N
N

N

HAL

open science

User-Driven Computer-Assisted Reverse Engineering of
Editable CAD Assembly Models
Ali Shah Ghazanfar, Arnaud Polette, Jean-Philippe Pernot, Franca Giannini,

Marina Monti

» To cite this version:

Ali Shah Ghazanfar, Arnaud Polette, Jean-Philippe Pernot, Franca Giannini, Marina Monti. User-
Driven Computer-Assisted Reverse Engineering of Editable CAD Assembly Models. Journal of Com-

puting and Information Science in Engineering, 2021, pp.13. 10.1115/1.4053150 . hal-03877391

HAL Id: hal-03877391
https://hal.science/hal-03877391v1

Submitted on 29 Nov 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03877391v1
https://hal.archives-ouvertes.fr

User-Driven Computer-Assisted Reverse
Engineering of Editable CAD Assembly Models

Ghazanfar Ali Shah*
Doctoral Student
LISPEN, EA 7515, HeSam
Arts et Métiers
Aix-en-Provence, 13617
France
Email: ghazanfar_-920@yahoo.com

Jean-Philippe Pernot’
Professor
LISPEN, EA 7515, HeSam
Arts et Métiers
Aix-en-Provence, 13617
France

Arnaud Polette
Associate professor
LISPEN, EA 7515, HeSam
Arts et Métiers
Aix-en-Provence, 13617
France
Email: arnaud.polette@ensam.eu

Franca Giannini
Research director
IMATI
Consiglio Nazionale delle Ricerche
Genova,16149
Italy

Email: jean-philippe.pernot@ensam.eu Email: franca.giannini@ge.imati.cnr.it

Marina Monti
Researcher
IMATI
Consiglio Nazionale delle Ricerche
Genova,16149
Italy
Email: marina.monti@ge.imati.cnr.it

This paper introduces a novel reverse engineering (RE)
technique for the reconstruction of editable CAD models of
mechanical parts’ assemblies. The input is a point cloud
of a mechanical parts’ assembly that has been acquired
as a whole, i.e. without disassembling it prior to its dig-
itization. The proposed framework allows for the recon-
struction of the parametric CAD assembly model through a
multi-step reconstruction and fitting approach. It is modu-
lar and it supports various exploitation scenarios depend-
ing on the available data and starting point. It also han-
dles incomplete datasets. The reconstruction process starts
from roughly sketched and parameterized CAD geome-
tries (i.e. 2D sketches, 3D parts or assemblies) that are then
used as input of a simulated annealing-based fitting algo-
rithm, which minimizes the deviation between the point cloud
and the adapted geometries. The coherence of the CAD mod-
els is maintained by a CAD modeler that performs the ge-
ometries’ updates while guaranteeing the possibly imposed
constraints and model coherence. The optimization process

*Address all correspondence related to format and figures to this author.
T Address all correspondence for other issues to this author.

leverages a two-level filtering technique able to capture and
manage the boundaries of the geometries inside the overall
point cloud in order to allow local fitting and interfaces de-
tection. It is a user-driven approach where the user decides
what are the most suitable steps and sequence to operate. It
has been tested and validated on both real scanned point
clouds and as-scanned virtually generated point clouds in-
corporating several artifacts that would appear with real ac-
quisition devices.

1 Introduction

The availability of 3D digital models of real-world prod-
ucts, systems, buildings, environments or human bodies
turns out to be of major interest for the development of
new applications and services. This has been possible due
to the rapid evolution of digitization technologies, and the
interest has accelerated for the digital twin creation in the
scope of Industry 4.0 [[1]. For many years, the reconstruc-
tion and treatment of 3D models from point clouds has fo-
cused the attention of the research community, and notably
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for what concerns 3D meshes [2]. Indeed, less attention has
been paid to the generation or update of parametric CAD
models, which are nevertheless considered as reference mod-
els used all along the Product Design Process (PDP). To-
day, existing reverse engineering approaches mostly con-
sider time-consuming patch-by-patch reconstruction strate-
gies. The resulting manifold B-Rep models are not always
editable later and are to be considered as dead models that
do not rely on real parametric building trees [3]]. Engineer-
ing knowledge about the shape of the object that needs to
be reconstructed that could allow a more effective and accu-
rate reconstruction [4]] is not exploited during the RE process
(e.g. geometric regularities, known dimensions, etc.). Inad-
equate attention is also paid to the reverse engineering of
mechanical parts’ assemblies that have been acquired as a
whole, i.e. without disassembling them prior to their dig-
itization. However, this is one of the prerequisites to en-
able the creation of digital twins capable of tracking phys-
ical systems for advanced industrial applications [5]]. For in-
stance, such a possibility would allow the update of the dig-
ital mock-up of a robot or production line to follow real-
time changes, to keep the coherence between the virtual and
physical worlds, and to support decision-making. Moreover,
existing approaches do not allow for simultaneous multi-
dimensional constraints satisfaction [6]] (e.g. on 2D sketches,
3D features/parts, assemblies) and they often require almost
complete point clouds.

This paper introduces a novel reverse engineering tech-
nique for the reconstruction of editable CAD models of me-
chanical parts’ assemblies. From a point cloud of a me-
chanical parts’ assembly acquired as a whole. The pro-
posed framework allows reconstruction of the CAD assem-
bly model through a multi-step approach based on a generic
and multi-dimensional fitting technique. Depending on both
the reverse engineering process start point and the available
data, several exploitation scenarios are supported. The point
cloud does not need to be complete as the approach does not
fit the patches one-by-one. The reconstruction process starts
from roughly sketched and parameterized geometries (i.e 2D
sketches, 3D parts or assemblies) that are then adapted to
fit the point cloud using a simulated annealing-based algo-
rithm, that minimizes the deviation between the point cloud
and the geometries. The segmentation of the point cloud and
the proper identification of the interfaces between the geome-
tries leverage a two-level filtering technique based on dis-
tance and normal computation. The coherence of the CAD
models, whose parameters are modified at each optimization
step, is maintained by a CAD modeler that performs the up-
dates and satisfies the geometric constraints as the fitting pro-
cess goes on.

The contribution is threefold: (i) a new reverse engineer-
ing framework to allow for the reconstruction of editable
CAD models of both single parts and assemblies through
a multi-step approach; (ii) a simulated annealing-based fit-
ting technique to control the deviations between the geome-
tries (e.g. 2D sketches, 3D features/parts and assemblies) and
the point cloud, and to allow the simultaneous satisfaction
of multi-dimensional constraints (section #.3.1); (iii) a two-

level filtering technique to capture and manage the bound-
aries of the geometries inside the overall point cloud and al-
low for local fitting and detection of the interfaces between
the parts of the assemby. The advantages of the proposed ap-
proach are demonstrated on industrial examples, and a com-
parative study with commercial software is proposed.

The paper is organized as follows. Section[2]reviews the
related works and positions the novel technique with respect
to state-of-the-art approaches. The proposed framework is
then introduced in section (3| and the details of the generic
and multi-dimensional fitting technique are given in section
[ The approach is then tested and validated on several test
cases (section [3)). Section []ends the paper with conclusions
and perspectives.

