EPOCH Conference on Open Digital Cultural Heritage Systems (2008), pp. 1–6
David Arnold, Franco Niccolucci, Daniel Pletinckx, Luc Van Gool (Editors)

MeshLab and Arc3D: Photo-Reconstruction and Processing 3D
meshes
P. Cignoni1 , M Corsini1 , M. Dellepiane1 , G. Ranzuglia1 , M. Vergauven2 , L. Van Gool3
1 Visual

2

Computing Lab, ISTI - CNR, Pisa Italy
ESAT-PSI 3 ETH Z§rich D-ITET-BIWI

2 K.U.Leuven

Abstract
The paper presents a complete free software pipeline for the 3D digital acquisition of Cultural Heritage assets based on the use
of standard photographic equipment. The presented solution makes use of two main tools: Arc3D and MeshLab. Arc3D is a web
based reconstruction service that using computer vision techniques are used to vision technique based on the automatic matching
of image features compute for each photo a depth map. MeshLab is a tool that allow to import and process these range maps in
order to obtain a ready to use 3D model. Through the combined use of these two systems it is possible to digitally acquire CH
artifacts and monuments in affordable way.
Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Graphics]: Line and Curve Generation

1. Introduction
Two partners of the Epoch Network of Excellence [EpochNOE], the
ESAT-PSI lab of K.U.Leuven (Belgium) and the Visual Computing
Lab of CNR-ISTI (Italy) have been active for a long time in the
field of 3D reconstruction, albeit each in their own specific sub-area,
passive reconstruction from images, 3D mesh processing and visualization, respectively. They decided to combine their strengths and
set up a low-cost 3D reconstruction pipeline to be used in the cultural heritage field. The idea is that only a digital photocamera, a pc,
and an Internet connection are necessary for a user to reconstruct
scenes in 3D. The central part of this approach is a web accessible
service, called Arc3D that allow to reconstruct raw 3d data directly
from photo sequences, whose results are then processed by the system, here described, called MeshLab.
2. Arc3D Overview
Figure 1 shows a schematic overview of the client-server setup of the
3D webservice. The client- (or user-) part is located at the top, the
server side at the bottom. On his PC, the user can run two programs,
the upload tool and the modelviewer tool, indicated with A and B.
In the upload tool, images can be imported that were taken with
a digital camera. Once authenticated, the user can transfer these images (C) over the Internet to the EPOCH server at ESAT. There, a
fully automatic parallel process is launched which computes dense
3D information from the uploaded images. The parallel processes
are run on a cluster of Linux PCÕs (D). When the server has finished processing, the user is notified by email and the results can
be downloaded from theESAT server by FTP. These results consist
of dense depthmaps for every image and the corresponding camera
parameters (E).
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A more detailed description of the complex inner working of this
system, and how it magically succeed to reconstruct the basic 3D
data from simple sequences of photos, can be found in [VVG05]; in
this paper we mostly describe the second part of the whole pipeline
the one that brings to raw reconstructed data to 3D objects. For accessing to the service, downloading the uploading software add trying the reconstruction service visit [Arc3D].
3. MeshLab general architecture
MeshLab was designed as a general 3D mesh processing system tool
with the following primary objectives in mind:
• ease of use. The tool should be designed so that users without
high 3D modeling skills could use it (at least for the most basic
functionalities)
• CH/3D scanning oriented. The system should try to stay focused
on mesh processing instead of mesh editing and mesh design
where a number of fierce competitors already crowd the software
arena (notably blender, 3D Max, Maya).
• Efficiency. 3D scanning meshes can easily be composed by millions of primitives, so the tool should be able to manage them.
• Sustainability. The project should be able to grow and self sustain
itself for at least some years.
As a result MeshLab presents itself a mesh viewer application,
where a 3D object, stored in a variety of formats can be loaded and
interactively inspected in a easy way, by simply dragging and clicking on the mesh itself. MeshLab supports a ever growing variety of
3D formats (all the most commons format are supported) to accommodate the broadest set of users. Once loaded a mesh the user can
work on it by mean of a large set of direct parametric filters, that
performs unattended automatic task like smoothing, re-meshing or
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removal of small isolated components
coherent normal unification and flipping
erasing of non manifold faces
automatic filling of holes

• Remeshing filters:
¯
– High quality edge collapse simplification (even with texture
coords preservation)
– Surface reconstruction from points (a ball pivoting variant)
– Subdivision surfaces (loop and butterfly)
– Feature preserving smoothing and fairing filters
• Various Colorization/Inspection filters
¯
– Gaussian and mean curvature
– Border edges, geodesic distance, from borders
– Non two-manifold edges and vertices
– Self intersecting faces
– Ambient Occlusion. An ambient occlusion field can be computed and stored per vertex

