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ORIGINAL ARTICLE

Point-and-edge model for edge-preserving
splatting∗

Abstract We introduce the pointand-edge model for edge-preserving
modeling and rendering. Besides
a set of surface points, the pointand-edge model also includes edge
points representing the sharp edges
in the model. The surface points
and the sharp edges are relatively
independent of each other. We
present a feedback algorithm to
simplify the point-and-edge model

1 Introduction
A point-sampled model, which uses a set of surface points
to represent the geometric shape has become an important model representation format. Algorithms for direct
point rendering have been introduced in recent years [4–
7, 18–20, 25, 26]. In order to reconstruct a hole-free visible surface from the irregular points without any coherence information, a splat is created on the image plane for
each point. Usually, the splat is the projection of a disk
defined on the tangent plane of the surface, which is centered at the point position with a pre-defined radius. The
radii of the disks should be large enough to prevent holes,
and should not be too large to create noticeable artifacts.
The blending among the overlapping regions of nearby
splats generates a smooth surface in the rendering. Artifacts may appear in the regions with high surface curvature, which can be minimized by increasing the point
density. For a sharp edge, which is an important feature especially for man-made objects, a much higher point density is needed to prevent noticeable artifacts even when the
geometry is very simple such as the intersection of two
planes.
∗ This

work has been partially supported by NSF grant CCR-0306438.

with bounded error based on an edgepreserving clustering method. An
efficient constrained splatting method
is used to preserve the sharp edges
in the rendering, regardless of the
surface point density.
Keywords Point-and-edge model ·
Edge-preserving simplification ·
Edge-preserving rendering ·
Constrained splatting

In order to preserve the sharp edges in direct point rendering with relatively low point sampling rate, we present
a point-and-edge model. The point-and-edge model, an
extension of the common point-sampled model, consists
of a set of surface points, and 3D edge points for the sharp
edges. Each sharp edge is represented by an edge point
list. Unlike the splat clipping [26], in which at most two
clip lines are defined on the splat plane (tangent plane of
the model) for every point, in our point-and-edge model,
the surface points and the edge points are relatively independent of each other. The sharp edges do not need to
reside on the tangent planes of the surface points, and the
number of edge segments is not limited by the number
of surface points. Thus, sharp edges can be preserved in
the modeling and rendering, regardless of the surface point
density or the shape of the sharp edges. For model simplification, we use an edge-preserving clustering algorithm to
reduce the number of surface points. In the simplification,
a feedback method is used to limit the surface error within
a given tolerance.
We present an edge-preserving splatting algorithm for
the direct rendering of the point-and-edge model. Splatting is restricted by the edges, so that the sharp edges
can be preserved in the rendering regardless of the surface point density and the viewing direction (Fig. 1). Our
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Fig. 1a,b. The Fandisk model above a checkboard model, with total of 5175 surface points. a Surface points (shown as dots with their
original colors) and edges (shown as red lines) in the point-and-edge model. b Edge-preserving splatting of the point-and-edge model

GPU-based algorithm is an extension of the splat clipping
proposed by Zwicker et al. [26]. Since our model supports
unlimited clip line segments, the accuracy of the sharp
edges is not compromised by the low density of the surface points.
The main contribution of this paper is the point-andedge model for edge-preserving modeling and rendering,
including:
– A point-and-edge model which preserves the exact
sharp edge information regardless of the surface point
density
– An error-bounded edge-preserving simplification
method for the point-and-edge model
– A constrained splatting method for hardware-accelerated edge-preserving rendering

2 Related work
In order to use the splatting-based direct point rendering methods [4–7, 18–20, 25, 26], there are indirect point
rendering systems [2, 9] which fit a piecewise quadratic
function in a local region. In the rendering, these quadratic
functions are resampled or converted into other rendering primitives such as meshes. The sharp edges would
be preserved in the rendering, only if they are detected
in the local fitting process. Ohtake et al. [15] detect the
edges from the point cloud and use different quadratic
functions for the different sides of the edges. Fleishman
et al. [10] use a forward search method in the moving
least squares (MLS) computation to preserve sharp edges.
These indirect rendering methods are usually slower than
the splatting-based methods.
Boolean operations on the point-sampled models
could generate sharp edges. For the splats intersecting
the sharp edges, Adams and Dutré [1] resample them
into several smaller splats to keep the artifacts below

