
enough for the template to cover the full splat
projection. The level on the left is not large
enough because only the gray pixels are able
to find the projection center stored at the
black pixel. The level on the right has the min-
imum coverage for all pixels inside the ellipse
to find the black pixel.

template sizes in pixels. Without loss of generality, the al-
gorithm will be describe and illustrated with a template size
ts = 3. Nevertheless, we also show results for a 5 × 5 ker-
nel. The correct resolution level to store the projection is de-
picted in Figure 3.

Even though it is possible to project the splat directly
onto the correct level without the need of propagating it
from level 0 up, we have opted for this solution for a few
reasons. First, multiple splats reaching a single coarser pixel
must be averaged in one center before continuing. More-
over, the hierarchy construction phase cost is very low, com-
pared to the reconstruction phase. Therefore, the decrease
in performance is negligible. Not to mention that, since all
levels are stored in a single texture, to actually project a
pixel onto another place, corresponding to a lower resolu-
tion level, is not trivial; the projected position of the sample
needs to be shifted before it passes through the vertex pro-
cessor.

This simpler propagation phase, compared to the Pyra-
mid Point Renderer algorithm, is sufficient to significantly
reduce flickering and aliasing artifacts, because each ellipse
is only available in one level. By leaving ellipses in multi-
ple levels, only some pixels might access the original cen-
ter, while others might access an already averaged center.
This inconsistency creates discontinuities, because some el-
lipses are only partially rasterized.

In short, a projected splat is moved upwards the pyra-
mid hierarchy until it finds its correct level. It is recorded as
a valid projection for that level and not further propagated.
When two, three or four splats meet at a single coarser pixel
they are merged. This is a straightforward average of the
elliptical information, such as, center, normal, radius etc...
Note that, the larger the template kernel, the less ellipses

merge, since they propagate less until reaching the correct
level.

During this phase, a pre-depth test is also employed.
From the candidates to be averaged, the frontmost is se-
lected, and the others are only considered if they are close
enough to be regarded as in the same surface. An ellipse is
averaged when its depth is less than the frontmost depth mi-
nus the sum of their radii. Otherwise, the one in the back is
discarded from the next phase.

3.2. Reconstructing and Blending Splats

The surface reconstruction is more computationally in-
tense than the previous step. For each level 0 pixel, a search
is carried out in all pyramid levels using the template search
kernel. In other words, each pixel looks at its neighbors in-
side the template in each resolution.

As previously mentioned, the splat center stores the pro-
jection coordinates in the highest resolution level. Together
with the ellipse’s information, an inside/outside test can be
easily carried out to determine if the current pixel is covered
by the ellipse. If this is the case, a ternary depth test is em-
ployed using the same criterion as in the previous step. If the
ellipse is in a surface in front of the current pixel, it over-
writes it. If it is in a back surface, the pixel remains as it
is. Otherwise, they are blended by a weighted sum of the at-
tributes. The weight used is one minus the elliptical distance
d from the pixel to the ellipse’s center:

w = 1.0 − d. (2)

We found that this weight creates a smoother interpola-
tion than using the exponential weight proposed in the PPR
algorithm. In our implementation, the exponential weight
leaves clear silhouette traces of the elliptical splats, result-
ing in an artificial looking reconstruction.

The larger the template search kernel’s size, the less lev-
els need to be searched. For the simplest 3 × 3 kernel case,
the coarsest level with a single pixel can be left out, since
the template can cover the entire screen space in the level
below. The propagation of the 32 kernel from a 162 screen
resolution is illustrated in Figure 4.

On the other hand, the larger the kernel, the more tex-
ture fetches are needed. Even so, larger templates tend to
merge less splats during the hierarchy construction phase,
generating smoother reconstructions.

For a typical 10242 resolution, eleven levels are created,
where level 0 contains the full screen size resolution and
level 10 contains only one pixel. As the last level is not nec-
essary, each pixel searches 10 × 32 = 90 positions. Each
level search is carried out in a different shader pass, and for
each, an extra fetch is needed to retrieve the current pixel’s
value, amounting to a total of 100 fetches per pixel with this
configuration.



Figure 5. Same scene rendered with three different kernel sizes. From left to right, the kernel sizes
are 32, 52, and 72. Note how there is little qualitative gain between the 52 and 72 kernels, even though
the performance drops around 38%.

Figure 4. The search coverage for the pro-
jected pixel (highest resolution level) with
a 32 search template. Painted black is the
same pixel represented in different resolu-
tions, while the gray pixels are its search tem-
plate for each level.

The template size is a compromise between quality and
performance. In fact, the 32 kernel achieves frame rates very
close to the PPR algorithm, while a 52 kernel has similar
quality as Surface Splatting. Nevertheless, raising the size
from 32 to 52 pixels, results in an almost 40% decrease in
performance. Larger templates did not amount in any signif-
icant qualitative gain. In Figure 5, a detail of the Armadillo’s

leg is shown for three different kernel sizes.

3.3. Shading

After reconstructing the model, each pixel stores either
an interpolated normal if it belongs to a surface, or is empty
if it is a background pixel. The final buffer is in fact a nor-
mal map from which deferred shading can be easily com-
puted, either with a constant color or with extra shading at-
tributes stored and interpolated per pixel. However, each ex-
tra attribute demands extra buffers to be interpolated dur-
ing the reconstruction, hence, decreasing the performance.
During our experiments we used three buffers: two to store
the basic splat data, and one extra to store color informa-
tion. The normal map and shaded surface for a view of the
Dragon model are depicted in Figure 6.

