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Abstract — Point cloud rendering has a vital role in the user 
Quality of Experience for applications adopting point cloud based 
representations. While this is not a new area, it has recently 
become more relevant with the recent interest on point cloud 
coding by major standardization groups, notably JPEG and 
MPEG. The screened Poisson surface reconstruction is a state-of-
the-art technique for generating a watertight surface mesh from 
the point cloud samples. While its screening component allows the 
surface to better fit the cloud points, this fitting may lead to 
undesired artifacts in the surface, notably when the point cloud is 
noisy. This paper proposes to improve this reconstruction method 
by making it more robust to noise by adopting a generalized 
Tikhonov regularization term. The proposed regularization 
approach smooths regions that should be flat while keeping the 
important details in the edges, thus creating more pleasant surface 
reconstructions. 
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generalized Tikhonov regularization, denoising 

I. INTRODUCTION 
Point clouds (PC) have recently emerged as a powerful 

format for the representation of 3D scenes, allowing their 
interactive visualization from virtually any viewpoint [1], [2], 
[3]. Point clouds represent the geometry of the scene as a set of 
points in a 3D coordinate system, as well as color information 
and other attributes for each point. Point cloud coding [4] is an 
emerging research area which is gaining the interest of 
international standardization groups like JPEG and MPEG as it 
has numerous applications, from real-time communication to 
virtual and augmented reality interaction [5]. 

However, since most available displays are still conventional 
2D displays, it is necessary to render the 3D point cloud data 
into a 2D projection using some rendering algorithm. In this 
context, the rendering process becomes of utmost importance to 
offer high quality visual experiences, given that the end user will 
only see these resulting rendered images [6], [7], [8]. Because 
point clouds may involve a considerable amount of data, 
research for efficient lossy and lossless coding algorithms is 
very active [5].  In the point cloud processing pipeline, both the 
coding and rendering processes together determine the quality 
of the final user experience and thus the impact of rendering 
cannot be neglected, even because it cannot be simply avoided 

as it may happen for coding by using lossless or perceptually 
lossless coding solution. 

A common class of methods to perform point cloud 
rendering consists in reconstructing a surface/mesh from the 
point cloud, and only then rendering the 2D images. Screened 
Poisson surface reconstruction (SPSR) [9], available in the Point 
Cloud Library (PCL) [10], is a state-of-the-art rendering 
technique that creates a watertight surface from the point cloud, 
which is represented by a 3D mesh. By using a screening term, 
acting as an interpolation constraint, the generated surface is 
encouraged to pass through the cloud points, thus achieving a 
high-fidelity reconstruction. However, as noted by the authors, 
when the input point cloud is noisy, this technique will create a 
surface that interpolates this noise, leading to undesirable 
reconstruction artifacts. 

To mitigate this problem, this paper proposes the addition of 
a generalized Tikhonov (GT) regularization [11] term to the 
objective function adopted in [9]. This GT regularization, which 
is often used in image restoration applications, can be 
considered as a quadratic total variation. The use of this GT 
regularization makes the screened Poisson surface 
reconstruction method more robust to noisy point clouds, 
eliminating artifacts that would appear otherwise, while 
maintaining the detail of the reconstructed surface, thus 
achieving a better user Quality of Experience (QoE). 

This paper is organized as follows: Section II introduces 
related work on point cloud rendering. Section III presents an 
overview of the screened Poisson surface reconstruction 
technique, while Section IV describes the proposed generalized 
Tikhonov regularization improvement and its implementation. 
Finally, Section V presents and discusses the obtained results, 
and Section VI concludes the paper. 

II. POINT CLOUD RENDERING: A BRIEF REVIEW 
Point cloud rendering techniques can be broadly grouped 

into two main categories: direct rendering and indirect 
rendering. 