a pre-defined threshold. Pauly et al. [17] clip the splats
against the planes defined by the intersected splats during scan-conversion. Botsch et al. [6] also implement splat
clipping [26] in their Phong splatting method. Wicke et
al. [22] use a software-based renderer for the sharp edges
created by CSG operations. They find the clipping partners in the rendering and use the two closest surfels for the
inside/outside classification. While their methods support
multiple clipping lines, artifacts may appear in some cases
due to the simple classification method. Talton et al. [21]
use silhouette clipping based on Voronoi rasterization for
sparse point sets, which can clip point splats using the corresponding back-facing point splats on the other side of
the edge. This method is unreliable, which fails when both
sides of the edge are front-facing. For the clipping-based
modeling and rendering, the number of clipping lines or
planes is linear to the number of splats along the sharp
edges, and the clipping lines are defined on the tangent
planes of the splats. Thus, for the regions along curved
sharp edges or near corners, the splat density should be
high enough to preserve the original edge shape. In our
point-and-edge model, the sharp edges are accurately preserved regardless of the surface point density.
Bala et al. [3] propose an edge-and-point renderer,
which projects visible edges and shaded points onto the
image plane, followed by a constrained interpolation to reconstruct the hole-free surface in the image space. The
interpolation kernel is restricted by the visible edges for
edge preservation. This method can be adapted to render our point-and-edge models. After projecting the edges
onto the image plane, we splat the surface points and make
sure that the splats do not go through nearby edges. Unlike
Bala et al. [3], both the visible and invisible edges are projected onto the image plane. Depth comparison is used to
constrain the visible splats only by the visible edges. If the
depth difference between the splat and the edge is within
a threshold, the splat cannot go through the edge. This
cannot guarantee artifact-free rendering. For example, in
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Fig. 2a,b. Rendering of a software-based constrained splatting
method similar to [3]. a Artifacts appear inside the two black boxes,
shown in the closeup views. b The blue line is an invisible edge
meeting two visible edges (red lines) at a corner. The black dot
is a visible surface point which is mistakenly constrained by the
invisible edge

Fig. 2, the software-based constrained splatting creates artifacts near the two corners in the rendering. This is because the visible splats are mistakenly constrained by the
invisible edges whose depth difference is within the depth
threshold. In addition, since current GPUs do not support
customized rasterization, this rendering method has to be
implemented in software, resulting in at least one magnitude slower rendering speed compared to our GPU-based
point rendering algorithm. The artifacts shown in Fig. 2
can be avoided by using our splatting-based renderer for
the point-and-edge model, which is a GPU-based method
for efficient and accurate edge-preserving rendering.

3 Point-and-edge model
A point-sampled model is represented by a set of surface
points:
PMn = { pi | pi = (di , n i , ci , ri ), i = 1 to n}

(1)
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the number of edge points, the index of the first edge point,
and whether it is a path or a loop for the ith edge. There are
l edge points in the m edges, which are stored in a linear
order according to E m . In this way, the surface points and
the edges are totally independent, and thus can be modeled
separately.
Throughout this paper, we will use v for the edge
→
points, and p for surface points. −
p−
i p j will be used to
⇒
represent a vector from pi to p j , and pi p j is the corresponding unit vector. Since our point-and-edge model is
designed for splatting-based rendering, each surface point
represents a surface splat on the surface of the model.
From here on, we will use surface point and splat interchangeably.
In order to make use of the programmability of modern GPUs for fast and artifact-free rendering, we add three
constraints to our point-and-edge model.
Constraint 1. If surface point pi intersects with an edge
⇒
segment v1 v2 , |n i · v1 v2 | < Tn . The term n i is the normal
of pi , and Tn is a pre-defined threshold.
Constraint 2. If surface point pi intersects with k edge segments and k > 1, these edge segments should form a linear
connected path v1 , v2 , . . . , vk+1 .
Constraint 3. If surface point pi intersects with k edge segments (a connected path v1 , v2 , . . . , vk+1  according to
Constraint 2) and k > 2, pi should be on the same side of
−→
the k edge segments {−
v−
i vi+1 , i = 1 to k}.
Figure 3 shows an edge segment v1 v2 intersecting with
p
p
a splat pi with radius ri . The terms v1 and v2 are the projections of edge points v1 and v2 on the splat plane. The
term v1 v2 intersects with splat pi when and only when
p p
the distance between pi and v1 v2 is within ri and Con⇒
straint 1 is satisfied (|n i · v1 v2 | < Tn ). This guarantees that
→
v−
the projection of v1 v2 goes through the splat. If −
1 pi ×
→
v
·
n
>
0,
p
is
on
the
right
side
of
edge
segment
v
v−−
1 2
i
i
1 v2 ;

