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ABSTRACT:

The development of efficient strategies to document cultural heritage sites is an active research field. One promising avenue to
address that need may be found in the use of portable laser scanners. Such scans provide a mapping-grade level of accuracy, yet
their level of characterization is limited by the low resolution of the generated point cloud and by the relatively noisy measurements.
In this paper we study methods to attenuate the noisy responses as a means to improve the data quality and highlight the underlying
structure. Unlike the prevailing plane-fitting-based filtering approaches that tend to blur salient features, we consider the use of local
structure properties in our denoising strategy. We use the normal-based bilateral filtering of point clouds as a platform, yet introduce
new normal preservation concepts whose incorporation significantly improves the overall denoising process performance. Results
demonstrate how our proposed solution outperforms the standard plane-filtering and the naive bilateral approach. The attenuation
we achieve yields a more visually pleasing entity description as well as simplified processing of subsequent procedures, including
feature extraction and semantic segmentation.

1. INTRODUCTION

Three-dimensional documentation of cultural heritage (CH)
sites has been receiving increased attention in recent years. This
attention stems from the need for detailed documentation of
sites in light of damages and deterioration caused by the pas-
sage of time, the need for preservation, and the desire for in-
creased accessibility. Thanks to the plethora of data acquisition
technologies, detailed and accurate 3-D point cloud information
can be gathered on a large scale, facilitating a diverse set of ap-
plications, including historical site interpretation, intervention
planning, monitoring, augmented and virtual reality, and gener-
ation of heritage building information models (HBIM), as only
a few examples (López et al., 2017; Murtiyoso and Grussen-
meyer, 2019; Capone and Lanzara, 2019).

The quality of the acquired 3-D point clouds differs according
to the scanning platform. For example, terrestrial laser scanners
(TLS) are marked by the high level of accuracy and detail they
provide. However, their utilization at large-scale sites can be
time-consuming and cumbersome, thereby limiting their pro-
ductivity (Russhakim et al., 2019). In contrast, the utilization
of portable laser scanners (PLS), mostly handheld, is character-
ized by their lower resolution and noisy responses. They facilit-
ate, though, an efficient survey of large-scale sites, making their
application attractive (e.g., Russhakim et al., 2019; Patrucco et
al., 2019; Bronzino et al., 2019). In that respect, Russhakim et
al. (2019) reported that three persons and 60 min. were needed
to document a site when using TLS, yet only a single person
and 30 min. were required for the same task when using PLS.
Patrucco et al. (2019) referred to the ability to achieve a com-
plete site survey using PLS, enabling to cover regions invis-
ible to TLS due to occlusions or lack of accessibility; while
Bronzino et al. (2019) alluded to the ability to recognize archi-
tectural details of medium-small dimensions, valuable for the
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construction of detailed building information models for restor-
ation, management, and maintenance purposes.

The high level of noise, characteristic of PLS, necessitates fur-
ther processing to facilitate applications such as semantic in-
terpretation, rendering, and architectural modeling (Xie and
Wang, 2017; Cui et al., 2019; Wang et al., 2020). Cui et al.
(2019) marked the large footprints of portable devices, the re-
gistration uncertainty due to the motion of the operators, and
the nature of the scanned entities as sources responsible for this
high level of noise. Without proper treatment, the authors noted
that the use of PLS data may lead to algorithmic failure and
poor results in the estimation of geometric primitives. This in
turn would affect the semantic interpretation of scenes and 3-D
modeling. For instance, the extraction of geometric primitives,
vital for segmentation algorithms or surface fitting, suffer from
noise effect on the features (Xia et al., 2020; Wang et al., 2020).
To demonstrate that, the authors described how line-based 3-D
reconstruction approaches suffer from an excessive amount of
false details due to noisy responses, thereby affecting the qual-
ity of built models (Cui et al., 2019).