A. Direct Rendering 
This type of techniques renders the 2D images directly from 

the point cloud data. The most straightforward method is to 
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project the 3D points into a 2D image; however, several issues 
may arise in the rendered image, such as holes (gaps between 
2D pixels where 3D points are scarce) and the inappropriate 
projection of points that should be occluded for the rendered 
view point, i.e. points belonging to an object which is behind 
another object may still be projected and visible, even though 
they should not be visible. 

Several methods for direct point cloud rendering involving 
splats have been proposed in the literature [12], [13], [14].  A 
splat is an ellipse or circle which is placed on a point and aligned 
with its tangent plane. In these rendering methods, splats are 
assigned to each point in the 3D (object) space, and are then 
projected into the 2D image (texture space). By using splats, 
these rendering methods fill the holes that would appear with a 
simple point projection. In addition, they also consider the 
occlusion issue by discarding the 3D points which belong to an 
occluded object (occlusion culling) or to the backside of an 
object (back-face culling), and thus are not visible anymore as 
desired. 

Recently, MPEG has adopted a rendering software for its 
Point Cloud Compression (PCC) activity proposed by 
Technicolor [15]. In addition to points and splats, this solution 
can also use cubes placed in the points’ locations, with selectable 
sizes, thus allowing some degree of hole filling. However, it 
does not take visibility culling into account. 

While these methods may have low complexity in general, 
for high density point clouds with low shape complexity, i.e. for 
point clouds containing many points to represent simple surfaces 
that could be represented with much fewer points, the rendering 
of meshes can be advantageous. 

B. Indirect Rendering 
In this type of techniques, an intermediate 3D format, such 

as a mesh, is firstly obtained from the point cloud, and the 2D 
images are rendered from this intermediate format. A 3D mesh 
is a collection of vertices, edges and faces that defines the shape 
of an object; the faces usually consist of triangles (creating 
triangle meshes), quadrilaterals, or other simple convex 
polygons, since this simplifies the rendering process. The 
process of converting a point cloud to a mesh is essentially an 
inverse problem, where an approximation of the surface of the 
real object which is only represented with the given point 
samples has to be found. 

The reconstruction of surfaces from oriented point samples, 
this means point clouds with normal associated to each point, 
has been a well-studied problem in computer graphics [16]. 
Some approaches involve interpolating most of the points to 
create a triangular mesh, using techniques such as Delaunay 
triangulation [17], [18], which are designated as combinatorial 
algorithms. However, as these techniques are typically 
susceptible to noise, a different type of approach using implicit 
functions has emerged. In this case, a 3D indicator function 
representing the object is initially obtained, and then the surface 
is extracted. The 3D indicator function has a value of zero on the 
surface, less than zero inside the object and greater than zero 
outside. 

In [19], a Fourier transform-based reconstruction method is 
used. To compute the indicator function, its Fourier transform is 
firstly considered, in which the Fourier coefficients are 
determined by a volume integral of the indicator function. Using 
the Stokes’ Theorem, this volume integral can be expressed as a 
surface integral, which solely depends on the points’ positions 
on the surface and their respective normals, given as input data. 
Thus, the Fourier coefficients can be easily computed, and the 
indicator function is obtained by using the inverse Fourier 
transform. This method results in watertight surfaces. 

A similar approach is proposed in [20], in which there is a 
connection between the indicator function of an object and the 
oriented points sampled from its surface (point cloud plus 
normals). In this case, the gradient of the indicator function is 
equal to the normal vectors at the surface of the object, as 
illustrated in Fig. 1. The problem of computing the indicator 
function can then be formulated as a Poisson equation, hence the 
name Poisson surface reconstruction, which is mathematically 
equivalent to the approach proposed in [19]; the two solutions 
yield similar results, with the advantage of lower complexity for 
the Poisson solution as it allows scalability. This method was 
later extended in [9] to include interpolation constraints, in order 
to achieve a tighter fitting of the reconstructed surface to the 
input point cloud. However, it loses robustness to noise, creating 
artifacts in the reconstructed surface for noisy point clouds. 
Nevertheless, this method is currently the state-of-the-art and it 
is available in the popular PCL software. As the solution 
proposed in this paper extends the so-called Screened Poisson 
surface reconstruction (SPSR) rendering solution [9], it will be 
presented with more detail in Section III. 