where n is the number of points, di , n i and ci are the position, normal and color attributes of point pi , and ri is the
pre-defined splat radius for hole-free surface splatting.
Our point-and-edge model:
PAE = {PMn , E m , Vl }

(2)

consists of two parts. PMn is a point-sampled model containing all the surface points, and E m , Vl  consisting of
m sharp edges E m = {ei , i = 1 to m} represented by l edge
points Vl = {vi , i = 1 to l}. Each edge ei is represented by
an edge point list, with two neighboring edge points as
a line segment. These connected line segments form a path
or a loop. In the remainder of this paper, we will refer to
these line segments as edge segments. Thus, ei includes

Fig. 3. Constraint 1. Line segment v1 v2 intersects with splat pi
⇒
p p
when and only when v1 v2 goes through splat pi and |n i · v1 v2 |
p p
< Tn , with n i as the splat normal and v1 v2 as the projection of v1 v2
on the splat plane
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otherwise, pi is on the left side of edge segment v1 v2 . In
Fig. 3, pi is on the right side of v1 v2 , or the left side of
v2 v1 .
In the ideal case, an edge segment is on the plane defined by a corresponding intersecting splat, such as in the
splat clipping [26], where the clipping lines are defined on
the tangent plane of the points. When the curvature of the
surface is not zero, or the edge itself is curved, this ideal
case would not stand. In the worst case, the edge segment
is perpendicular to the splat, resulting in bad modeling
and difficulty in edge-preserving rendering. Thus, we introduce Constraint 1 to restrict the deviation of the edge
from the tangent plane of the model. In our experiments,
we set Tn = cos(20◦ ) so that the maximum deviation between the splat and the edge is 20◦ . Constraint 2 and
Constraint 3 are introduced for the sake of efficient GPUbased rendering which will be discussed in Sect. 5. These
two constraints are not necessary in the sense of modeling. Since the main purpose of our point-and-edge model
is for fast edge-preserving rendering, we have added the
two constraints.
In order to avoid the rendering artifacts shown in
Fig. 2, for those surface points intersecting with edges,
the correspondence information should be available. Because of Constraint 1 and Constraint 2, for a point pi
intersecting with the edges, the correspondence can be
represented by index, num, side, where index is the first
edge point index, num is the number of the intersected
edge segments, and side is either left or right, for the side
of the edges that pi belongs to. If there are two edge
segments (num = 2), side value is determined by the relationship between pi and its nearest edge segment. If
num > 2, because of Constraint 3, there is no conflict
for the side value. Since all the edge points are stored in
the order according to the edge they belong to, for the
surface points near a corner or a looped edge, the corresponding edge points may not be stored continuously. If
several edges are connected in a corner, each edge is extended by a portion of one of its neighboring edges to
make our point-edge correspondence representation possible. Similarly, one end of a looped edge is extended by
the other end of itself. This introduces some redundancy in
the edge points, which is a tradeoff for the simplicity of the
correspondence representation, which is essential for our
GPU-based rendering.
Our point-and-edge model can accurately represent
any sharp edge on a manifold surface, including corners.
A surface point near a corner must reside between two
neighboring edges that are connected at that corner. When
the constraints are met, it intersects with either one of the
edges or both of them. If both edges are intersected, according to Constraint 3, the intersected edge segments on
the two edges are connected at the corner. One of the edges
is extended by the other at this corner, and the corresponding edge points for this surface point are linearly stored
in it.