To improve the representation and to facilitate additional pro-
cessing, it is customary to attenuate the noise effect within the
point cloud data. Under the assumption of dense structured sur-
faces, Orts-Escolano et al. (2013) proposed a voxel-based filter-
ing approach. First the data were partitioned by a set of user-
defined cells, then ones in which the number of points was be-
low a predefined threshold were filtered. Methods of that kind
favor densely sampled regions, hardly retain sparsely sampled
entities and lead to loss of information. More recently, plane-
fitting-based approaches have been gaining increased attention.
Nurunnabi et al. (2015) proposed a random sample consensus
(RanSaC)-based method which estimates the best-fit plane and
rejects outliers by minimizing the sum of projected distances.
Ning et al. (2018) used a point deviation from a local fitted
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plane as a noise reduction criterion. Such approaches are now
widely used, as in the standard procedure in the CloudCom-
pare (v.2.11, 2021). They require an empirical inlier and outlier
threshold definition, and more importantly, surface forms that
abide by the local planarity assumption. Instead of performing
noise removal, Digne and De Franchis (2017) described a bi-
lateral filter approach applied directly on point clouds whose
aim was to redistribute points through a weighted averaging
while considering proximity and shifting points along the nor-
mal direction. Alternative forms have been using the graph
Laplacian-based framework for denoising, aimed at promoting
the smoothness via minimizations the sum of total variations
of features (Zeng et al., 2019; Dinesh et al., 2020). Nonethe-
less, such approaches tend to degrade sharp transitions and pro-
duce artifacts at unevenly sampled regions. To address that, Liu
et al. (2020) proposed improved normal-based weighted aver-
aging by using refined orientations, where sharp transitions are
firstly identified from low noisy responses then their normals
are consolidated by majority voting. Their approach has con-
tributed to a point-wise smooth outcome but did not necessarily
conform to global trends, sometimes requiring identification of
salient points from the noisy response.

While existing research into PLS-based CH documentation has
focused mainly on quantifying the data quality, little has been
devoted to manners by which the point cloud data of the under-
lying structures can be enhanced. To address the non-uniform
density and high noise level of data of that kind, we present
in this paper a shape-preserving denoising model that improves
the representation of architectural structures in heritage sites.
We propose a normal-based strategy as a means to follow the
locally structured characteristics of architectural elements. As
a framework we use the normal-based bilateral filtering, where
denoising is approached according to the local point orientation.
This choice is motivated by its local application and computa-
tional efficiency. We show, however, that by using a refined
definition of the surface normals, the shape preservation prob-
lem is better addressed. Results demonstrate how our solution
outperforms the standard plane-filtering methods as well as the
naive bilateral approach. We show that in contrast to such ap-
proaches that obscure salient features, vital to the presentation
of the site, ours preserves them yet attenuates the noise effect.
Improvement of the point cloud data quality paves the way to a
more visually pleasing site presentation as well as to simplified
subsequent processing.

2. METHODOLOGY

Standard noise attenuation approaches are plane-fitting based.
They consider the distance of all points in a given neighbor-
hood to the underlying surface. To do so, they locally fit a
plane around each point xi, then remove a neighbor point,
xj ∈ N(xi), if its projected distance, d, along surface nor-
mal ni is larger than the average distance d̄ plus the standard
deviation σp (e.g., Ning et al., 2018).

d = 〈ni,xj − xi〉 (1)

While successful when the underlying surface is (locally)
planar and is also distinguishable, the unimodality of the sur-
face form is an underlying assumption, and the quality and cor-
rectness of the normal estimation is pivotal. Also, as they are
based on the minimization of squared distances and require data
of low noise level, they act as cleaning solution (Sanchez et al.,
2020) limiting their application to portable laser scans.