III. SCREENED POISSON SURFACE RECONSTRUCTION: A REVIEW 
Poisson surface reconstruction is a method for 

reconstructing 3D surfaces from point clouds, which is based on 
an implicit function fitting approach. In this type of fitting 
approach, the indicator function defining the object is firstly 
computed, and then a mesh representing the surface is extracted 
using well-known methods. 

Considering the gradient of this indicator function, it will be 
zero inside and outside the object, where the function is constant, 
while at the surface of the object it can be interpreted as a normal 
vector field. Thus, the point cloud with normals at its points 
corresponds to samples of this normal vector field (oriented 
point samples). The architecture of this rendering solution is 
shown in the top half of Fig. 2, and the various steps of this 
method are presented in the following. 

A. Octree Discretization 
Initially, the 3D space must be discretized for the 

representation of the indicator function. A traditional octree 
structure is used as it allows a high resolution near the points at 
the surface, while limiting the computational requirements. The 
3D space is divided into 8 octants, and each octant containing 
points is recursively divided into smaller octants, until the 
desired octree depth is reached [21]. The octree is later enriched 
by adding nodes at coarser depths to allow a faster computation 
of the reconstruction algorithm.  
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Fig. 1. 2D illustration of Poisson surface reconstruction [20]. 

B. Oriented Point Samples to Continuous Vector Field 
Transformation 
To determine the object’s indicator function, it is primarily 

required to obtain a continuous normal vector field from its 
original samples, i.e. the points with associated normals. With 
the 3D space discretized as an octree, a basis function ܤ௜, ݅ ∈[1, ܰ] is associated to each octree node, typically a B-spline 
centered at each node and scaled according to its size. Then, the 
normal vector field ܸ ሬሬሬ⃗  is represented as a linear combination of 
these B-splines and the normal vector of each point sample. 
Since point clouds can be sampled non-uniformly, the 
contribution of each sample is further filtered according to the 
sampling density at each point. That is, in regions with higher 
sampling density, each sample has a smaller weight. 

C. Vector Field to Object Reconstruction 

Given the normal vector field, ܸ ሬሬሬ⃗ , a 3D object has to be 
computed, represented by a volumetric indicator function χ , 
which has a zero value on the object’s surface, less than zero 
inside the object and greater than zero outside. Furthermore, the 
indicator function gradient should correspond to the normal 
vector field (∇߯ = ܸ ሬሬሬ⃗ ). Thus, the surface reconstruction problem 
may be formulated as the following variational problem: minఞ ∫ฮ∇߯(ݍ) − ܸ ሬሬሬ⃗ ݍฮଶ݀(ݍ) + ߙ ∑ ଶ௦∈ௌ‖(ݏ)߯‖ߚ
where ‖ ‖ denotes the standard Euclidean norm, ݏ is a point in 
the point cloud ܵ, ݍ is a point in the 3D space, ߙ is the weight 
expressing the importance of fitting the point samples (screening 
term parameter), and ߚ is a value depending on the point cloud 
sampling density. The second term corresponds to the screening 
term, which explicitly encourages the indicator function to have 
zero value at the sample (point cloud) positions, thus signaling 
that these points should belong to the surface. The minimum in 
(1) can then be obtained by solving a screened Poisson equation: (Δ − αܫሚ)߯ = ∇. ܸ ሬሬሬ⃗
where Δ  is the Laplacian and ܫሚ  an appropriately defined 
operator. To transform the previous continuous equation into a 
finite dimensional system of equations, discretization is applied 
with respect to the previous basis functions ܤ௜  resulting into: 〈(Δ − αܫሚ)߯, 〈௜ܤ = 〈∇. ܸ ሬሬሬ⃗ , ,〈௜ܤ ݅ ∈ [1, ܰ]
The indicator function ߯  can also be expressed as a linear 
combination of the basis functions ܤ௜  as: ߯(ݍ) = ∑ ே௜ୀଵ(ݍ)௜ܤ௜ݔ