Figure 1: Schematic overview of the client-server Architecture of the
Arc3D web service. Images (C) are uploaded from the upload tool
(A) on the user side to the server. There they are processed on a PC
cluster (D). The results (E) can be downloaded via ftp and processed
on the user PC with the MeshLab tool (B).

simplifying, or by mean of interactive tools. Figure 2 shows an example of an interactive filter when the user drag the mouse over the
mesh a local smoothing is performed on the touched portion of the
mesh in real time; in this case the result is that the user is washing
out some features of the object. No classical design-oriented feature are provided, structured editing of complex scene graphs is not
supported by design. Multiple meshes can be loaded together and
processed separately or together following a flat approach based on
layers. The mesh processing functionalities that MeshLab currently
provide are many and a short, incomplete, high level list of MeshLab
characteristic is presented in the following:
• Interactive selection and deletion of portion of the mesh. Even for
large models.
• Painting interface for selecting, smoothing and coloring meshes.
• Input/output in many formats:
¯
– import: PLY, STL, OFF, OBJ, 3DS, COLLADA, PTX, X3D,
VRML ¯
– export: PLY, STL, OFF, OBJ, 3DS, COLLADA, X3D, VRML,
DXF ¯
– Point Clouds support. 3D files that are composed only by
points are well supported in PLY and OBJ format.
– U3D support; MeshLab is the first open source tool to provide
¯
direct
conversion of 3D meshes into the U3D format. with this
format users can create, with just MeshLab and LaTeX, pdf
files with 3D objects that can be seen with the current free
version of Acrobat Reader.
• Mesh Cleaning Filters:
¯
– removal of duplicated, unreferenced vertices, null faces

• Interactive Mesh Painting
¯
– Color Painting
– Selection paint
– Smoothing
• Measuring tool. You can take linear measures between points of
the displayed meshes
• Slicing tool. A new tool that allows to export planar sections of a
mesh in SVG format
• 3D Scanning tools
¯
– Alignment ICP based range map alignment tool, for putting
meshes into the same reference space.
– Merging of multiple meshes the Poisson surface reconstruction source code
• OpenGL Shader based rendering
• Large rendering. Images up to 16k x 16k pixels can be created for
high quality poster printing
• The history of the all performed cleaning/editing actions can be
saved and re-played on different meshes or saved for archival purposes.
3.1. MeshLab Development
One of the MeshLab ambitious goals was to create an open source
application that is backed up by a sustainable development model.
A common problem of many open source tool is that either they are
small enough to be created and maintained by a small team, or, if
they require a considerable development effort, the developer team
need to be economically supported in some way. Many times the
projects originates as research projects that are freed/opened (or simply released under some OSI approved license) at the end (or during) the (financially supported) research project. In these case the big
incognito is the long term maintenance of the tool. In some cases the
original developers, mostly for ethical and sentimental reasons, continue a low priority maintenance the software correcting small bugs
and applying minor modifications, but great improvements are difficult to carry on. A direct consequence of this situation is that many
many interesting projects lie in a rather abandoned state.
While we could base the development of the system on a large
stable C++ library for mesh processing task [VCGLib], the whole
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Figure 2: A typical snapshot of MeshLab in action: the mesh under
processing is interactively displayed and the user can work on it by
mean of a large set of unattended parametric filters, or by mean of
interactive tools, like the one shown in the above image, where the
user is smoothing out some features of the object.

task of building a consistent interface to present the library functionalities to the user (and add new missing pieces) was considerable.
Very large projects that can afford the support of a large community can rely on the loose sustain of many individuals, but large communities are difficult to be constructed. We decided for the above
reasons for a very modular architecture and to subdivide the whole
system into as small and as independent as possible pieces. These
final pieces were small enough to be assigned, as course tasks, to
students of FGT a Computer Graphics course at the Computer Science Faculty of the University of Pisa.
The idea proved successful, motivating the students more than
classical ’mock-up’ projects and fact that their code would have been
actually used stimulated them to take their task with serious attention. On the other hand task that where assigned to low scoring students provided piece of code that not always was decided that they
should be included in the core of the system.
As a result MeshLab started out in the autumn of 2005 an most
of the 40k lines of code composing its core, have been written by
willing students as part of their course work; each year students are
adding new and new features to the system and they are actually
making it to grow at a stead rate. The long list of many contributors
to the MeshLab base code is well shown in the home page of the
system.
4. MeshLab processing of Arc3D data
The output of the Arc3D web service is constituted by a set of range
maps with texture and a per-pixel quality measure that denotes the
number of found matches among all the images. For each range map
all the intrinsic and extrinsic camera parameter are available, that
makes easy to build, for each range map a simple point clouds with
the points placed in the right spatial position.
Like all the data coming from digital acquisition devices they are
affected in some measure by various kind of noise and errors. Knowing the kind of issues that are in the acquired data can help to remove
or at least reduce them.
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Figure 3: The MeshLab interface of the importer for photoreconstrcuted data from the Arc3D service. A synthetically color
map depicting the quality of each range map is shown for each reconstructed photo. A number of option allow to fine tune the processing of the chosen range maps.