2 Prior works

Reverse engineering is playing a very important role in
today’s product development processes and in advanced in-
dustrial applications, where backward engineering is used to
build a CAD model that is geometrically identical to the ex-
isting physical product or system [7,/8[]. New low-cost data
acquisition devices are emerging to digitize 3D objects with
enhanced quality and reduced acquisition times. The 3D sur-
face reconstruction of point cloud data has been a critical
problem in the field of computer graphics and vision [2]], and
many scholars have done extensive research on it [[10]]. How-
ever, in most applications, surface reconstruction techniques
end up generating dead or frozen models without any infor-
mation of the constituting features and which cannot be used
for product development processes especially when it comes
to late design changes. Such reverse engineered models are
difficult to modify because of the lack of control parame-
ters. Recently, some attempts to move from traditional re-
verse engineering processes to knowledge-based techniques
have also been suggested, in order to extract explicit and
sharable knowledge embedded in the digital flow [[11]]. Ac-
cording to the type of prior knowledge exploited for the RE
object reconstruction, the works in literature can be grouped
into three main groups: using geometric primitive prior,
global regularity prior, and the data driven prior.

The geometric primitive prior concerns the works re-
lated to the fitting of basic geometries in the given point
cloud. Classical geometric approaches (point cloud segmen-
tation and feature data extraction) can be considered un-
der this prior, where surface primitives are reconstructed
from the set of points obtained by an acquisition de-
vice. Many commercial software such as CATIA, Rapid-
Form, Geomagic-Studio have adopted this approach. Several
applications make use of surface recovery and have been the
subject of several research works [12}|13}/14,|15,|16]. Tra-
ditional reverse engineering consists of the following steps:
data acquisition, pre-processing (noise filtering and merg-
ing), triangulation, segmentation, and surface fitting to ob-
tain CAD models [17]. Thus, sophisticated surface fitting
algorithms are required to generate surfaces that accurately
represent the 3D information described within the point
cloud [8]. Among them, Sgrensen et al. presents a method
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based on a recursive RANSAC point removal approach,
where an input point cloud is deconstructed into a set of
convex point clusters, each corresponding to a mesh face of
the final output model. The combined use of cluster analysis
and RANSAC model extraction allows the method to oper-
ate on a relatively small number of possible vertex candidates
for the final mesh, leading to an output mesh with relatively
few faces compared to other approaches [[18]]. Azernikov et
al. [19]] have presented a fast approach for surface recon-
struction from unorganized points. Their method is based on
the extraction of a connectivity graph from the Hierarchi-
cal Space Decomposition Model (HSDM) and facet recon-
struction. Using octree, reconstruction is performed in real-
time. Such representation is suitable to process large-scale
3D data as the resulting mesh does not contain fine informa-
tion on the constituting features (e.g fillets, chamfers). How-
ever, the resulting models are frozen meshes with no para-
metric features and assembly information, which make them
hardly usable in the later stages of the PDP.

The global regularity prior deals with high-level prop-
erties such as symmetries, structural repetitions, and canon-
ical relationships [20]]. This is particularly interesting when
considering the fitting of CAD models for which basic prim-
itives can follow some specific rules. Among the existing
techniques, Li et al. [21]] have developed the so-called Glob-
Fit method that simultaneously recovers a set of locally fit-
ted primitives along with their global mutual relations. Start-
ing with a set of initial RANSAC based locally fitted prim-
itives [22], relations across the primitives such as orienta-
tion, placement and equality are progressively learned and
conformed to. This algorithm operates under the assump-
tion that the data corresponds to a man-made engineering
object consisting of basic primitives, possibly repeated and
globally aligned under common relations. Similarly, another
approach by Lui et al. [23] extracts primitive shapes from
point clouds using the RANSAC algorithm. Later, devia-
tions of points from the fitted primitive shapes are analyzed
by histograms. For point cloud patches segmented unrea-
sonable, their approach updates parameters of segmenta-
tion according to the Gaussian noise and repeats the prim-
itive shape detection process. After certain rounds of iter-
ation, the approach can detect reasonable primitive shapes
from point clouds. Their method is limited to very basic
shapes. Monszpart et al. have proposed the so-called RAPter
algorithm to abstract raw scans by regular arrangements of
primitive planes by simultaneously extracting a set of primi-
tives along with their inter-primitive relations [24]. However,
those methods can hardly deal with CAD models made of

Reconstruction of 3D features

Assembly
constraints

Reconstruction of assemblies

Overall framework for the new reverse engineering technique exploiting a generic multi-dimensional fitting module.

more complex features, e.g. blends, draft features. Further-
more, they act at the level of the parts and not at the level of
an assembly of parts. As they were initially designed to re-
construct basic primitives, this category of methods does not
allow for a proper update of neither existing CAD models nor
Digital Mock-Up (DMU). Such an ability would however be
of great interest to update digital twins, and thus to answer
Industry 4.0 needs.

The data driven prior uses existing objects to be fit-
ted to point clouds in a rigid and non-rigid manner. Bey et
al. have proposed a method to reconstruct 3D CAD models
from point cloud data acquired in industrial environments,
using a pre-existing 3D model as an initial estimate of the
scene to be processed [25]. Most of the work is related
to the reconstruction of cylindrical shapes using a greedy
minimization method based on a stochastic exploration of
the solution space. Buonamici et al. [26] have introduced a
template-based technique for the reverse engineering of me-
chanical parts. Unfortunately, the method focuses on global
fitting of parts, and neither the reconstruction nor update of
CAD assembly models is considered. Erdos et al. [27] also
worked on something similar for the reconstruction of indus-
trial objects in a factory by adapting the shape of the CAD
model to the given point cloud. Their work is also limited
to simple shapes like cylinders. A similar work by Ishimt-
sev et al. [29]] has introduced a method CAD-to-scan that
fits by non-rigidly deforming retrieved CAD models. A non-
rigid deformation model incorporating smooth transforma-
tions and preservation of sharp features, that simultaneously
achieves very tight fits from CAD models to the 3D scan and
maintains the clean, high-quality surface properties of hand-
modeled CAD objects. Another approach is adopted by Du-
rupt et al. to obtain a real CAD model with a tree structure of
features called functional and structural skeleton [30]. Their
semi-automated approach integrates classical geometric ap-
proach (point cloud segmentation and features data extrac-
tion) and a knowledge-based approach (functional and struc-
tural skeleton). However, their proposed work requires the
interaction of multiple expertise to identify and classify the
driving parameters. Thompson et al. [31]] worked on a proto-
type of a reverse engineering system that uses manufacturing
features as geometric primitives. The resulting models can be
directly imported into feature-based CAD systems without
loss of the semantics and topological information inherent in
feature-based representations. The user specifies the types of
manufacturing features present and the approximate location
of each feature in the object. Their system does not yet deal
with secondary feature properties such as chamfers, fillets,
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Fig. 2. Fitting a parameterized 2D sketch and 3D features in the point cloud of a digitized pump assembly: (a) sectioning with plane Tl:'f to
extract the reference profile PR‘f in the initial point cloud PCy; (b) drafting a rough parametric sketch 5{‘ in the vicinity of the reference profile

PR'f; (c) final 2D parametric sketch SF fitted in the filtered profile PRT’Z; (d) draft CAD model MIK extruded from the fitted 2D parametric

sketch 5{‘ with an estimated extrusion length; (e) 3D CAD model 9V[1K fitted in the filtered point cloud PCT’Z; (f) fitted assembly /‘Zlf containing
two models fMlK and 9\/[2" assembled together with coaxiality and contact constraints.

and rounds and mostly single parts are considered.

As a conclusion, most of the existing methods are not yet
able to efficiently reverse engineer a full DMU, i.e. an assem-
bly of several parts constrained all together. Indeed, existing
methods mostly work at the level of the parts and require the
assembly to be disassembled prior to its digitalization. More-
over, the reconstructed CAD models are often considered as
dead models that cannot be further edited in the later stages
of the PDP, and this is a very limiting feature of the existing
approaches.