To overcome the limitations associated with such denoising
forms, we propose a local surface attentive solution. Realiz-
ing that surface normals capture the local entity’s form, they
should play a pivotal role in denoising the cloud. Therefore, we
focus first on their computation and propose a formulation that
accommodates the surface variations. As our starting point, we
use the iterative reweighted minimization least-squares (IRLS)
method. We compute the eigenvector associated with the smal-
lest eigenvalue of a weighted tensor form. For the set of nor-
malized weights, {wj}j=0,··· ,n, associated with the neighbors
of a point xi, the weighted tensor is defined by Eq. (2):

T =
1

n

n∑
j

wj(xj − x̄)⊗ (xj − x̄) (2)

where ⊗ is the outer product, xj is 3-D neighboring point,
j = 1, · · · , n, and x̄ is the centroid of the set of points (the mean
of neighbor points). Defining δj,i = xj−xi, and rj = 〈v3, δj,i〉
the projected distances of δj,i on v3, the eigenvector associ-
ated with the smallest eigenvalue, we compute (Sanchez et al.,
2020):

Wj =

(
η

η + r2j

)2

(3)

and wj :

wj =
Wj∑n

k=1Wk
(4)

where η is firstly initialized as the maximum of squared projec-
tion distances and decreases at each iteration to favor smaller
inlier residuals. Unlike the plane-fitting-based filtering model,
this process is iterative, where we constantly identify outliers
and eliminate their effect by adjusting their weights. For spee-
dup, the principal components of T, given by the eigenvalues
and eigenvectors, λj and vj , such that:

Tvj = λjvj, j ∈ {1, 2, 3} (5)

are computed in a closed-form rather than applying a general
decomposition of the roots. Defining the characteristic polyno-
mial aλ3 + bλ2 + cλ+ d = 0, the eigenvalues are computed as
follows (Kopp, 2008):

λ1 = µ+ 2ν · cos θ

λ2 = µ+ 2ν · cos θ + 120o

λ3 = 3µ− λ1 − λ2

(6)

where:

µ =
tr(T)

3

ν =

√
tr
(
(µ · I−T)2

)
6

θ =
1

3
cos−1

(
1

2
det(T− µI)

) (7)

and I is a 3 × 3 identity matrix. The relevant eigenvector v3 is
the surface normal, and is computed by the cross product of any
two rows of T− λ3I.

2.1 Normal field refinement

By using local point neighborhoods, certain points of other sur-
faces near sharp edges or corners are inevitable to be introduced
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PCA IRLS Ours

Figure 1. Comparison of normal estimation along a groin vault
arris using PCA and IRLS and our method. Points are colored

by their normal orientations.

as neighbors for a studied point. Having refined their original
noisy form, we turn to improve their estimation by introducing
an anisotropic neighborhood, as in the framework of bilateral
normal smoothing (Huang et al., 2013). Instead of searching
for salient points from highly noisy responses and performing a
majority voting (Liu et al., 2020), we consider an implicit man-
ner to consolidate normals at sharp transitions without identi-
fying them. For a point xi, our aim is to minimize the differ-
ence between its assigned normal ni and other normals nj in its
neighborhood xj ∈ N(xi). This can be cast as an optimization
problem of the form:

argmin
ni

||ni − nj||2wd(||δj,i||))φ(ni,nj) (8)

where the normal weight function is defined as:

φ(ni,nj) = exp

(
−
(

1− nT
i nj

1− cos(σn)

)2
)

(9)

and where the angular parameter, σn, scales the similarity of
the neighboring normals. This local optimization can be solved
by iteratively updating ni as follows:

ni ←
∑

xj∈N(xi)
wd(||δj,i||))φ(ni,nj)nj∑

xj∈N(xi)
wd(||δj,i||))φ(ni,nj)

(10)

where wd(||δj,i||) = exp(−||δj,i||2/σ2
r) is a decreasing func-

tion, and σr is the noise bandwidth. Eq. (10) allows to distin-
guish normals across discontinuities, and classify their direc-
tions into disjoint clusters near each sharp edge due to the high
variance values of the PCA normals in that vicinity. Therefore,
normal ambiguity at sharp edges is resolved to better represent
the underlying geometry as shown in Fig. (1).