Thus, computing the indicator function sums up to finding the 
coefficients ݔ௜ in (4) by solving a linear system ݔܣ = ܾ, where ܣ௜௝ = ൻܤߘ௜, ௝ൿܤߘ + ,௜ܤߚൻߙ ௝ൿ and ܾ௜ܤ = ൻ ሬܸ⃗ , ௜ൿܤߘ

Since an octree was defined, this linear system is solved 
using a multigrid algorithm. B-splines are separated according 
to the depths of their corresponding nodes and a linear system is 
defined for each depth. The indicator function is then given by 
the sum of the solutions (coefficients ݔ) for the linear systems 
for every depth, each affecting its corresponding B-spline.  

D. Mesh Generation 
After solving the previous system, a 3D object is obtained, 

represented as an indicator function. To generate a surface mesh 
from this 3D object, an isosurface (i.e. a surface representing 
points with the same value – isovalue) extraction method is 
applied. The zero value (per definition corresponding to the 
object surface) is selected as the isovalue to define the object 
surface. In the screened Poisson surface reconstruction, an 
adaptation of the Marching Cubes algorithm [22] is used to 
extract the isosurface.  

IV. IMPROVING SCREENED POISSON SURFACE 
RECONSTRUCTION 

A major limitation of the screened Poisson surface 
reconstruction method reviewed in the previous section is the 
potential overfitting of the surface when the original point cloud 
is very noisy, leading to a surface with many artifacts. To 
mitigate this problem, this paper proposes a variation for the 
vector field to object reconstruction solution where a 
generalized Tikhonov regularization is performed at the finest 
level of the octree depth. 

In this proposed modification, the multigrid algorithm 
described in Section III.C is used up to the last octree depth 
level, where the problem is then revisited to design a solution 
including a GT term. To solve the new regularization problem, 
a gradient descent method has been adopted. The architecture of 
the proposed improved regularization solution is presented in 
Fig. 2. The modifications regarding the original screened 
Poisson surface reconstruction method will be described in the 
next sections.  

A. Generalized Tikhonov Regularization 
The novel GT regularization approach adds a term to the 

surface reconstruction minimization problem that forces the 
smoothing of the indicator function [11]. However, since the 
reconstructed surface is obtained by extracting the isosurface 
with zero value, the edges and other details of the surface are 
preserved, while most of the noise is removed. By introducing a 
generalized Tikhonov regularization term in (1), the 
minimization problem becomes: minఞ ∫ฮ∇߯(ݍ) − ܸ ሬሬሬ⃗ ݍฮଶ݀(ݍ) + ߙ ∑ ଶ௦∈ௌ‖(ݏ)߯‖ߚ + (߯)߶ߣ
where ߣ  is a regularization parameter expressing the weight 
attributed to the GT term given by: ߶(߯) = ∑ ∑ (ݏ)߯| − ଶ௢∈ை(௦)௦∈ௌ|(݋)߯
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Fig. 2. Architecture of the improved screened Poisson surface reconstruction method, detailing the novel generalized Tikhonov regularization procedure. 

where ܱ(ݏ) are the existing adjacent neighboring nodes, up to 
26 considering a 3×3×3 cube. Thus, the GT regularization is 
the norm of a gradient of the indicator function, and may be 
considered as a quadratic total variation. While in [23] a 
regularization method of similar form was presented to improve 
surface extrapolation where point data is missing, this GT 
regularization presents advantages in both extrapolation and 
denoising, due to the smoothing effect. 