The surface points are classified into four classes, depending on the number of the intersecting edge segments:
Simple point: points do not intersect with any edges
1-edge point: points intersecting with 1 edge segment
2-edge point: points intersecting with 2 edge segments
Complex point: points intersecting with more than 2 edge
segments
Our point-and-edge model can be converted from other
model formats, such as a triangular mesh or an implicit
surface. Edges can also be extracted directly from the
point-sampled model using some existing feature detection methods [10, 12–14, 17]. After acquiring the surface
points and the sharp edges, we upsample the regions near
the sharp edges to satisfy the three constraints if necessary
and classify the surface points into the four classes. For
each surface point, Constraint 1 is used to find the intersecting edge segments. If Constraint 2 or Constraint 3 is
not met, the corresponding region is progressively upsampled until the constraints are satisfied. If a point intersects
with one or two connected edge segments, the constraints
are guaranteed to be met. Thus, we can get a valid pointand-edge model from any existing model.

4 Model simplification
Mesh simplification methods [8, 11] can be adapted to
simplify a point-sampled model. A point-sampled model
can be simplified by clustering methods, iterative simplification, and particle simulation algorithms [16]. Wu
and Kobbelt [23] select a subset of the original points
as a hole-free approximation of the model within a prescribed error tolerance. Progressive splatting [24] uses two
error metrics defined on the splats distance and normal difference in the clustering. These two error metrics are also
used in our simplification method.
4.1 Edge-preserving simplification
We use an edge-preserving clustering method to simplify
the point-and-edge model. Only the surface points are
simplified and the edge points are kept in order to preserve
the edges. Points on the different sides of an edge are prevented from being clustered together. Besides, the three
constraints should not be violated in the simplification.
In the simplification, several nearby splats are clustered together to form a splat in the simplified model. We
refer to the splats in the model to be simplified as old
splats, and the splats in the simplified model as new splats.
Our clustering method uses a region growing algorithm. An unclustered old splat ps is randomly selected
as the seed for a cluster: C = { po }, with C as the set of
old points in the cluster. Nearby old splats are added one
by one based on some rules discussed below. For a cluster C, the center pc and normal n c of the corresponding
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new splat are area-weighted average of the old splats:
 2 

pi ∈C ri pi
 2
(3)
pc = 
pi ∈C ri


ri2 n i
(4)
n c = normalize

Fig. 4. R2 requirement. pa , pb and pc are
weighted averages of { p1 , p2 }, { p1 , p3 }
and { p1 , p2 , p3 }, respectively. pa is on the
wrong side of the edge v1 v2 v3 , while pb
and pc are on the right side

pi ∈C

where the squares of the old splats’ radii are used as the
weight. The radius of the new splat is set as the minimum
length to ensure that the projections of all the old splats in
C on the new splat plane are within the new splat.
Similar to [24], we define two error metrics based on
the splat distance (L 2 ) and normal difference (L 2,1 ) between the old splats and the corresponding new splats:

E d (C) =
| pi pi |
(5)
pi ∈C

E n (C) =



(1 − n i · n c )

(6)

pi ∈C

where pi is the projection of old splat pi on the corresponding new splat plane.
In the clustering, a nearby old splat pi can be added
into the cluster C if it meets the following three requirements:
– R1: pi and pc are on the same side of every nearby
edge.
– R2: The resulting new splat p{C, pi } and pc are also on
the same side of every nearby edge.
– R3: E d ({C, pi }) < Td1 and E n ({C, pi }) < Tn1 , where
Td1 and Tn1 are the given error tolerance.
A candidate set Sa is maintained, which is empty when
a cluster begins. After adding an old splat pi to the cluster,
the unclustered splats in its k-neighborhood Nk ( pi ) satisfying R1 requirement are added to the candidate set. In
our experiments, k = 8 is sufficient when there is no abrupt
change in the surface point density. Thus, Sa contains the
immediate neighbors of the current cluster C, which are
not separated by any sharp edges.
Only those splats in Sa that meet R2 and R3 requirements are valid for adding into C. When there is more than
one valid splat, an error metric is used to select the one
with the minimum error for clustering:
E(C) = αE d (C) + βE n (C)