3 Reverse Engineering framework

In our approach, instead of using a traditional patch-
by-patch reconstruction process, the model reconstruction is
obtained by adapting parameterized geometries to the corre-
sponding point cloud, either locally or globally. Such geome-
tries can be 2D sketches, 3D parts or assemblies’ CAD mod-
els described in terms of their significant features, parame-
ters, and constraints. Starting from an acquired point cloud
PCy, CAD models are reconstructed following the workflow
depicted in Fig.[I] Depending on the available data, it admits
different starting points. Nevertheless, it is up to the user to
decide what are the most suitable steps to operate, and what
are the parameters to be optimized. If a parameterized CAD
template is not available, the user can start from scratch to
obtain new 2D parametric sketches, well-matched with the
given point cloud, usable to create the 3D part models. The
user can come back to previous steps and the parameters are
handled at the level of the sketches, parts, and assembly, all
together or separately.

The framework supporting the new reverse engineering
approach is composed of three modules, namely: (i) recon-
struction of 2D parametric sketches; (ii) reconstruction of 3D
features and parts; (iii) reconstruction of assemblies. All the
modules use the same generic and multi-dimensional fitting
algorithm which permits to adapt any parametric geometry
to a given reference point cloud. The fitting process exploits
a CAD kernel and a simulated annealing-based algorithm to
solve the underlying numerical optimization problem. De-
pending on the reconstruction scenarios, the modules can be

used independently or in combination with the others.

Given an acquired point cloud PCy, the reverse engineer-
ing process follows several successive steps. At each step K,
with k € [1 ..Ns,ep] and Ny, the number of steps required, a
set G* of parametric geometries is created and used as in-
put of the fitting algorithm. Each set G* = {GF, i € [1..Ng]}
contains Ny geometries to be fitted at the same time, and each
geometry G can be a CAD model of a sketch, of a part or of
an assembly. In the following sections, the three modules are
first introduced separately, then section [3.4]discusses config-
urations where G* contains heterogeneous geometries fitted
at the same time using the generic multi-dimensional fitting
module presented in section 4]

3.1 Reconstruction of 2D parametric sketches

Linear and rotational sweep of 2D sections are classic
operations when defining 3D features and parts. This module
supports the reconstruction of 2D sketches fitting locally the
acquired point cloud PCy at step K of the reverse engineering
process. Here, the set G = {S, i € [1..Ny]} is composed of
N¥ sketches to be fitted at the same time. Figures a to c
illustrate the reconstruction of a single 2D sketch Sf. Gener-
ally speaking, each sketch S lies in a user-specified section
plane ¥ and is initially roughly defined and constrained. The
numerical parameters of the sketch are variables for the fit-
ting process that aims at automatically tuning their values to
fit the related profile PR (Fig. b). Each profile is a poly-
line at the intersection between PCy and ©t¥, and it can be
considered as a 2D point cloud PC¥ (Fig. a). Throughout
the fitting process, profiles are cleaned up and further seg-
mented by applying a two-step filtering strategy based on
distance and normal computation. Therefore, the filtered pro-
files PR}C’l and PR}c’2 are successively generated, and they
can be considered as filtered 2D point clouds PC}C’1 and PC}C’2
issued from PCy (section [4.3.3). At each time, all the con-
straints are updated and managed by the CAD modeler, and
the step « ends up with a set of fitted sketches (Fig. 2]c).
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Fig. 3. Generic multi-dimentional fitting process handling parameters and constraints at the level of sketches, parts and assemblies.

3.2 Reconstruction of 3D features / CAD parts

This module aims at reconstructing CAD models us-
ing templates whose parameters have to be tuned to fit the
point cloud, either locally or globally. Here, the set G* =
{M¥, i € [1.Nf]} is composed of N}f CAD models to be re-
versed at the same time. The templates can be specified fol-
lowing different scenarios (highlighted in orange in Fig. [I)),
either in sequence with the module described above or as a
standalone process. The first scenario considers the use of a
2D sketch that has been previously fitted (Fig. [2]c). By ex-
truding, revolving or using any other CAD operation on this
2D sketch, a draft CAD model M,* is then created. At this
stage, the parameters of the CAD operation can only be esti-
mated (Fig.[2]d). This model can be further refined by adding
additional features possibly obtained through the extrusion
or revolution of other fitted sections. In another scenario, the
template CAD model can directly come from a database or
it can be roughly specified by the user. In this case, the user
is required to pre-arrange the CAD model in PCy. The fit-
ting module then optimizes the shape of all the CAD models
of G* to fit the point cloud (Fig. e). At each optimization
step, the point cloud is segmented using the two-level fil-
tering strategy successively generating PC:F’1 and PCf’2 for
each model M* (section . This process is repeated for
all the parts to be recovered (Fig. [2]f), either sequentially or
simultaneously all together at the same time.

3.3 Reconstruction of assemblies

Assemblies can also be reconstructed and fitted by tun-
ing their numerical parameters, e.g. the distance between two
parts or the angle amongst faces of two adjacent parts. Here,
the set G* = {A4f, i € [1..Nf]} is composed of Nf assem-
blies or sub-assemblies. All the possible constraints the CAD
modeler can handle (coincidence, perpendicularity, concen-
tricity, parallelism, etc.) are managed, but only the numer-
ical constraints e.g. angles and distances between faces,
are used to adapt the CAD model to the point cloud dur-
ing the optimization and the fitting process. Similarly, dis-
crete constraints or boolean constraints, such as activation
of user defined equations, are not managed within the opti-
mization loop. The CAD modeler takes care of the additional
assembly constraints (e.g. contact, perpendicularity) during
the optimization process. Figure 2Jf shows the reconstruc-
tion of an assembly of two models constrained by assembly
constraints.

3.4 Reconstruction of heterogeneous geometries

One of the strengths of the proposed approach lies in
the possibility to simultaneously reconstruct and fit heteroge-
neous geometries (i.e. 2D sketches, 3D parts and assemblies)
in a single step x. Indeed, heterogeneous geometries can be
mixed up in a given set G* = { G, i € [1..Ng]} composed
of Ng geometries. For instance, fitting of an assembly may
incorporate parameters of 2D sketches, 3D parts and sub-
assemblies that are simultaneously updated for the recon-
struction of an assembly model. Then, the fitting algorithm
acts on the parameters (e.g. length, angle, radius, distance)
while satisfying simultaneously all the constraints (e.g. par-
allelism, coaxiality) at different levels (2D sketch, part, as-
sembly). Thus, even if the models are initially reversed se-
quentially, they can ultimately be further adjusted to per-
fectly fit the point cloud.

4 Generic multi-dimensional fitting module

This section details the module used to fit a set G* of
N;f geometries G in a reference point cloud PC at step « of
the reverse engineering process. This module is generic and
works on geometries of any dimension, i.e. 2D sketches, sin-
gle parts and assemblies. Figure 3| shows the different steps
of the fitting module illustrated on the fitting of a gland in the
point cloud of a digitized pump assembly (Fig.[2). Algorithm
1 provides the pseudo-code for the better understating of the
developed method.