The minimization problem in (6) can be rewritten as: min௑ ଵଶ ‖ܻ − ଵܺ‖ଶܪ + ଵଶ ଶܺ‖ଶܪ‖ߙ ߣ +                                          + ∑ ∑ ௦ܥ)| − ௢)்ܺ|ଶ௢∈ை(௦)௦∈ௌܥ
where  ܪଵ, ܪଶ, ܻ, ܺ and ܥ௦ are matrices of suitable size, whose 
elements are: ܪଵ௜௝ = ൻܤߘ௜, ௝ൿܤߘ ଶ௜௝ܪ , = ൻܤߚ௜, ௝ൿܤ , ௜ܻ =ൻ ሬܸ⃗ , ௜ൿܤߘ , ௜ܺ = ௜ݔ  and ܥ௦௜ = (ݏ)௜ܤ . Solving (8) amounts to 
compute the solution of a large system of equations. This 
solution is obtained using the gradient descent optimization 
method. 

B. Gradient Descent Minimization 
Gradient descent is an iterative optimization method which 

generates a descent sequence ෠ܺ (௜) , for ݅ = 1, … , ݏ݊݋݅ݐܽݎ݁ݐ݅ , 
updating based on the information of the previous iteration [23]. 
However, the gradient descent method can take many iterations 
to converge to the minimum since it is a first order method [23]. 
As such, a Nesterov type accelerated gradient descent method 
was implemented instead, allowing a much faster convergence 
rate [23]. This has been done by updating the solution ෠ܺ (௜) not 
only with the information of the previous iteration ෠ܺ (௜ିଵ) but 
also with the one of two iterations before ෠ܺ (௜ିଶ) , effectively 
becoming a second order method. The solution at iteration ݅ of 
the gradient descent method is given by: ෠ܺ (௜) = ܻ(௜ିଵ) − ௑෠|(ܺ)ܮߘߛ (೔షభ) 
where ߛ  is the step size, ܮߘ(ܺ)|௑෠ (೔షభ)  is the gradient of the 
objective function evaluated for the solution at the previous 
iteration ݅ − 1, and 

ܻ(௜ିଵ) = ෠ܺ(௜ିଵ) + ௜ିଶ௜ାଵ ൫ ෠ܺ(௜ିଵ) − ෠ܺ(௜ିଶ)൯
The value for the step  ߛ must be carefully selected as a too 

small value leads to a long convergence time while a large value 
may not lead to convergence. In [25] it is shown that, to 
guarantee convergence, the step  ߛ is calculated such that ߛ ≤ ଵ௅, 
where ܮ is the Lipschitz constant of the gradient of the objective 
function ܮߘ(ܺ). 

V. PERFORMANCE ASSESSMENT 
Several tests were designed to assess the performance of the 

SPSR method, with and without the proposed GT regularization 
term. The adopted test conditions are: 

 Point cloud datasets: Statue Klimt, Egyptian mask, Frog67 
and Head39 from the MPEG Call for Proposals for Point 
Cloud Compression [5]. 

 Reconstruction parameters: The PCL default parameters 
for the SPSR method have been used [10]. 

A. Screening Parameter α Impact 
To set a reference benchmark for further tests, the original 

SPSR method [9] has been assessed using different values for its 
parameter α, notably 0, 1, 2, 4, 8 and 16; in this case, the GT 
regularization parameter λ is set to zero, thus it has no 
interference. The results for the Statue Klimt point cloud are 
shown in Fig. 3 and allow concluding: 

 The resulting surface is very rugged, with a more prominent 
blob-like effect on the arms, face and hair of the woman, and 
child. 

 As α increases, this effect is attenuated and the surface 
becomes more regular, i.e. it gives a better sense of the shape 
of the object and becomes more pleasant. This is explained 
by the fact that the screening term forces the surface to better 
fit the original points. 

