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Preface

These six volumes (LNCS volumes 11619-11624) consist of the peer-reviewed papers
from the 2019 International Conference on Computational Science and Its Applications
(ICCSA 2019) held in St. Petersburg, Russia during July 1-4, 2019, in collaboration
with the St. Petersburg University, St. Petersburg, Russia.

ICCSA 2019 was a successful event in the International Conferences on Compu-
tational Science and Its Applications (ICCSA) series, previously held in Melbourne,
Australia (2018), Trieste, Italy (2017), Beijing, China (2016), Banff, Canada (2015),
Guimaraes, Portugal (2014), Ho Chi Minh City, Vietnam (2013), Salvador, Brazil
(2012), Santander, Spain (2011), Fukuoka, Japan (2010), Suwon, South Korea (2009),
Perugia, Italy (2008), Kuala Lumpur, Malaysia (2007), Glasgow, UK (2006), Singa-
pore (2005), Assisi, Italy (2004), Montreal, Canada (2003), and (as ICCS) Amsterdam,
The Netherlands (2002) and San Francisco, USA (2001).

Computational science is a main pillar of most of the current research, industrial and
commercial activities, and plays a unique role in exploiting ICT innovative technolo-
gies. The ICCSA conference series have been providing a venue to researchers and
industry practitioners to discuss new ideas, to share complex problems and their
solutions, and to shape new trends in computational science.

Apart from the general track, ICCSA 2019 also included 33 workshops, in various
areas of computational sciences, ranging from computational science technologies, to
specific areas of computational sciences, such as software engineering, security,
artificial intelligence, and blockchain technologies. We accepted 64 papers distributed
in the five general tracks, 259 in workshops and ten short papers. We would like to
show our appreciations to the workshop chairs and co-chairs.

The success of the ICCSA conference series, in general, and ICCSA 2019, in
particular, is due to the support of many people: authors, presenters, participants,
keynote speakers, workshop chairs, Organizing Committee members, student volun-
teers, Program Committee members, Advisory Committee members, international
liaison chairs, reviewers and people in other various roles. We would like to thank them
all.

We also thank our publisher, Springer, for accepting to publish the proceedings, for
sponsoring part of the best papers awards and for their kind assistance and cooperation
during the editing process.

We cordially invite you to visit the [CCSA website http://www.iccsa.org where you
can find all relevant information about this interesting and exciting event.

July 2019 Osvaldo Gervasi
Beniamino Murgante
Sanjay Misra



Welcome to St. Petersburg

Welcome to St. Petersburg, the Venice of the North, the city of three revolutions,
creation of czar Peter the Great, the most European city in Russia. ICCSA 2019 was
hosted by St. Petersburg State University, during July 1-4, 2019.

St. Petersburg is the second largest city in Russia after Moscow. It is the former
capital of Russia and has a lot of attractions related to this role in the past: imperial
palaces and parks both in the city center and suburbs, respectable buildings of nobles
and state institutions, multitude of rivers and canals with more than 300 bridges of
various forms and sizes. Extraordinary history and rich cultural traditions of both
imperial Russia and the Soviet Union attracted and inspired many examples of world’s
greatest architecture, literature, music, and visual art, some of which can be found in
the famous Hermitage and State Russian Museum located in the heart of the city. Late
June and early July is the season of white nights where the sun sets only for a few
hours, and the nighttime is covered with mysterious twilight.

What to do in the city:

e Enjoy the white nights, see the open bridges during the night and cargo ships
passing by from Ladoga Lake to the Gulf of Finland and back. Dvortsovy bridge is
open at about lam. Be sure to stay on the correct side of the river when the bridges
open!

e Visit Hermitage (Winter palace) and State Russian Museum to see great examples
of international and Russian art, and the Kunstkammer, the oldest museum of
St. Petersburg founded by Peter the Great.

e Travel to St. Petersburg suburbs Peterhof and Tsarskoe Selo to see imperial palaces
and splendid parks, famous Peterhof fountains.

e Eat Russian food: borsch (beetroot soup), pelmeni and vareniki (meat and sweet
dumplings), bliny (pancakes), vinegret (beetroot salad), drink kvas and maybe some
vodka.

e Walk around and inside the Peter and Paul Fortress, the place where the city began

in 1703.

Visit the Mariinsky Theater for famous Russian ballet and opera.

Have a boat tour along the Neva River and canals to look at the city from the water.