4.1 Pre-arrangement and cropping

Before fitting the Ny geometries G € G* in the point
cloud, a pre-arrangement is required to bring the geome-
tries near to the related point cloud portion and to initialize
the values of its control parameters. This step results in the
definition of a set G*(0) of pre-arranged geometries G(0)
at iteration step O of the optimization loop (Fig. f]a). For
sketches, the pre-arrangement is directly performed during
their definition, being drafted over reference profiles ob-
tained from the corresponding section planes. The same hap-
pens when the geometry is a CAD model obtained from an
already fitted sketch (Fig. 2Jc). As the fitted sketch is al-
ready aligned, the pre-arrangement consists in adjusting the
parameters values of the adopted operator, for instance the
length of the extrusion on the example of Fig. [2]d. The pre-
arrangement is always necessary when the reference CAD
model is taken from an existing database.
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Algorithm 1
Input
Point cloud (PCy)
Parametric CAD geometry (g}()
Output
Fitted CAD geomerey (G (i)) inPCo
Procedure
Pre-arrangement of CAD geometry with PCy
Selection of parameters (x}‘(O)) \\ initialization of parameter)
\\Cropping PC, (local fitting)
\\Parameters loop
Forj=1:jnx
\\Optimization loop
Repeat i=0: M.,
g}'((i+ 1) = Update geometries (x}‘(O)) \\ using CAD kernel
Registration (g}((i), PCy(i))
G (i)= Tessellation/sampling of geometry Gr(i)
\\Two-step filtering
Compute distances (PCo(i)).g}((i))
Compute normals & dot product (PCO(Z))QJK(Z))
PCy(i+ 1) = cropping PCy(i) \\using thresholds €7 and€;,
x]!‘(i+1) = Modifying geometries’ parameters
End
End

A PG
-

PCX(0)
a) 7 b) "

Fig. 4. Pre-arrangement of a single CAD model G/(0) in a refer-
ence point cloud PCq (a), and initial coarse cropping of PC( using a
distance threshold to get the cropped point cloud PC¥(0) (o).

This initialization step also acts on PCy reducing the
number of points to be considered when applying the two-
level filtering strategy. The cropping operation is driven by
an initial threshold € that works on the distance between
the points of PCy and the set G*(0) of pre-arranged geome-
tries. Thus, for each geometry, all the points of PCy that have
a distance to Gf(0) greater than € are cropped and the re-
maining points from PCf(0) are used as input of the opti-
mization process (Fig. [d]b). By default, € is set to 10% of the
diagonal of the considered pre-arranged geometrys bounding
box. This value corresponds somehow to the level of confi-
dence in the pre-arrangement.

4.2 Parameters loop

At each step x of the reconstruction, and all along the
fitting process, the algorithm creates instances of the geome-
tries with different values of the chosen parameters. The con-
trol parameters of all the geometries G/ can optionally be
clustered in several groups G, with j € [1.. jmax], according
to the level of details to which they correspond. Actually,
grouping the parameters results in better and more stable fit-
ting results and it also reduces the chances of getting the op-
timization process stuck in a local minimum. Considering
all the parameters in a single group may result in under and

Fig. 5. Definition of the parameters controlling the gland of a
pump: 5 parameters for the 2D sketch and 3 parameters for the 3D
features.

overfitting of small features (e.g. fillets and chamfers). Pa-
rameters of group GY are denoted p,, h € {1,...,Ny;} and
are assigned to the numerical variables for the optimiza-
tion loop, i.e. x‘;, n= pj‘?, 5+ Using a three level decomposition
turns out to be a good trade-off, considering the commonly
adopted CAD modeling strategies (juqx = 3): G} groups the
parameters of the assembly structure as well as the ones
driving the structural features (e.g. pockets, revolutions), G
gathers the parameters of the detail features (e.g. holes, ribs)
and G¥ includes the parameters used to finalize the shapes
(e.g. fillets, chamfers). When considering the simultaneous
fitting of several geometries, all the parameters are mixed up
within those three groups. Thus, in the rest of the paper when
referring to those groups, the lower index 7 of each geometry
GX is not used.

It is important to understand that it is up to the user to
decide which template and parameters are to be considered at
step K of the reverse engineering process. Figure[5|shows the
parameterization of the gland whose fitting has already been
introduced in Fig. 2] Overall, it is controlled by 8 control
parameters (N = 8): the radii ; with i € [1..4], the length
11, and three additional parameters rs, /; and /3 to control the
volumetric (3D features) shape of the gland. Applying this
grouping strategy, these parameters (p‘;.h) are divided into
two groups as follows (upper index k¥ removed for sake of
clarity):

Gi=A{ri,rm3,ra, i} pra=ri, pra=rn,
p13=r3,pra=rsand p;s =1,
G2 = {}’5,12,13} P21 =75, P22 = 12 and P23 = l3

ey

The parameter loop is only activated if j,,,c > 1, other-
wise the parameters are treated all together in a single group.

4.3 Optimization loop

The optimization loop is the core of the proposed ap-
proach. It is used at each step K of the reverse engineer-
ing process, and for each group within the parameters
loop. Starting from a set G*(0) of pre-arranged geometries
G(0), the algorithm iterates on the values xF, () belonging
to the j-th group G¥, thus creating an evolution of the Ny
geometries G(r) until reaching a best fit of all the geome-

tries in the filtered point clouds PC:-(’Z(t). Actually, this can
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be formulated as a minimization problem:

8
min E}-‘(xfl,...,x;N;j) = Ed(PC:F@7 G 2)
=1

where x* " are the variables, Q)Kh their definition domains,
and EK the energy function characterlzlng the overall de-
V1at10n for the complete set G* at the j-th step of the pa-
rameters loop. The filtering technique is explained in sec-
tion and the way distances between the filtered PC:F’2
and the geometry G are computed is explained in sec-
tion #.3.4] Throughout the optimisation process, the built-in
constraints (e.g. symmetry, parallelism) amongst the geome-
tries are managed by a CAD modeler also in charge of keep-
ing their consistency.

4.3.1 Simulated Annealing algorithm
To optimize the parameters of the geometries G~ € G*

in order to fit the filtered point clouds PC}(’Z, the reconstruc-
tion process requires an algorithm that can solve the opti-
mization problem in a large solution space. Research and ex-
perimentation carried out brought to the choice of the simu-
lated annealing (SA) algorithm. Other metaheuristics, such
as Particle Swarm Optimization (PSO), have been tested
but have demonstrated a lower efficiency than SA. This is
because PSO has two main search capabilities, the explo-
ration and exploitation, whereas SA only performs exploita-
tion. Thus, in the context of this work, PSO does require
more updates of the CAD modeler than SA. Indeed, in the
carried out experiments on the fitting of 2D sketches, the re-
sults show that the PSO takes about 10 times more iterations
than SA, thus an average of 10 times more updates of the
geometric models causing a drastic decrease in the overall
fitting process. Moreover, both optimization strategies may
result in configurations that are hard for the CAD modeler to
update, and may even cause the software to crash. But, SA
performs better and with this approach very few issues are
encountered when updating the geometries during the fitting
process. SA was designed for stochastic search problem that
successfully avoids local minimum during the search pro-
cess. It uses a probabilistic approach to move from one point
to another in search of global optima. This transition pro-
cess of finding the optimal solution in a large search space
depends on the temperature and the change in the objec-
tive function. SA optimization algorithm mimics the phys-
ical process of heating a material and then slowly reducing
its temperature that decreases the overall energy of the sys-
tem (annealing) to remove the defects in the material. SA-
based fitting of CAD models also works on the same prin-
ciple where the overall energy (sum of the distances be-
tween the geometries GX and the filtered point cloud PC}C’Z)
is minimized as shown in Eqn. (Z). The algorithm handles
a limited set of constraints, mainly the lower and upper
bounds of the values, and both the internal and assembly
constraints (e.g. coincident, parallelism) are directly handled

by the CAD modeler in charge of the updates. This is par-
ticularly interesting as the geometric constraints are satisfied
using black boxes combining calls to procedures of the CAD
modeler [32/33]]. For optimal results, the SA algorithm initial
temperature T needs to be tuned. From the experiences, the
initial temperature is set to 10 in most of the reconstruction
cases. In some cases, if the fitting results are not satisfactory,
the user can re-run the optimization process with a different
initial temperature value.