(7)

where α and β are user-specified weights for the two error
metrics.
The invalid splats in Sa are not considered at this time,
but remain in C. This is because they may be valid after
adding other splats to C first. For example, in Fig. 4, when
C = { p1 }, p2 cannot be added next because the resulting
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new splat pa would be on a different side of edge v1 v2 v3 ,
violating R2. It would become valid when adding p3 first
followed by p2 .
C expands one old splat at a time in this way until no
valid splats can be added. After generating a new splat
from C, if there are still unclustered old splats, C and Sa
are reset to empty to start the next cluster.
The simplification method can be used to construct
a point-and-edge model hierarchy. In a model hierarchy,
we often prefer that the surface point distribution in each
level is relatively even. Thus, we introduce a parameter
smax , the maximum number of old splats in any cluster. In
the simplification, no old splat can be added into a cluster
if the number of old splats inside the cluster reaches smax .
If the points are evenly distributed in the original model,
we will also get a simplified model with relatively even
point distribution. Parameter rmax is the maximum radius
for the new splats, which is used when there is a high
variance in the point density of the original model. In the
simplification, no old splat can be added into a cluster if
the resulting new splat radius exceeds rmax . The user can
change these two parameters to adjust the coarseness of
the resulting model. When there is no point distribution
requirement in the simplification, we can set smax to the
number of old splats in the model, and rmax to the size of
the model bounding box.
4.2 Feedback algorithm for bounded-error simplification
There are two types of errors in the splat-based simplification: (1) error between old splats and the corresponding
new splats, and (2) error between neighboring new splats.
Type 1 error is bounded by the R3 requirement in the
clustering. Type 2 error has not been considered so far, and
large artifacts may appear in areas with high curvature but
without sharp edges (Fig. 5). In order to take care of type
2 error, we extend the simplification method described
above and introduce a feedback algorithm for boundederror simplification.
Type 2 error can be defined as the maximum distance
between the overlapping parts of two neighboring new
splats which are not separated by any sharp edges. For two
splats pi and p j with radii ri and r j , respectively, the error
is:


(8)
E 2 ( pi , p j ) = max | p, p |, | p p j | ≤ r j
p

402

H. Zhang, A.E. Kaufman

splat are not blended with neighboring splats under any
offset value.
We use a feedback algorithm to create a simplified
model with bounded type 2 error. Below is the implementation of the feedback algorithm using a type 2 error tolerance Td2 . Using this feedback algorithm, we can achieve
adaptive simplification with bounded error:
Step 1. Put all old splats in the unclustered old splat set Pu .
Set new splat set Pn to empty. The terms smax and rmax are
the user-defined parameters for maximum cluster size and
splat radius in the simplification method.
Step 2. Cluster Pu using our edge-preserving simplification method. After the clustering, k clusters are generated:
C = {C1 , C2 , . . . , Ck }. Pu becomes empty.
Step 3. Add the generated k new splats into Pn . For any
neighboring splat pair ( pi , p j ) in Pn , if E 2 ( pi , p j ) > Td2 or
E 2 ( p j , pi ) > Td2 , delete pi and p j from Pn , and move all
corresponding old splats in Ci and C j to Pu .
Fig. 5a–d. Artifacts caused by the discrepancy between neighboring splats. The Fandisk model is simplified using smax = 16.
a Without error restriction resulting in 1154 points. b The corresponding rendering with artifacts caused by large type 2 error.
c Simplified model (1529 points) from the feedback algorithm with
error tolerance as 1.5 times the original model maximum type 2
error. d The corresponding rendering

where p is any point on pi splat plane and within the
radius (| p pi | ≤ ri ), and p is the projection of p on p j
splat plane. This error has a large effect on the point
splatting rendering method. In order to blend neighboring splats together, nearly all point splatting methods use
a visibility splatting pass, in which the depth value is
moved away from the viewer by an offset. To avoid artifacts from the discrepancy between two neighboring splats
pi and p j , this offset should be above E 2 ( pi , p j ) and
E 2 ( p j , pi ) (the two errors can have different values). If the
error becomes too large, resulting in a very large offset,
not only the rendering speed is affected, but also artifacts are introduced by blending invisible splats together.
Furthermore, rendering artifacts from this error are viewdependent. Under some view directions, some parts of the

Step 4. Set smax = smax /2, rmax = rmax /2. Go to Step 2 if
Pu is not empty.
Figure 6 shows the Fandisk model at four different
point densities. Figure 6a is the original model with 13645
points. Figures 6b–d are the simplification results using
our feedback algorithm with 3826, 2248, 1529 surface
points, respectively. The error tolerance is set to be 1.5
times the maximum type 2 error in the original model,
with the maximum cluster size smax as 4, 8, 16, respectively.