Walk along Nevsky Prospect, the main street of the city.

Climb St. Isaac’s Cathedral colonnade to enjoy great city views.

Go down to the Metro, the city’s underground train network with some Soviet-style

museum-like stations.

e Pay a visit to the recently renovated Summer Garden, the oldest park of
St. Petersburg.

e Visit a new modern open space on the New Holland Island to see modern art
exhibitions, performances and just to relax and enjoy sitting on the grass with an ice
cream or lemonade during a hot summer day.



viii Welcome to St. Petersburg

St. Petersburg State University is the oldest university in Russia, an actively
developing, world-class center of research and education. The university dates back to
1724, when Peter the Great founded the Academy of Sciences and Arts as well as the
first Academic University and the university preparatory school in Russia. At present
there are over 5,000 academic staff members and more than 30,000 students, receiving
education in more than 400 educational programs at 25 faculties and institutes.

The venue of ICCSA is the Faculty of Economics located on Tavricheskaya Street,
other faculties and university buildings are distributed all over the city with the main
campus located on Vasilievsky Island and the natural science faculties (Mathematics
and Mechanics, Applied Mathematics and Control Processes, Physics, Chemistry)
located on the campus about 40 kilometers away from the city center in Peterhof.

Elena Stankova
Vladimir Korkhov
Nataliia Kulabukhova
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Abstract. Additive manufacturing (AM) has been increasingly used
in the creation of three-dimensional objects, layer-by-layer, from three-
dimensional (3D) computer-aided design (CAD) models. The problem
of determining the 3D model printing orientation can lead to reduced
amount of supporting material, build time, costs associated with the
deposited material, labor costs, and other factors. This problem has been
formulated and studied as a single-objective optimization problem. More
recently, due to the existence and relevance of considering multiple cri-
teria, multi-objective approaches have been developed.

In this paper, a multi-objective optimization approach is proposed to
solve the part build orientation problem taking into account the support
area characteristics and the build time. Therefore, the weighted Tcheby-
cheff scalarization method embedded in the Electromagnetism-like Algo-
rithm will be used to solve the part build orientation bi-objective prob-
lem of four 3D CAD models. The preliminary results seem promising
when analyzing the Pareto fronts obtained for the 3D CAD models con-
sidered. Concluding, the multi-objective approach effectively solved the
build orientation problem in AM, finding several compromise solutions.

Keywords: Additive manufacturing - 3D printing -
Multi-objective optimization + Build orientation

1 Introduction

Additive manufacturing (AM) processes involve the use of three-dimensional
(3D) computer-aided design (CAD) data to create physical models. Typically,
AM is characterized by four processing stages: model orientation, creation of sup-
ports, slicing, and path planning [17]. AM allows the production of a wide range
of shapes, with very complex geometries and not requiring many post-processing

© Springer Nature Switzerland AG 2019
S. Misra et al. (Eds.): ICCSA 2019, LNCS 11621, pp. 261-276, 2019.
https://doi.org/10.1007/978-3-030-24302-9_19
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actions. The layered manufacturing processes apply physical or chemical phe-
nomena to construct parts, adding layer-by-layer material. This type of manu-
facture began in the years 80 by Kruth [10]. Currently, layered manufacturing
processes are used in several areas such as medical sciences (e.g. dental restora-
tions and medical implants), jewelry, footwear industry, automotive industry and
aircraft industry [16].

Over the years, the adoption of Rapid Prototyping (RP) technologies to fab-
ricate a prototype model from a CAD file has grown and has been implemented
in many model manufacturing companies due to its effectiveness in the prototype
model development at a reduced time [2]. The performance of an RP depends
on the orientation of the parts on the printer platform, that is, each piece must
have the correct orientation in order to improve the surface quality, minimize
the number of support structures and minimize the manufacturing time [19].

The automatic selection of the best orientation manages to reduce or elimi-
nate errors involved throughout the model construction process [22]. The selec-
tion of the best orientation is a very important factor because affects the time and
print quality, amount of supporting material, shrinkage, distortion, resin flow,
material cost, volume and support area and has a better precision of the model
[16,23]. Several approaches have been carried out to determine the orientation
of a model based on single-objective optimization. Usually the objective func-
tions used for optimal build orientation were the build height, staircase effect,
volumetric error, volume of support structures and part area in contact with
support structures, surface quality, surface roughness and build deposition time
[2,3,11,14,18,19,22].