4.3.2 Update, translate/rotate, tessellate and sample
Before running the two-level filtering technique required
for local fitting, the geometries taking part to the current op-
timization loop need to be prepared. Thus, the Né‘f geometries
involved at the x-th step of the reverse engineering process
are successively updated, translated and rotated, tessellated
and sampled as the fitting process goes on, i.e. at each itera-
tion ¢ of the optimization loop. Each geometry G(¢) is thus
updated by the CAD modeler according to the evolution of
the parameters values xj'f 4(). Here, updates can appear at the
level of the sketches, parts and assemblies. Then, each ge-
ometry is translated and rotated using an ICP algorithm [34]]
that finds the best fit rigid body transformation between the
geometry and its associated PCf(¢). Indeed, adding six ad-
ditional parameters to control the position and orientation of
each geometry taking part to the optimization process would
clearly reduce the performances of the SA algorithm, it is
therefore more efficient to manage these issues in a stan-
dalone ICP step. However, ICP is optional and should not
be run when an assembly has been updated and the assembly
constraints are already satisfied. Finally, two additional ge-
ometric representations are generated, successively gim (t)
after the tessellation and G**(r) after the sampling. The sam-
pling is performed so as to keep same the density of both
the sampled geometry G/*(¢) and its corresponding cropped
point cloud PC¥(r). In case of a 2D sketch, the cropped point
cloud is a reference profile PRY(7) that is also sampled.

4.3.3 Two-level point cloud filtering technique

When considering local fitting, the reference point cloud
needs to be processed and segmented at each iteration ¢ of the
optimization loop so as to remove points that are not mean-
ingful for the reverse engineering of geometry G(z). This is
performed using a two-level filtering technique, which anal-
yses the deviations in terms of distance and normal evolution
between the point cloud and the sampled geometry to be fit-
ted. This technique also provides a segmentation of the point
cloud to allow local fitting. Figure [6] illustrates this filtering
process on the example of a square-shaped 2D sketch S(7)
to be fitted to a reference profile PR (r) presenting a protru-
sion not to be considered during the local fitting. At an iter-
ation step ¢ of the optimization loop, the two-level filtering
strategy works as follows:

1. Find the matching between points of the sampled ge-
ometry G*(¢) and the ones of the reference point cloud
PCX(r), respectively 5**(r) and PR¥(¢) on the 2D ex-
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Fig. 6. The two-level filtering technique applied on a square-shaped 2D sketch: (a) parameterized sketch SiK(t) close to the reference
profile PR¥(¢) with a protrusion not to be considered during the fitting; (b) points of SX(¢) and PRX(z) after sampling, with colors showing
the distances between the sampled sketch and profile; (c) same points as in (b) but with colors showing the deviations in the orientation of
the normals between the sampled sketch and profile; (d) two-level filtered profile PF%:F’2 (t) defining the point cloud used for the computation

of the energy.

ample of Fig. [6]b. This is performed while computing
the distance field between the points of the reference
point cloud and the ones of the geometry. The output
of this step is a list of matched pairs of points £L; =
{(Pi; Ps(ry), k € [1..N,]} with N, the number of points
of the reference point cloud to be filtered. Here, 6(k)
returns the index of the closest point of P in the sam-
pled geometry, with 6(k) € [1..N,] and N, the number
of points in the sampled geometry. Depending on the
geometric configuration, 6(k) can return the same index
for different values of k.

2. Filter the point cloud while removing points P, (with
k € [1..N,]) that do not satisfy to the two conditions:

[PePoii || < €
|n§{ . nc(k)\ > €&,

3)

where n) and N (k) stand for the unit normals at points
P and Ps(x) respectively, and - returns the dot product of
the two vectors. Using the threshold ¢4, a filtered point
cloud PC}(’l (1) is first generated while removing points
whose distance to the geometry is too large. Then, the
result is further processed using the threshold €, to get
PC}C"2 (¢) while removing points whose normal deviates
too much with respect to the normal at the matching
point.

The way the points of the reference point cloud behave
with respect to those two conditions is illustrated on Fig-
ures [6]b and [B]c, whereas Fig. [f]d shows the result of the
two-level filtering only keeping points required for the en-
ergy computation.

4.3.4 End of the optimization loop

Once the geometries sampled and filtered, at each itera-
tion ¢ of the optimization loop, the energy function involved

in Eqn. (2)) is computed using the following function:

n2 (1)
d(PCI(1), GF(1) = Y (G (1)[x,PCF* (1) (4)
=1

where n}(¢) is the number of points in GX*(¢). The func-
tion d(point, cloud) returns the nearest neighbor distance for
each point in the cloud. The optimization loop stops when
a max number of iteration M;,, without change of E}< (up
to an accuracy €;,,) is reached, otherwise the SA algorithm
goes on and computates new values xj‘f »(t+1) defining a new

set G¥(r+ 1) of geometries GX(r + 1) used as new inputs of
the optimization loop.

5 Results and discussion

This section illustrates the novel reverse engineering
technique on two industrial assemblies. The core of the ap-
proach has been implemented in MATLAB® that handles
the SA algorithm, computes the distances and normals, and
also filters the point cloud. It calls the built-in functions of
SolidWorks® to perform the successive updates of the ge-
ometries, to tesselate the models and to ensure the consis-
tency of the resulting 2D sketches, B-Rep models and as-
semblies during the optimization loops. The sampling and
the ICP algorithm are run in CloudCompare also called in
batch mode.

5.1 Reconstruction of the Wankel engine assembly us-
ing as-scanned point cloud

The first example aims at reverse engineering multiple
parts of a Wankel engine (Fig. [7}a). The reference point
cloud PCy is composed of 667k points obtained using an
as-scanned point cloud generation strategy [35]], which uses
the Hidden Point Removal (HPR) algorithm from 12 view-
points [36]. Before generating the point cloud, the CAD as-
sembly was simplified while removing and remounting some
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components so as to capture its internal details (Fig.[7]b). Us-
ing an as-scanned point cloud, the real values of the parame-
ters are known from the original CAD models, and the accu-
racy of the proposed method can be easily evaluated. Being
pf the final parameter values of the fitted CAD models, and
pfl) the original ones as they appear in the DMU, the rela-
tive deviations 8p;, and the absolute deviations Ap;, can be
computed as follows:

_ [pul _ s
17|

F
Pl c [1.V,)]

A
P A

&)

where N, stands for the overall number of parameters pos-
sibly distributed in the parameter groups. The deviations of
the parameters are listed in Tab.

Table 1. Results for the partial reverse engineering of the Wankel
engine (steps K =110 9).