5 Edge-preserving splatting
Bala et al. [3] use a software-based rendering method to
reconstruct the continuous surface from visible shaded
point samples and edges. While their method can be
adapted to render our point-and-edge model, their software-based method is slow compared to some existing
GPU-based splatting algorithms [4–7, 19, 26]. In order to
take advantage of modern GPUs, we use a GPU-based

Fig. 6a–d. Point-and-edge model simplification using our feedback algorithm. a Original model. b–d Simplified model using smax =
4, 8, 16, respectively

Point-and-edge model for edge-preserving splatting

403

Fig. 8a–c. View-dependent convexness of 2-edge point. a 2-edge
point pi is intersecting with two edge segments v1 v2 and v2 v3 .
b Concave from viewpoint A. c Convex from viewpoint B

Fig. 7a–h. Edge-preserving splatting. a, b 1-edge points. c 2-edge
point (convex). d 2-edge point (concave). e–g Complex points.
h Invalid complex point which is prevented by Constraint 3

rendering algorithm, whose splat rasterization process is
designed to preserve the sharp edges. Unfortunately, the
GPU does not support customized rasterization in its
pipeline. Thus, we adopt the splat clipping technique [26]
and extend it for our edge-preserving splatting.
Most of existing GPU-based point splatting methods
use a three-pass algorithm: visibility splatting pass, attribute splatting pass, and normalization/shading pass.
Our edge-preserving splatting is also based on this threepass algorithm. In the visibility splatting pass, the model
is rendered with only depth buffer enabled, and the depth
values are moved away from the viewer with a small offset. In the attribute splatting pass, with depth test enabled
and update disabled, the model is rendered into the frame
buffers. With floating-point precision blending which is
available on modern GPUs, overlapping splats on the visible surface are blended together. If per-splat shading is
used, shaded splat colors are computed and stored in
a frame buffer. If a more complicated shading method is
chosen, we use the Botsch et al. [4] rendering technique
by splatting different needed attributes into multiple frame
buffers, such as normal, surface position, etc. In the final

pass, the accumulated attributes are normalized by the accumulated weights, and if necessary per-pixel shading is
computed accordingly.
In our point-and-edge model, surface points are classified into four classes: simple points, 1-edge points, 2-edge
points, and complex points. For the simple points, there
is no edge constraint in the splat rasterization. Because
our point-and-edge model is mainly used for man-made
objects with sharp features, which usually contain many
regions with low surface curvature, it does not require high
point density in those regions, resulting in large splat size.
With large splat size, it is very important to get accurate
splat rasterization. We adopt the ray casting method [6]
in order to get accurate perspective splats. In the fragment shader, the intersection between the ray through the
pixel and the splat plane is computed, and the distance
between the intersection and the splat center is used to determine whether this fragment should be discarded. If not,
the blending weight is computed according to the distance.
When the projected splat size is smaller than one pixel,
the intersection may be outside the splat radius and there
would be no contribution from this splat. In order to avoid
this problem, in our algorithm, if the projected splat size s p
is smaller than one pixel, we omit the intersection computation and use s 2p as the weight for blending.
For the 1-edge points (Fig. 7a,b), each splat is
constrained by one edge segment. The splat clipping technique [26] is extended by computing the image plane
positions for the edge segment in the vertex shader and
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Fig. 9. GPU-based edge-preserving splatting for the Fandisk model