2.2 Denoising

With the improved quality of the surface normals and their ad-
herence to the underlying surface shape, it is possible to im-
prove the local plane-based denoising by also considering the
surface normals as an attribute. Our proposed method follows
the idea of preserving normals proposed by bilateral filtering
for point clouds (Digne and De Franchis, 2017) were a point xi

is rearranged given its normal ni to:

xi + dxi · ni (11)

The motion per point, dxi, is a weighted averaging form as
shown in Fig. (2) considering Euclidean proximity and normal
similarity,

dxi =

∑
xj∈N(xi)

wd(||δj,i||)wn(|〈ni, δj,i〉|)〈ni, δj,i〉∑
xj∈N(xi)

wd(||δj,i||)wn(|〈ni, δj,i〉|)
(12)

Initial point neighbors

a)

Distance weights

b)

Projected distances

c)

Projected distances weights

d)

Figure 2. Weighted forms of filtering in b, d) blue = small
weights, red = large weights.

where N(xi) represents the neighborhood of xi, and
wn(|〈ni, δj,i〉|) = exp(−|〈ni, δj,i〉|2/σ2

rn) is a decreasing
function similar to wd, and σrn is the the projected distance
bandwidth. These weighted forms favor close coplanar neigh-
boring points while scaling down the effect of distant points and
ones of other surfaces.

3. ANALYSIS AND RESULTS

We evaluate our denoising framework on architectural elements
collected at the Seraya site (palace in Turkish) in the ancient
city of Nazareth, Israel. Built around 1730, during the Otto-
man era, the Seraya served as the regional ruler residence and
administrative hub, hence its importance. Over the centuries
building parts were added, e.g., a second-floor, characterized by
Liwan architectural style. In that respect, the Seraya combines
a diverse set of structural elements and details typical to the
regional architectural style, evident in the columns, arcs, decor-
ative windows, and type of vaults, and in the different building
materials (Fig. 3). The site’s exterior was scanned by the Leica
C10 TLS from five posts. The upper floor and parts of the in-
ternal spaces were scanned using GeoSLAM ZEB-REVO PLS.
The registration accuracy of the TLS scans was approx. 3 mm.
To register the TLS and PLS clouds, they were first manually
coarsely aligned and then an iterative closest point algorithm
(ICP) enused, yielding a registration RMSE of 2.1 cm. Overlap-
ping areas between the scans enabled us to compare the fidelity
of the denoised point cloud against the TLS counterpart.

The set of parameters for our normal estimation includes the ra-
dius, r, that defines point cloud neighborhood, N(xi), η for the
robust normal estimation, σn as normal similarity bandwidth
for refined normal field, and σr for noise bandwidth and σrn as
the projected distance bandwidth. Throughout our experiments,
we set r = 3 cm (same value to σr and σrn ), which is the estim-
ated noise level. This narrow range is justified by the fact that
we only need a neighborhood larger than the noise level to de-
termine a plane. We initially set η to the maximum of squared
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Figure 3. The Seraya site, data collected by an Leica C10 scanner and GeoSLAM Zeb Revo following registration. TLS points are
colored in blue, PLS point in orange. For denoising evaluation, we use the TLS data at overlapping area as ground truth.

Raw Noise Filter Naive Bilateral Ours

Figure 4. Comparison of denoising results by using CloudCompare (v.2.11, 2021) noise filter, naive bilateral filter (Digne and
De Franchis, 2017), and our approach. Points are colored by their orientations.

projected distances. In addition, σn was set to 15◦ through-
out our experiment. We fixed their number in all experiments
for fair evaluation as a proof of concept, while the outcome of
the estimated normals quality can be observed in Fig. (1). We
demonstrate how our model produces a well-consolidated point
set that preserves sharp features, and how it generates better
attributes, e.g., surface normals.