Py py A 3pi

K Gows | oo o | ) | om) | o) |
Piston

6, " 190 195 198.78 | -3.7800 | 0.0194

I 200 | 180.15 | 180.67 | -0.5200 | 0.0029

1 G» r 63 55 54.9375 | 0.0625 | 0.0011

G\ s 3 5 48841 | 0.1159 | 0.0232

’ b 95 95 947978 | 02022 | 0.0021

2 G @D | el 75 80 | 78.6038 | 1.3962 | 0.0175
Casing

4 120 | 129.69 | 12838 | 13100 | 0.0101

G rs 80 92 90.84 | 1.1600 | 0.0126

r6 20 92 22294 | 69.7060 | 0.7577

I 60 | 5575 | 48214 | 7.5360 | 0.1352

6 130 | 1295 | 12939 | 0.1100 | 0.0008

o 166 166 166.19 | -0.1900 | 0.0011

G ofi 7 9.6 9.5088 | 0.0912 | 0.0095

3 r 4 6.5 64252 | 0.0748 | 00115

rs 110 | 111.6 | 11115 | 04500 | 0.0040

ro 13 11 11.983 | -0.9830 | 0.0894

o 295 31 30.837 | 0.1630 | 0.0053

oW 49 | 4824 | 48223 | 00170 | 0.0004

G, o 64 | 64.77 | 64.746 | 0.0240 | 0.0004

’ o 80 80.92 | 80.89 | 0.0300 | 0.0004

as 106 | 104.96 | 10499 | -0.0300 | 0.0003

10 2 25 1764 | 0.7360 | 0.2944

41 G(3D) | ek 70 80 | 79.2869 | 0.7131 | 0.0089
End cover

rg 111 | 111.6 | 11144 | 0.1600 | 0.0014

i 12 9 10.652 | -1.6520 | 0.1836

g 100 99 1002 | -1.2000 | 0.0121

5 G i3 61 62 60.981 | 1.0190 | 0.0164

ria 2 32 27616 | 0.4384 | 0.1370

o 60 60 58.321 | 1.6790 | 0.0280

ris 68 725 | 72224 | 02760 | 0.0038

G» e 20 | 21.63 | 214764 | 0.1531 | 0.0071

G1(3D) | el 26 35 35.0725 | -0.0725 | 0.0021

71 66D | el 5 25 09126 | 1.5874 | 0.6350
Cover plate

8[GiGAD) [ eis [ 10 [ 7 [ 70764 | 0.0764 | 0.0191
Fillet

9[GaD [sitlee [ 2 ] 5 [ 6750 | -1.750 [ 03500

The reverse engineering process follows a part-by-part
reconstruction strategy where parts are constrained all to-
gether with assembly constraints (e.g. coincidence of axes,
contact between faces). Here, due to space limitation, only
the reconstruction of the first 5 parts is shown for a total
of 9 reverse engineering steps: piston (x € {1,2}), casing
(x € {3,4}), end cover (x € {5,6,7}), cover plate (k = 8)
and filleting (k = 9). Since the engine has symmetries, addi-
tional CAD operators are also used.

The piston is reconstructed at first following a two-step
procedure (Figures e] to e4): fitting of the sketch pro-
file (k = 1) and fitting of the extrusion length (k = 2). The
reference profile is obtained while sectioning the initial point
cloud PCy with the section plane 7! (Fig. c). The resulting
reference profile PR! is composed of sub-profiles that are
managed by the two-level filtering technique. To reconstruct
the piston, a rough parametric sketch §' is drafted around the
reference profile related to the piston only (Fig. [7le;). ICP
is also used to handle the alignment and orientation of the
updated geometry throughout the optimization process. The
five parameters controlling the shape of the piston are di-
vided into three groups. Parameters r; and /; are associated
to G and thus fitted first, followed by r, for the central
circle. Three small holes at the tips of the piston are con-
trolled by r3 and /; associated to G3 and thus fitted last to
obtain the fully fitted sketch (Fig. [7]e>). The fitted profile is
then extruded with a coarse value of the length el; to gen-
erate the volumetric shape of the piston (Fig. [7]e3). To get
the final value of the extruded length e/;, an initial crop-
ping is automatically performed on PCy before starting the
optimization. The resulting red points in Fig. [7e; still con-
tain some unwanted points not belonging to the shape of
the piston. Thus, all along the optimization process, these
points are filtered and removed using the two-level filters un-
til obtaining the segmented blue points (Fig. [7]e4). Table [1]
shows very good fitting results for the two corresponding
steps (k € {1,2}). Finally, as there are two pistons in the
engine, the one fitted first is then duplicated (Fig. e4).

The next component to be reversed is the casing fol-
lowing a two-step procedure (Figures [7]f; to [7}fy): fitting
of the sketch profile (k = 3) and fitting of the extrusion
length (k = 4). This part is a bit complicated because it has
many parameters to be optimized. The reference profile PR!
is the same as the one obtained at iteration ¥ = 1. Here again,
a draft sketch §3 is first created with 16 parameters to be
optimized (Figures [7]f; and [7]f,) and clustered in 3 groups
according to the level of detail they refer to (Tab. [I). Fig-
ure [§] shows the evolutions of the parameters of each group
for the reconstruction of the casing section. The group Gy is
optimized first, then G,, and Gz at last. It can be seen that
parameters are evolving a lot in the beginning as the required
solutions are away from the desired one. Later, the curves
get smoother as the values of deviation of parameters de-
creases. Actually, the largest deviations in the G is for the
parameter rg. This is due to the fact that the radius is rather
small and its initial value is far away from the desired one and
very few points can contribute to the fitting. The stochastic
nature of the SA algorithm is clearly visible. Such an algo-
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Fig. 7. Successive steps of the reverse engineering of a Wankel engine with a point cloud generated from an as-scanned virtual scanning.

rithm is interesting to solve this global optimization problem
in a large search space. Thus, splitting the parameters into
several groups can improve the efficiency of the overall fit-
ting framework. After recovering the section, the extrusion
length el can be further optimized (k = 4) using the fitting
procedure from a coarse extrusion (Figures[7]f3 and[7}f4).

Then, the end cover is reverse engineered in three
steps (Figures[7lg; to[7}g4): fitting of the sketch profile (k =
5), fitting of the main extrusion (k = 6) and fitting of the

collar (k = 7). First, the reference profile PR is obtained
while sectioning PCy with the plane 1> (Fig. c), and then
used to fit a draft sketch §° (Figures Elgl and gz). Here,
only two groups have been used. Once fitted, some elements
of sketch §° are combined with elements of sketch $3 and
they are used to create the draft extrusion of length el3. This
length is then optimized in step k = 6 (Fig.[7}g3). The collar
is then recovered while optimizing its extrusion length els in
step K = 7 and the resulting feature is repeated and aligned
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Fig. 8. Simulated annealing evolution curves for the three parame-
ters groups to reconstruct the parametric sketch of the casing part.

with the surrounding holes of sketch $3. Finally, the casing
and the end cover are duplicated and the central casing cre-
ated in between using geometric entities extracted from the
previously fitted sketches (Fig.[7}g4).

The penultimate step consists in reconstructing the cover
plate using elements of the previously fitted sketches §* and
S°. Here, only its extrusion length els is to be fitted at step
K = 8 (Figures [7lh; and[7]h,).

Finally, a fillet is added to the end cover, and its radius
is optimized at step Kk = 9 (Figures h3 and h4). All the
optimized values are reported in Tab. |1} Of course, for certain
reverse engineering scenarios, the values pg obtained at the
end of the reverse engineering process can be rounded.

5.2 Reconstruction of a hydraulic rotary actuator using
real scanned point cloud

The second example validates the proposed reverse en-

gineering approach on the real scanned point cloud of a hy-

draulic rotary actuator (Fig. [Ola). The point cloud has been

acquired using a ROMER Absolute Arm 7520 SI and while
scanning the assembly as a whole, i.e. without disassembling
the whole assembly prior to its digitalization. To capture in-
ternal details of assembly some components are removed be-
fore scanning. For instance, out of four screws, two screws
are removed from the both sides of assembly to capture the
information of internal diameters r, and r3. For the cylin-
der part, the external diameter r| is retrieved using our ap-
proach while internal diameter is assumed by pipe’s stan-
dard thickness. The raw point cloud has been pre-processed
before entering the reconstruction steps (i.e. noise and out-
liers removal, registration, filtering). By the end of this step,
a clean point cloud PCy having about one million points is
obtained (Fig. E}b). Here, as the CAD models are not avail-
able to serve as a ground truth, the accuracy of the approach
is evaluated while comparing the fitted values pg to the ones
pf measured directly on the parts using a caliper (Tab. .