determining the clipping on the image plane in the fragment shader. For the 2-edge points (Fig. 7c,d), each splat
is associated with two edge segments. Convexness of the
edge segments should be determined in the vertex shader
for correct clipping. If it is convex relative to the splat center (Fig. 7c), the fragment is discarded if it is clipped by
either of the edge segments. If it is concave (Fig. 7d), the
fragment is discarded if it is clipped by both of the edge
segments. Since the edge segments may not reside on the
splat plane, this convexness is view-dependent and should
be determined on the image plane. For example, in Fig. 8,
the edge segments can be either convex or concave from
different viewpoints.
For the complex points associated with more than two
edge segments, each splat is segmented into one 2-edge
point and a connected group of triangles (triangle fan). In
Fig. 7e, the complex point pi is associated with four line
segments v1 v2 v3 v4 v5 . It is segmented into a 2-edge point
with v1 pi v2 as its clipping edge segments, and four connected triangles (∆v1 pi v2 , ∆v2 pi v3 , ∆v3 pi v4 , ∆v4 pi v5 ).
Because of Constraint 3, the invalid case in Fig. 7h is impossible. These triangles may not totally reside inside the
splats, such as ∆v1 pi v2 in Fig. 7e, ∆v3 pi v4 in Fig. 7g,
etc. In the rendering of these triangle fans, the ray-splat
plane intersection computation is also needed to discard
the fragments outside the splat radius.
Different vertex/fragment shaders are designed for
simple points, 1-edge points, 2-edge points, and the triangles for efficient rendering. Figure 9 shows the rendering
of the simple points, 1-edge points, 2-edge points, triangles and the final image of the Fandisk model.

test models used in this paper, the simplification times
range from 2 to 58 seconds. For example, the simplification times for the Fandisk model in Fig. 6 are 13, 19, and
29 seconds for Fig. 6b–d, respectively.
Figure 10 compares the rendering of the Fandisk model
at different surface point densities using point-and-edge
rendering (edge-preserving splatting) and point-sampled
rendering (unconstrained splatting). Table 1 summarizes
the corresponding rendering times and memory sizes. We
compute the rendering performance by sending all the
point primitives in the model to the rendering pipeline
without any culling under an image size of 800 × 800.
The rendering speed is affected by the number of surface
points, the projected splat size on the image plane, and the
percentage of surface points near the edges.
Figures 10g to 10k are the point-and-edge renderings
of the Fandisk model at different resolutions, ranging from
53 794 to 1529 surface points. Sharp edges are preserved
regardless of the surface point density. Figure 10b is the
unconstrained splatting using the 13 645 surface points
from the model of 10h. There are noticeable artifacts near
the sharp edges. After upsampling the surface points near
the edges, resulting in 39 910 surface points, these artifacts
are eliminated and sharp edges are preserved (Fig. 10d).
However, when the viewpoint moves much closer to the
surface of the model, the edges become blurred as shown
in Fig. 10e. Figure 10f is the same closeup rendering of the
point-and-edge model with only 1529 points, whose sharp
edges are preserved regardless of the viewpoint position.
Table 1. Rendering time and memory size for the Fandisk model at
different resolutions with image size 800 × 800. PAE denotes our
point-and-edge model, and PM for point-sampled model

6 Results
We have implemented our edge-preserving simplification algorithm and the GPU-based constrained splatting
method for the point-and-edge model. The tests have been
conducted on a Xeon 2.40 GHz PC with a GeForce 6800
Ultra graphics card. The vertex/fragment shaders are written in the Cg language.
The running time for our simplification method is related to the number of surface points, the cluster size, type
2 error tolerance, and the geometry of the model. For the

Model
type

Surface point
number

Memory size
(byte)

Rendering time
(ms)

PM
PM
PM
PAE
PAE
PAE
PAE
PAE
PAE

215 149
39 910
13 645
215 149
53 794
13 645
3826
2248
1529

6 884 768
1 277 120
436 256
7 208 456
1 900 772
531 764
162 404
103 652
72 160

16.8
7.8
6.2
17.5
9.3
8.1
8.4
9.8
9.6
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Fig. 10a–k. Rendering of the Fandisk model. Parts a and c are the point distribution; b and d are the corresponding unconstrained splatting. The model of d is generated by upsampling the points near the edges in the model of b. Parts g–k are the point-and-edge renderings
of the model at different point densities. Parts e and f show two corresponding closeup renderings of a small region at a corner of the
model from d and k, respectively, when the viewpoint is near the surface

Fig. 11a–d. Machine Part model. Parts a and c show the point distribution (grey dots) and the sharp edges (red lines) with 65 440 and
5901 surface points, respectively. Parts b and d are the corresponding rendering