Recently, multi-objective approaches have been developed to determine the
optimal object building orientation, essentially by reducing the multi-objective
problem to a single-objective one using classical scalarization methods such as
the weighted sum method. Cheng et al. [4] formulated a multi-objective opti-
mization problem focused on the surface quality and production cost of the parts,
obtaining solutions for all types of surfaces, whether with complex geometries or
not, or even for curved surfaces. The Particle Swarm Optimization (PSO) algo-
rithm was used in [12] to solve a multi-objective optimization problem in order to
get the desired orientations for the support area, build time and surface rough-
ness. A multi-objective optimization approach considering as objective functions
the surface roughness and the build time, for different models, was developed
by Padhye and Deb in [15]. They used the NSGA-II (Non-dominated Sorting
Genetic Algorithm) and MOPSO (Multi-Objective Particle Swarm Optimiza-
tion) algorithms to obtain the Pareto front. Gurrala and Regalla [7] applied
the NSGA-II algorithm to optimize the strength of the model and its volumetric
shrinkage as objective functions. They concluded, through the Pareto front, that
with the shrinkage of the part its strength increases in the horizontal and verti-
cal directions. A genetic algorithm was used in [1] for solving a multi-objective
build orientation problem. They optimized several variables, yield and tensile
strength, elongation and vickers hardness, for material properties used, surface
roughness, support structure and build time and cost.
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In this paper, we propose a multi-objective optimization approach to opti-
mize the support area and the build time in order to get the best orientation
of 3D CAD models using the Electromagnetism-like algorithm combined with
weighted Tchebycheff scalarization method is proposed. The weighted Tcheby-
cheff method was selected since it can be used to solve problems with nonconvex
Pareto fronts and can find non-extreme solutions (trade-offs) in the presence of
multiple conflicting criteria. Four models previously used in a single-objective
context will be used [19].

This paper is organized as follows. Section 2 introduces the build orientation
optimization problem and the multi-objective optimization approach used in
this study. The description of the models used in the numerical experiments, the
Pareto fronts obtained for each model as well as an appropriate discussion for
each one is presented in Sect. 3. Finally, Sect. 4 presents the conclusions of this
study and the future work.

2 Optimization Problem

2.1 Part Orientation

The surface finish of an object obtained through additive manufacturing process
is highly important. A good surface finish can decrease or even eliminate time
spent in subsequent post-processing (finishing). Part orientation can affect the
surface finish due to the slicing process and the support material usage in the
build of the part. Rotating a part to a different orientation can decrease the
support usage and build time of a part.

One of the problems affecting the surface finish of the part is the staircase
effect. The layer thickness have an impact on the staircase effect, since the smaller
the thickness of the model layer the staircase effect will also be smaller, resulting
in a better surface finish. This effect is related to the cusp height (CH) that is
based on the maximum distance between the part surface and the model surface
[13] (see Fig.1). The CH is given by CH = tcos (f), where t is the layer thickness
and 6 is the angle between the part surface and the CH.

Model Surface

/

Part Surface

Fig. 1. Cusp height
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In addition, the CAD model area is also very important for the construction
of the part. For some functions, a direction vector d is required and is calculated
by z? + y* + 22 = 1, where the variables x, y, and z are given by (1):

x =sinf X cos «
d=( y=sinf xsina (1)
z = cos 3

Figure 2 shows the unit direction vector d with the variables represented.

ZA\

Fig. 2. Unit direction vector of build orientation [9].

2.2 Objective Functions

There are different measures that can be considered to determine the best build
orientation for an improvement of the surface finish. Some of them take into
account factors as the part accuracy, building time, structure support and part
stability. The build orientation of a model can improve the accuracy of the part
and reduce the number of generated supports, and consequently decrease the
final building costs. At the same time, the construction/build time should be
reduced in order to decrease the final building costs too. Thus, in this study
a multi-objective optimization to determine the build orientation of a 3D CAD
model according to two factors: the support area and the build time will be used.

The support area is defined as the total area of the downward-facing facets,
that is, the quantity of supports to be used in the construction of the part,
measured through the total contact area of the external supports with the
object. In fact, the support area mostly affects post-processing and superficial
finish [9,19].