Table 2. Results for the partial reverse engineering of a hydraulic
rotary actuator (steps K =1 to 9).

¥ | Groups Dh p2 Pf,) pf o Apy,
(mm) (mm) (mm) (mm)

Central casing

I 98 93.42 93.4532 | -0.0332 | 0.0004

13 47 45.90 45.8171 0.0829 | 0.0018

I3 94 90.40 93.3780 | -2.9780 | 0.0329

Gy Iy 325 32.00 32.7104 | -0.7104 | 0.0222

Is 13 15.10 14.7835 0.3165 | 0.0210

1 ls 7.5 7.50 7.4345 0.0655 | 0.0087

Iz 20 17.00 17.5090 | -0.5090 | 0.0299

I3 25 24.35 23.9505 0.3995 | 0.0164

Iy 17 17.25 17.4360 | -0.1860 | 0.0108

Lo 36 32.70 36.9264 | -4.2264 | 0.1292

G I 26 25.70 25.5856 0.1144 | 0.0045

r 3 8.50 4.3074 4.1926 | 0.4932

2 | Gi(3D) | el 84 88.06 88.5479 | -0.4879 | 0.0055

Cylinder and screws

7| 36 37.60 37.6544 | -0.0544 | 0.0014

3 G &) 42 42.20 42.3345 -0.1345 | 0.0032

3 5 3.95 3.9943 -0.0443 | 0.0112

4 | Gi(3D) | el 100 108 110.5972 | -2.5972 | 0.0240
Right end part

ery 44 42.20 425169 | -0.3169 | 0.0075

5 G ery 38 39.50 39.6997 | -0.1997 | 0.0051

ery 10 15.00 13.9397 1.0603 | 0.0707

ery 9 7.80 7.8498 -0.0498 | 0.0064

6 | Gi(3D) | el3 10 15.85 15 0.8500 | 0.0536

Screw

7 G bry 7.5 6.40 6.4042 -0.0042 | 0.0007

8 | Gi(3D) | ely 2 5.50 5.4772 0.0228 | 0.0041
Sub-assembly

ery | 39.6997 | 39.50 38.7445 0.7555 | 0.0191

3 3.9943 3.95 3.832 0.1180 | 0.0299

el3 15 15.85 15.7958 0.0542 | 0.0034

9 G bry 6.4042 6.40 6.4257 -0.0257 | 0.0040

ely 5.4772 5.50 6.1002 -0.6002 | 0.1091

r| 37.6544 | 37.60 37.6267 | -0.0267 | 0.0007

&) 425169 | 42.20 42.5599 | -0.3599 | 0.0085

ely 107 108.00 | 108.2916 | -0.2916 | 0.0027

Due to space limitation, only the reconstruction of the
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Fig. 9. Successive steps of the reconstruction of a hydraulic rotary actuator based on a point cloud obtained using a laser scanner without

disassembling the parts.

first 4 parts are presented for a total of 9 reverse engineer-
ing steps (Fig.[9]d): central casing (k € {1,2}), cylinder (k €
{3,4}), right end part (x € {5,6}), screw (x € {7,8}) as well
as a final overall fitting of the assembly (k = 9). At each
reconstruction step, the fitting is performed using the two-
level filtering technique, in order to clearly segment the point
clouds and identify parts and interfaces. Figure [Qjc shows
the reference profiles of the four parts extracted using sec-
tion planes. Section plane 7! is defined first using a fitting on

user-specified points located on the front face of the central
casing, and it serves as a reference to locate the three other
planes.

The central casing is reconstructed first following a two-
step procedure (Figures[Qle; toP]es): fitting of the sketch pro-
file (x = 1) and fitting of the extrusion length (k = 2). Thus,
a rough parametric sketch §' is drafted using 12 control pa-
rameters gathered together in two groups G| and G, (Fig-
ures Elel and Elez). The resulting values p{ after the opti-
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mization are listed in Tab. 2} Then, at step k = 2, the ex-
trusion length el; is optimized using SA algorithm from a
user-specified coarse value (Figures Ole; and [9]e4). The fit-
ted central casing now serves as a reference to reconstruct
the three other parts, using assembly constraints handled by
the CAD modeler.

The next component to be reverse engineered is the
cylinder following a two-step procedure: (Figures [O}f; to
[1f4): fitting of the sketch profile (k = 3) and fitting of the ex-
trusion length (k = 4). Thus, at step k = 3, a rough sketch §*
is drafted around the reference profile PR3 using 3 control
parameters gathered together in a single group (Figures [9}f;
and E}fz). Here, the two parameters 7, and r3 appear at this
step even if they define respectively the positioning and di-
ameter of the four fixation screws to be reconstructed later
in the reverse engineering process. Thus, at step K = 4, only
rq is used for the extrusion whose length el, is optimized
using SA algorithm from a user-specified coarse value (Fig-
ures [O}f3 and [O]f4). As the point cloud has been obtained
without disassembling the parts, the thickness of the cylin-
der cannot be captured directly and has to be specified by the
user.

Then, at step ¥ = 5, the right end part is reconstructed
from reference profile PR’ created with section plane 7t° that
is constrained to be parallel to the lateral face of the casing. A
draft sketch §° defined by 4 control parameters taking part to
a single group is fitted to the reference profile (Figures 0] g;
and [9]g>). This sketch is then enriched with the geometric
entities of $> parameterized by r, and r3. Doing this way,
the complete sketch can be extruded of a coarse length el3
that is finally tuned using the SA algorithm (Figures[9] g3 and
E}g;;). As for all the other steps, the two-level filtering tech-
nique allowed to distinguish points belonging to the right end
part, from points belonging to the cylinder and screws.

Finally, at step K = 7, screws are reconstructed using the
section plane Tt/ to extract the reference profile PR of the
screw head. The drafted parametric sketch 7 is controlled by
parameter br; whose best fitting value is obtained using the
SA algorithm (Figures[9]h; and[9}h,). The screw head is gen-
erated while optimizing its extrusion length el4 (Fig. [Olh3),
and the bottom part of the screw is directly reconstructed us-
ing an extrusion of length els = el, + el3 (Fig.[9lh4). During
the fitting, the screw is constrained to stay on the circle of ra-
dius r,. Moreover, screws being standard parts, the obtained
values for screws can be normalized according to those avail-
able from catalogs. As for the thickness of the cylinder, the
length of the screw inside the central casing cannot be re-
trieved thus it has to be adjusted afterwards.

To complete the full reconstruction of the CAD assem-
bly, the screw is duplicated using circular pattern around
the radius r,. Then, except the central casing, all the recon-
structed parts are duplicated and mirrored so as to get the
symmetric side of the actuator (Fig. [0li;). All those parts
are gathered together in a sub-assembly 4° whose param-
eters are further optimized in a last reconstruction step (K =
9). Actually, the idea is to exploit the rest of the point cloud,
i.e. the one part that has not yet been fitted to any template,
to adjust the parameters values of the geometries already fit-

ted on the right end side. Here, all the duplicated geometries
take part to the optimization process and the only parameters
that are further tuned are listed in Tab. [2| The average abso-
lute deviation between the point cloud and the obtained CAD
sub-assembly is about 0.0377 mm (min = -2.6173 mm, max
=6.0638 mm, std = 0.5474 mm) which is also quite low. The
assembly also has internal constraints (e.g. contact between
faces, coaxiality, relationships between parameters notably
between the left and right parts) directly handled by the CAD
modeler during the successive updates. An additional con-
straint that was not yet taken into account has been added
and consists in imposing the equality r» = er;. Figure Olis
shows the result of the final fitted assembly, and Fig.[9]i3 the
segmented point cloud distinguishing points belonging to the
fitted sub-assembly (blue) from the ones of the central casing
(red).