We evaluated our point cloud denoising on a selected set of
complex form entities (Figs. 4-6) with comparisons to the
plane-fitting based approach, using the CloudCompare (v.2.11,
2021) noise filter implementation, and the direct application of
the bilateral filtering approach (Digne and De Franchis, 2017),
using the code the authors provide. We firstly show the con-
solidated pointset of a typical base of a column (Fig. 4), where
the cylindrical-shaped column ends in decorative curved sup-
port that intersects then a flat planar base. Fig. (4) demonstrates
how our approach generates a much smoother output, evident at
the transition of surfaces. While the planar- and direct-bilateral-
filters failed to generate sharp transitions around intersections

of the three geometric forms, over smoothing them, also leaving
noisy responses, our approach maintained the salient transitions
over the edges while demonstrating smoothness within.

Another indication of the quality of the consolidated pointset
and value it may bring is in the generation of smooth normals on
challenging geometric setups. To demonstrate this we evaluate
its application on a trefoil-pointed arch form, typically found
in buildings of the later Ottoman period (Fig. 5). Compared to
the results obtained by applying the common noise filter, our
solution improves not only the data form but also facilitates
smooth normals along the intrados, while maintaining consist-
ency around the pointed tip (Fig. 5).

Finally, we manually selected representative samples of differ-
ent architectural forms appearing in both PLS and TLS data.
Our set consists of decorative structures rich with details, in-
cluding intersecting curved surfaces, a projecting and recessed
brickwork wall pattern that forms a set of parallel planar faces,
and a column base rich with decorations. Fig. (6) shows that
for all three distinct cases, our model preserves sharp edges,
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Raw Noise filter Ours

Figure 5. Denoising performed on an trefoil-pointed arch using CloudCompare (v.2.11, 2021) noise filter, and our method. Points are
colored by their normals.

PLS Noise filter Naive bilateral Ours TLS

Figure 6. Noise attenuation using CloudCompare (v.2.11, 2021) noise filter, naive application of the bilateral filter, and our method,
compared to TLS data. Points are colored by their normals. Top: A column base (interior view); Middle: projecting and recessed

brickwork wall pattern; Bottom: Tip fo a sharp pointed arc.

observable by the intersections of facets and the comparison
with TLS data. We close this section with a quantitative ana-
lysis of the parallel planes of the projecting and recessed brick-
work wall pattern to demonstrate the improvement of attrib-
ute estimation by our model. For such a form (Fig. 7), we
expect an agreement of normals in local regions, with only
minor variations. To quantify this, for each point xi, we ana-
lyzed the angular similarity to the normal of each point in its
k-neighborhood (k = 100) and analyzed the distribution of
overall normal similarity. While some variations are expected
along the edges of the planes, it is expected that most would be
similar. As shown in Fig. (7) (note that counts are given in a
log scale), our approach produces the outcome with the lowest

variations.

4. CONCLUSIONS

Realizing that portable laser scanners provide a more efficient
documentation technology than their terrestrial counterparts,
this paper studied a manner by which the quality of the data
can be improved via denoising of such point clouds. Recog-
nizing that prevalent methods are mostly planar-surface-based,
its objectives were to handle the high level of noise, as well
as preserve structure, especially around discontinuous surfaces.
Recognizing that local surface normals play a pivotal role in
such a computation, it first applied a robust approach to their
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Excluded

Test Model

Figure 7. Study of estimated normal variations using the naive
bilateral filter and our approach on projecting and recessed

brickwork wall pattern, excluding marked regions.

computation and then improved their quality by iteratively re-
weighting nearby points by their present normal value. This
way, the effect of surfaces not related to the analyzed point, was
limited. In order to further limit the local planarity assumption,
we cast the denoising solution into the bilateral filtering frame-
work. This has further reduced the effect of non-related points
of different surfaces, and improved the preservation of the un-
derlying surface shape. Results demonstrate the contribution of
our approach in enhancing the quality of portable laser scans,
allowing us to highlight details and obtain more consistent sur-
face features. This, in turn, may help in subsequent processing,
in either segmentation- or visualization-related applications.
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