 However, some disturbing artifacts caused by point cloud 
outliers become more noticeable with the increase of α, as 
may be seen on the legs of the woman. 
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Fig. 3. Statue Klimt point cloud reconstructed with the SPSR method:  from 
left to right, the screening parameter α takes values 0, 1, 2, 4, 8 and 16. 

B. Generalized Tikhonov Regularization Parameter λ Impact 
Now, the effect of the GT regularization term is studied by 

setting its parameter λ to a wide range of values, notably 0.001, 
0.005, 0.01, 0.05 and 0.1; in this case, the screening parameter α 
is set to zero, thus the screening term has no impact on the 
reconstructed surface. The results for the Statue Klimt point 
cloud are shown in Fig. 4 and allow concluding: 

 A stronger smoothing effect is present in comparison to the 
screening term impact, which allows eliminating most of the 
noise impact as well as the artifacts caused by outliers. 

 This denoising feature is a well-known GT regularization 
attribute, namely the ability to smooth noisy flat regions. 
Since it is the indicator function that is smoothed, when 
extracting the isosurface the important edges are preserved. 

 However, this smoothing comes at the price of some loss of 
details when λ is increased too much; for example, this is 
visible in the face of the woman and in legs of the child. 

 Nonetheless, when comparing to the screening term results, 
the proposed GT regularization with λ=0.01 presents the best 
subjective performance of the previous tests. 

C. Combined Impact of α and λ Parameters 
Since the screening regularization term and the proposed GT 

regularization have distinctive features and reconstruction 
impacts, the joint use of both terms is evaluated, using 
combinations of the α and λ values previously tested. Fig. 5 and 
0 show a comparison between the reconstruction results 
obtained with the reference method (with α=4), with the GT 
regularization only (λ=0.01), and with the proposed 
reconstruction method where the screening term and the novel 
generalized Tikhonov terms are combined with α=4 and λ=0.01. 
From these results, the following conclusions may be taken: 

 With the proposed method, smoothing of flat regions is 
obtained while a high level of detail is still present. Artifacts 
caused by outliers have disappeared or have been greatly 
attenuated, due to the GT regularization term. 

 The combination of both regularization terms achieves a 
denoising effect without compromising the details of the 
reconstructed object. This can be observed in the face of the 
woman and legs of the child in the Statue Klimt point cloud. 

 

Fig. 4. Statue Klimt point cloud reconstructed with the proposed term: from 
left to right, the parameter λ takes values 0, 0.001, 0.005, 0.01, 0.05 and 0.1. 

 Similarly, for Egyptian mask, Frog and Head point clouds, 
the surface obtained with the reference method presents 
noise artifacts such as a visible “wave” effect. This effect is 
mitigated with the proposed solution while preserving most 
of the detail, such as in the hair of Head or in the legs of Frog. 
In summary, the proposed reconstruction method combining 

the two regularization terms is the best performing solution, 
allowing ‘the best of both worlds’, in a trade-off between 
presenting more detail and removing noise and outlier artifacts. 
However, the SPSR method is faster up to two orders of 
magnitude. Nevertheless, the best results for the tested point 
clouds were achieved with α=4 and λ=0.01. This type of 
advanced point cloud rendering is essential for the success of 
point cloud based content and associated applications. 

VI. CONCLUSIONS 
Screened Poisson surface reconstruction is a method for 

creating a mesh from a point cloud by computing an indicator 
function of the object from the point samples with normals. In 
this paper, a generalized Tikhonov regularization term was 
proposed to improve this surface reconstruction method. 

The best subjective reconstruction results were achieved 
when the novel GT regularization term (λ=0.01) was combined 
with the screening term (α=4). Experimental results show a 
higher level of detail on the surface, while maintaining its 
smoothness, thus achieving more pleasant results. The proposed 
method has the added advantage of being robust to noise, 
including point cloud outliers. As future work, a more thorough 
evaluation will be completed, performing subjective tests with 
several people, using the mean opinion score to measure the 
performance of the proposed technique. 
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