5.3 Interface in SolidWorks

The prototype software has been integrated as a plu-
gin in SolidWorks®?2017 Education Edition. The developed
user interface allows to select the optimization technique
and set the required parameters, as shown in Fig. [I0] For
the selection of the optimization strategy, the user has to
specify the type of geometry to fit: a 2D curve or 3D
part(s)/assembly. Depending on the choice, the optimization
pipeline will choose its path either for the 2D profile fitting
or 3D part fitting. Once the optimization strategy has been
selected, the input values of the parameters of the optimiza-
tion algorithm (e.g. function tolerance, maximum iterations,
stall iteration limit, initial temperature for SA) have to be
specified. Default values are presented that can be set and
modified by the user. Then, the free parameters of the CAD
geometry have to be specified, possibly together with their
lower and upper bounds.

Finally, in the result section the user can select different
options related to the parameters computed during the opti-
mization for the evaluation of the process. Thus, for instance,
the user can get the initial value of the energy function at
starting point after pre-arranging the CAD part or 2D sketch
to the reference point cloud. Additional information on the
evolution of energy of parameters and the total time can also
be saved. Once every section has been set, the user can exe-
cute the fitting by pressing the Run Optimization button.

5.4 Comparison with commercial software

To show the strengths and weaknesses of the proposed
approach, it has been compared with two commercial soft-
ware: CATIA V5 and DesignX. Table[3|highlights some fea-
tures of our approach in comparison with the two mentioned
software.

Traditional software for RE mostly address the recon-
struction of patches that are then trimmed and stitched to-
gether to obtain a closed boundary surface geometry. This
geometry is then transformed into a volumetric shape to ob-
tain the corresponding CAD model. Differently, the method
proposed in this paper does not require the creation and
merging of the bounding patches, even if it supports such ca-
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Table 3. Comparison of RE with CATIA, DesignX and with our
method.

Criterion New RE CATIA  DesignX
Patch-by-patch reconstruction v v v
Feature-by-feature reconstruction v - Partial
Part-by-part reconstruction v - -
Assembly fitting v - -
Robust to noise and outliers v - -
Constraints satisfaction v Difficult Difficult
Segmentation Auto Manual Auto
Editable part reconstruction v - Not always
Robust with partial point clouds v Difficult Difficult
Registration v v v
Late design changes v - -

pability. Patches can be produced from the template CAD ge-
ometries in the form of surfaces that are offset from the faces
and then optimized for fitting using distance constraints. Fea-
tures are not recognized in CATIA, while DesignX allows the
reconstruction of a limited number of features like revolves,
extrusion, etc. In the proposed method, the resulting CAD
model directly includes the composing features in the case
they are present in the adopted template. Small features, like
fillets and chamfers, can be reconstructed even at end of the
optimization process in the case they are not present in the
template, therefore not considered in the early stage of the
optimization. In addition, the method allows a feature-by-
feature model reconstruction, allowing local fitting of sec-

tions and surfaces, the user can iteratively recreate the CAD
model proving the composing feature templates.

Amongst the main strengths of the proposed method is
the capability of dealing with the reconstruction of complete
assemblies, using either a part-by-part or directly a whole
assembly CAD template. This capability is missed in the ex-
isting traditional RE software like CATIA and DesignX. This
is also due to the provided segmentation capabilities that are
crucial to identify the boundaries of parts within an assem-
bly point cloud. This process is manual in CATIA, where
users are supported with tools like the brush to segment set of
points. DesignX allows to automatically segment and iden-
tify the different sets of points to generate surfaces. In the
proposed method, segmentation is automatically performed
within the optimization loop using the two-level filtering.

Constraint satisfaction also plays an important role dur-
ing the reconstruction process. In traditional RE, if con-
straints, like concentricity, parallelism and perpendicularity,
are not maintained properly during the reconstruction pro-
cess, they can be hardly addressed at the end to correct the
obtained model. Following our RE technique, the CAD mod-
eler guarantees their maintenance and satisfaction through-
out the optimization process.

In CATIA at the end of the RE process, frozen B-Rep
CAD models are obtained, which are not editable CAD
and therefore can hardly support further subsequent design
changes of their key features. On the other hand, DesignX
can deliver CAD models in which some selected features are
editable, like revolution, extrusion, holes, etc; however, this
possibility is limited when the part is complex with many
features. Moreover, while to fully obtain an editable CAD
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model with DesignX requires a certain skill, the here pre-
sented method directly adapts the features during the opti-
mization process. Another strong point of this method is that
the user can come back anytime to any step during the re-
construction process. Thus, if not fully satisfied of the ob-
tained results, any reconstructed part, used as a reference
for other parts, as well as multiple reconstructed parts can
be further fitted at the end of the optimization process. For
instance, the user can roughly fit the components of an as-
sembly first locally, and then he/she can perform a global
fitting with higher accuracy. At this level, the global fitting
can make use of selected parameters of sketches, 3D parts,
and assembly features simultaneously. This is not possible in
CATIA and DesignX as the chosen references at the begin-
ning of the reconstruction process will go all along the way
in the traditional RE and do not allow any modification at the
end of the process.

6 Conclusion and future works

This paper has introduced a novel framework for the re-
construction of parametric CAD models sketches, parts and
assemblies from point clouds. The proposed approach by-
passes the traditional reverse engineering technique where
surfaces are reconstructed patch-by-patch to create dead
CAD models that cannot be exploited later in the PDP. Here,
both local and global fitting can be performed, considering
geometries either one-by-one, or all together to further op-
timize the fitting afterwards. This is particularly interesting
to avoid disassembling parts to be scanned individually. The
resulting models can be edited as their geometry is driven
by multiple control parameters. The strengths of the ap-
proach lie in the definition and use of a multi-dimensional
fitting module able to optimize the shape of various geome-
tries (i.e. 2D sketches, 3D parts and assemblies) so as to fit
to an input point cloud, while also capturing and managing
their boundaries and the interfaces inside the overall point
cloud. This has been made possible thanks to a new two-level
filtering technique able to segment the point cloud and re-
move points that should not be taken into account within the
optimization loops. During the fitting process, the geometries
are updated by a CAD modeler, which also takes care of the
internal constraints used to maintain the consistency of the
models, and also allows higher-level specifications (e.g. cox-
iality between axes, contact between faces, relationships be-
tween parameters). Moving from a patch-by-patch to a part-
by-part reconstruction strategy, users do not have to solve
time-consuming trimming or stitching issues. The approach
has proved to be accurate and it has been tested on virtually
generated scans as well as on point clouds obtained from a
real acquisition device.

However, it is still up to the users to make certain de-
cisions like what are the reconstruction steps, or what are
the variables to be used and how to group them within the
optimization loops. This will be further investigated in the
future. To support this decision process, the use of machine
learning techniques will be studied. Indeed, using such tech-
niques on numerous results obtained following varied recon-

struction paths, it will be possible to correlate the followed
strategies to different quality metrics, e.g. errors on the pa-
rameters values, overall deviation in terms of distance be-
tween the points and models, or number of steps required to
accomplish the reconstruction [37]].
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