Figure 6. The normal map (left) is the result of
the interpolation algorithm. On the right, the
final model after the deferred shading pass.



template size

model # points 3 × 3 5 × 5 PPR

Armadillo 173 K 43 24 50

Happy Buddha 544 K 40 23 49

Neptune 2.004 K 28.5 19 32.5

Asian Dragon 3.610 K 20.5 15 21.5

Statuette 5.000 K 15.5 12.5 16.5

Table 1. Rendering performance in FPS for a
7682 screen resolution.

4. Results

The prototype was tested on a GeForce 8800 GTS with
640 MB memory and an Intel Core 2 Duo 6600 CPU (2.4
GHz) with 2 GB RAM. All models had their normals and
splat radius pre-computed. The whole system is imple-
mented using OpenGL and GLSL. We make use of vertex
buffers to transfer the data to the GPU, and all texture and
buffers have 16-bits floating-point elements.

In Table 1, some rendering times are layed out for com-
parison with the Pyramid Point Render algorithm. We pro-
vide timings for the 32 and 52 kernels.

Figure 7. The Dragon tail rendered with a
5 × 5 kernel (left) and with the PPR algorithm
(right). Note how the template strategy ren-
ders smoother silhouettes with less artifacts.

The difference from the template kernels and the com-
pared PPR algorithm falls, as the number of points in-
creases. This is expected, since for large models the time is
dominated by the projection phase, while the reconstruction
is carried out in constant time. Nonetheless, for the smaller
models the difference using the 32 kernel is only of approx-
imately 15%, and can drop to 5% for the larger models. The
frame rates are still very high compared to splatting algo-

Figure 9. A magnified view of Neptune’s head.

rithms, taking in account that the PPR work reported an in-
crease of up to 40%. In Figure 7, a qualitative comparison
between rendering with our algorithm using a 52 kernel and
the PPR algorithm can be observed. Other models rendered
using our system are illustrated in Figures 8 and 9.

5. Conclusions & Future Work

We presented an image-based reconstruction method for
point models that significantly improves the quality of pre-
vious related methods, without dropping the performance
considerably. By rasterizing the elliptical projections in a
similar way to Surface Splatting, the silhouettes are well
preserved. On the other hand, by using an image-space hi-
erarchical structure, the reconstruction remains independent
of the number of splats, achieving high frame rates even for
large models.

The algorithm still depends on the kernel size parame-
ter, as a trade-off between quality and performance. Never-
theless, experiments show that a 5 × 5 template kernel is
sufficient to render high quality images. Even so, the qual-
ity difference between the 32 and 52 templates are more no-
ticeable under magnifications.



Figure 8. From left to right, Sitting Buddha, Neptune and the Statuette model rendered with our
method.

Figure 10. A magnified view of the bottom
sculptures of the Statuette model.

The inability to project more than one center to a sin-
gle pixel remains a limitation of this algorithm, since this
may cause aliasing artifacts for very dense models. How-
ever, we have not visually observed this effect during our
experiments.

Another drawback of the algorithm, is the averaging
scheme, specially for small kernel size. When ellipses are
averaged they are replaced by a single one, which doesn’t
necessary cover their whole area. The problem with creat-

ing a larger ellipse to extend over the averaged ones, is that it
will continue to propagate higher on the pyramid, and even-
tually will merge again, creating a cycle until it reaches the
top level. Nevertheless, this solution still produces less arti-
facts due to the fact that each ellipse only appears once in
the hierarchy. A few artifacts and flickering during anima-
tion are still perceived. However, they are expressively less
than the PPR algorithm.

In all, even though image-space techniques still have
some drawbacks, specially due to resampling problems, it
continues to prove its value by achieving high performance
rates while generating quality images. We are confident that
the performance can still be increased by optimizing the
hierarchical search, without compromising the quality. To
reduce the reconstruction complexity from O(n log n) to
O(n), an independent reconstruction is necessary for each
pyramid level. In other words, each level must reconstruct
the splats in its own resolution, without recurring to level 0.
Even though, at this moment, we are not aware of a way to
achieve this using the templates, while preserving the qual-
ity, we are confident that the complexity constant can be
significantly reduced. Because it is directly associated with
the kernel size, and if each level is able to reconstruct their
own ellipses, a search with template size 1 might be possi-
ble.

As future work, we propose to incorporate a level-of-
detail structure, for example, the Sequential Point Trees pro-



posed by Dachsbacher et al. [5] or the Point Octree struc-
ture proposed by Pajarola [13]. Considering that the recon-
struction algorithm is independent of the projection, these
could be easily integrated allowing even higher frame rates
to be achieved by reducing the projection cost. Addition-
ally, the kernel size can also be chosen dynamically while
traversing the LOD structure, as well as the maximum prop-
agation level of the pyramid.

Another possible improvement is the combination with
other shading techniques, such as shadows and more real-
istic lighting. The inclusion of transparency is also possi-
ble. However, since no ordering is guaranteed during the re-
construction, a method comparable to the k-buffer[1] must
be employed. Likewise, the addition of anti-aliasing tech-
niques to improve even more the silhouettes and render bet-
ter animations is important. At last, it would be a valuable
and natural extension to render splats with perspective cor-
rect projection as well as clipped splats for sharp features.
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