MeshLab provide a specific tool for importing the data produced
by the Arc3D service. The tool is integrated inside meshlab as an
input filter, when the author try to open a ".v3d" file created from
the Arc3D the interface shown in Figure 3 is displayed to the user.
All the images used for the reconstruction process are shown on the
right with a color coded measure of the quality of the reconstruction
process. The user can select some of the images (usually the best
ones and /or the ones that cover in the better way the targeted object) and the 3D data generated from the Arc3D is used to build a set
of range maps ready to be utterly cleaned inside MeshLab and then
integrated in a single clean object. The user can also paint individual
masks over the image for discarding portions of the images. A number of parameters are present in the left side to carefully drive the
process of converting the raw 3D data into clean high quality range
maps. Once the range maps have been imported a set of different
operations have to be performed on them (cleaning, merging, aligning) in order to obtain a nice, ready to be used 3D model. In the next
paragraphs we discuss some aspects of these processing steps

4.1. Weighted averaging and depth aware triangulation
First of all, some subsampling steps are usually necessary, current
digital cameras has very resolute CCD an can easily generate tens
of megapixel images. While this kind of definition is useful from
the reconstruction point of view because it helps the robustness of
the feature matching parts (at high definition even flat surfaces have
some kind of texture), when converting these maps to 3D meshes this
resolution is often not very useful. Infact the spatial accuracy of the
reconstructed data is not uniform along the axis: along the xy image
plane there is much more precision than along z depth direction.
When you will integrate the various meshes the final quality will
be affected by an error dependent from the maximal erorr of the
single range-[maps/meshes so it is a good suggestion to subsample
the images at the point that the error is more or less uniform along
all the directions. Moreover the subsampling process is done
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Figure 4: MeshLab provides filters that automatically removes the small isolated pieces that float around each single range map. The same
range maps is shown before (left) and after (right) the processing.

Figure 5: The figure shows the combined application of erosion dilation approach for cleaning out the depth jumps outliers that sometimes
appears. A set of small holes, that remains from outliers removal, is covered automatically by robust holefilling technique.

4.2. Outlier management
From a practical point of view it is convenient to consider also procedures for the management of outliers. For a variety of reasons
(wrong matching, non correct lighting setup, difficult surface reflectance properties) some of the acquired points can represent ghost
surfaces that do not belong at all to the original surface. Luckily
enough these points are usually rather isolated, or in other words
they do forms small floating pieces far form the main surface. MeshLab provides a couple of automatic filters that allows to cope with
these issues, these filters removes the all the small isolated connected
components that are smaller than a chosen size expressed either spatially or in terms of primitives composing the component. Figure 4
shows an example of the filters that automatically removes the small
isolated pieces that float around each single range map. The same
range maps is shown before (left) and after (right) the processing.

4.3. Noise management
Image based acquisition methods suffers of noise problems that are
in some way the opposite of the one that happens in traditional active
scanning technologies. In fact the most difficult surfaces for passive
techniques are the ones that are very flat, uniform and smooth. where
the absence of prominent visible distinctive features, make difficult
any matching procedure. The direct consequence of this behavior is

that flat smooth surfaces can be affected by a considerable amount of
noise. On the other hand it is possible to partially cure this problems
by analyzing the original images used for the reconstruction process.
In fact by detecting the portions of the image that do not posses
enough features and marking them it is possible to apply them in a
latter stage a heavier smoothing pass.
Moreover sometimes, typically when the photos are not taken in
the perfect setting, the boundaries of high jumps region can present
larger errors with eventually large and coherent outliers. Also these
situations can be detected and corrected almost automatically by
searching the boundary regions and applying a erosion-dialation approach that removes one or more strip of pixels from the dangerous
jump zones.
Once you have removed all the outliers you have to choose if you
should fill all the created holes and interpolate in some way the original mesh, This can be done inside meshlab, that provides some holefilling filters that can close all the small holes under a given size. Thy
applies a variant of the algorithm presented in [Lie03], with various
different heuristics for choosing the
Figure 5 shows the combined application of the techniques here
described, large outliers and dangerous borders (look above and
around the bull statue) are removed. A set of small holes (all over
the wall), that remains from previous outliers removal, is covered
automatically too.
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Figure 6: Three samples of the meshes that can be obtained by using the Arc3D web service reconstruction and the MeshLab system. On
the Left, a textured mesh representing one of the two lions in the Loggia della Signoria in Florence. On the center an untextured statue from
the Portalada in Ripoll, a large portal in Ripoll, near Barcelona, on the right a reconstruction of the Paris arc du triomphe, untextured for
better evaluation of the geometric quality of the geometric shape. The ambient occlusion lighting used to better enhance the shape features was
computed with MeshLab.