From Table 1, we can see that the point-and-edge rendering is slightly slower than the point-sampled rendering.
This is due to the extra cost for computing the edge image
space position and edge clipping, and switching between

different shaders. For the model with 215 149 points, the
rendering time for the point-and-edge model is 17.5 ms, or
12.3 M point/second, while for the point-sampled model,
it is 16.8 ms, or 12.8 M point/second. When the point
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Fig. 13a,b. Point-and-edge rendering. a With edge anti-aliasing for
the edges between two visible surfaces (the closeup views of the
regions inside the black boxes are shown nearby). b With shadow
mapping

in the final image such as in the checkboard shown in
Fig. 12a. This is because we use the center of the pixel to
determine the clipping in the fragment shaders. For those
pixels that the edge goes through, the contribution comes
from only one side of the edge. If the surface point density
on the two sides of the edges are relatively the same, for
the purpose of edge anti-aliasing, we can revise the fragment shaders and use the four corner of the pixel to determine the clipping. Assuming the clipping results from the
four corners are s1 , s2 , s3 , s4 , with s j = 0 for clipping and
s j = 1 otherwise, this pixel is on the edge if s1 , s2 , s3 , s4 do
not have the same value. We do not discard this fragment,
but change the weight of this fragment by multiplying it by
a coverage weight we :
Fig. 12a,b. Rendering of a checkboard model. The closeup views of
the regions inside the blue boxes are shown nearby. a Without edge
anti-aliasing. b With edge anti-aliasing

density is high, the rendering time decreases with the surface point densities in the point-and-edge model. When
the point density decreases under a certain value, the rendering time remains roughly the same or even increases
a bit when the point density continues decreasing. This is
because the projected splat size is large enough that the
total number of the generated fragments is roughly the
same regardless of the number of the splat primitives. The
fragment shader becomes a bottleneck in the rendering
pipeline. The reduction in the memory size is significant
for the lower resolution model. For example, the model
with 1529 points uses only 14% of the memory for the
model with 13 645 points, without significant difference in
the rendering time and quality.
Figure 11 shows the rendering of a Machine Part
model. Figure 11a is the model with 65 440 surface points
and 24 sharp edges, and Fig. 11b is the corresponding
rendering. This model is simplified in 58 seconds into
5901 surface points (Fig. 11c,d) using our simplification
method. The rendering times are 13.9 ms and 7.9 ms for
Figs. 11b and 11d, respectively.
The sharp edges are preserved in the rendering of our
point-and-edge models, but these edges may be aliased

we = (s1 + s2 + s3 + s4 )/4

(9)

From Fig. 12b, we can see that this only works for
the edges between two visible surfaces. For an edge as
a boundary or silhouette in the final image, only the points
on one side of the edge make the contribution, resulting in
no effect of this coverage weight after the normalization in
the normalization/shading pass.
Figure 13a is another example using edge anti-aliasing.
Figure 13b shows the rendering of a mushroom model
with shadow mapping. Three frame buffers are used to
store the accumulated surface position, normal, and color,
and an additional pass is used to render the depth from the
light source direction. In the shading pass, this information
is used to get the final rendering with shadow.

7 Conclusions and future work
This paper introduces a point-and-edge model to represent
models with sharp edges. An edge-preserving simplification method is presented in order to create the model hierarchy. We can generate a simplified model with bounded
error using a feedback algorithm. An efficient constrained
splatting algorithm is used for the direct rendering of the
model, which utilizes the advanced features of modern
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GPUs. This representation is intended to model objects
with sharp edges so that relatively low point density is required while preserving the edges in the rendering. This
is a hybrid model, which capitalizes on the advantages of
both the unstructured point-sampled model and the structured mesh model.
Besides the geometric sharp edges, our point-and-edge
model can also be used for texture discontinuity, such as
the checkboard (Fig. 12). Instead of upsampling of surface
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points near the texture discontinuity, edges can be added to
preserve the discontinuity.
There is room to improve our simplification method.
Because the seed for clustering is randomly selected, the
surface points on the simplified model are not optimally
distributed. We will also explore other methods for edge
anti-aliasing for the constrained splatting. One possible
solution is to find and smooth the visible edges in the final
image with the knowledge of the edge information.
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