4.4. Merging
The individual range maps, after having been carefully cleaned and
prepared, are ready to be integrated and fused in a single coherent
model. All the range maps coming from a same sequence are already well aligned, so the next step is the one of to apply a surface
reconstruction filter that fuses all the meshes in a single new mesh
integrating the various parts together in a seamless way. MeshLab
offers three different surface reconstruction algorithms. The first one
is a interpolatory triangulation filter based on the Ball-Pivoting algorithm [BMR∗ 99], that tries to build a surface connecting all the input
points. This kind of algorithms do not work very well in presence of
very noisy input data like the one coming from the Arc3D service.
The other two are implicit surface approaches that uses the input
data to build a implicit representation and then polygonalize it using
marching cubes [LC87] variants. One is based on the Poisson surface reconstruction algorithm [KBH06], and it uses part of the original code provided by the authors themselves, and the second one,
called plymc, developed at the Visual Computing Lab and described
in [CCG∗ 03], is an extension of the approach of [CL96]. The Poisson based surface reconstruction algorithm has the very nice characteristic that always build a watertight hole-free surface filling with an
interpolatory surface all the missing parts, but currently do not support the color preservation. On the other hand the plymc approach
preserves the color during the processing but leaves the unsampled
areas as holes in the mesh; from a Cultural Heritage point of view
this behavior could be considered a more safe approach. Figure 6
shows three samples of the reconstruction process. On the Left, a
textured mesh representing one of the two lions in the Loggia della
Signoria in Florence, the color was integrated from the many photos
directly during the reconstruction. On the center an untextured statue
from the Portalada in Ripoll, a large portal in Ripoll, near Barcelona
reconstructed using the Poisson surface reconstruction algorithm; a
watertight surface was robustly constructed, even if the input data
contained only information on the front of the statue, building an interpolating surface even for the back of the model. On the right a reconstruction of the Paris arc du triomphe, done again with the plymc
apprach untextured for better evaluation of the geometric quality of
the geometric shape. The ambient occlusion lighting used to better
enhance the shape features was computed with MeshLab.
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4.5. Aligning
The aligning process it the step in which you take a set of different
range maps of a same object, each one in its onw reference space and
you rototranslate them in a single consistently aligned space. Usually in the traditional scanning pipeline [BR00], the aligning step,
come before the merging, step but range map from each sequence
get out already well aligned from the Arc3D service. The aligning
issue arise when you wont to join two or more different sequences.
In this case you have to align them together.
The Alignment process adopts a classical approach based on first,
a pairwise local and then a global alignment [LR01, Pul99]. The initial placement placement of each mesh is driven by the user and
require the selection of four or more points on both the meshes. This
initial step is followed by an automatic process that fine tune the
whole alignment . The alignment code used in meshlab is a derivation of the one used in Scanning Tools of the Visual Computing
Lab [CCG∗ 03], that has been used in a number of projects.

5. Conclusions and Future Works
The system has proved a success over the initial prevision. The last
version has been downloaded 5000 times in the first three weeks,
there are thousands of users from all the world with at least 500
users that have used it for opening more than one hundred of meshes,
Users come from hundreds of universities and renowned commercial
firms that have found MeshLab useful in contexts different from the
original one of Cultural Heritages. Focusing on the CH context we
would like to fill also another gap, the one of a broad distribution of
the results of the 3D reconstruction of Arc3D. For this purpose we
have designed a prototype, called PhotoCloud, to remotely browse
the dataset generated by Arc3D, in a interactive, attractive way that
do not try to offer the fine tuning possibility and high quality 3d
meshes that you can obtain with meshlab tools but allow you to see
all the original photographic information in the context of a rough
3D point-based model. A snapshot of the upcoming system is shown
in figure 9
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Figure 7: A snapshot of the MeshLab Aligning tool, that allow to register different range maps, or in the case of data coming from the Arc3D
web service, portions of a same object that have been reconstructed from different photo sequences.
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