The support area (SA) can be defined by

SA=Y A; |d"n| 6 (2)

1, ifd'n; <0
o, ifdTn; >0

where A; is the area of the triangular face i, d is the unit vector of the direction of
construction of the triangular face ¢, n; is the normal unit vector of the triangular
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face i and ¢ is the initial function [9]. In this study, it was considered the vector
d = (0,0,1)T to be the direction of slicing after a rotation along the angles (z, ),
taking into account that each angle is between 0 and 180°.

The build time includes the scanning time of the solid, the scanning time
of the solid contours and the scanning time of the support needed for the part,
where the scanning times of the solid and its contours are independent of the
construction direction, and the scanning time of the support depends on your
volume.

The preparation time of the piece encompasses the precise time for the plat-
form to move downwards during the construction of each layer, the scraping
time of this and other times of preparation of the part. This time depends on
the total number of slices of the solid, the number of slices dependent on the
height of the construction direction of a particular part of the piece. Therefore,
minimizing this height and the number of layers, can decrease the construction
time of the part [9,19].

The build time (BT) is given by (3):

BT = max(d" vy, d" vy, d v3) — min(d” vy, d" va, d v3) (3)

where d is the direction vector and vy, vo, v3 are the vertex triangle facets.

2.3 Multi-objective Approach

Based on the part build orientation problem, the multi-objective optimization
intends to simultaneously minimize the support area and the build time, defined
in Egs. (2) and (3). The general multi-objective optimization problem is formu-

lated as
min f(ea:a ey) = {fl<9w, Qy)a fQ(Ha:a 9y>}
s.t. 0<6, <180 (4)
0<6, <180

where the objective functions f;(0,,6,) and f2(0,,0,) are, respectively, the sup-
port area, SA in (2), and the part building time, BT in (3). In this problem, the
0, and 0, are the rotation along the z-axis and the y-axis, respectively.

Approximating the Pareto optimal set is the main goal of a multi-objective
optimization algorithm. A first attempt to solve this problem is to reformulate
the multi-objective optimization problem to a single-objective one using a scalar-
ization method in order to obtain different trade-offs between the objectives [8].
In scalarization methods, weights and /or goals are introduced. The simplicity is
the main advantage of the weighted sum method based on the linear combina-
tion of the objectives. However, in the case of problems with nonconvex fronts, it
is not possible to find non-supported solutions since there is no weights yielding
these elements of the Pareto set.

In this paper, the weighted Tchebycheff scalarization method will be applied
since it is suitable to tackle nonconvex problems. In this method, introduced by
Steuer and Choo [21], the Lo norm is minimized, i.e., the maximum distance
to a reference point (or aspiration levels) is minimized. This method can be



266 M. A. Matos et al.

used as an a posteriori approach in which the decision making process takes
place after the search. In this case, the reference point is defined as the ideal
vector and the weights are uniformly varied to obtain different trade-offs. The
ideal vector can be computed by determining the optimum of each objective.
In this manner, after the search, a set of Pareto optimal solutions is presented
as alternatives and the decision maker can identify the compromises and choose
according to his/her preferences. A disadvantage of the weighted Tchebycheff
method is, however, that in addition to the non-dominated points also weakly
non-dominated points can be found [5].
The weighted Tchebycheff method is defined by:

min max;—1,...x [wi(fi(x) — 2})]
s.t. €y,

()

where k is the number of objective functions, w; are the components of the
weights vector, f; is the i—th objective function, z; are the components of the
ideal vector and x is the feasible set of the decision vectors.

Finally, the single-objective optimization problem to be solved, that resulted
from a transformation of the multi-objective problem (4) through the weighted
Tchebycheff scalarization method, is given by

min max {ws (f1(x) — 2}), w2(fa(z) — 23)}
st. 0<0, <180 (6)
0 <6, < 180.

In this study, we are interested in the Electromagnetism-like (EM) algorithm,
proposed in [6] and specifically designed for solving bound constrained optimiza-
tion problems, to solve the problem (6). The EM algorithm is a population-based
stochastic search method for global optimization that mimics the behavior of
electrically charged particles. EM algorithm simulates the electromagnetism the-
ory of physics by considering each point in the population as an electrical charge.
The EM uses an attraction-repulsion mechanism to move a population of points
towards optimality. The steps of the EM algorithm for bound constrained opti-
mization are described in Algorithm 1 as shown below.

Randomly generate the population
Evaluate the population and select the best point

while mazimum number of function evaluations is not reached do
Compute the charges

Compute the total forces

Move the points except the best point

Evaluate the new population and select the best point
end

Algorithm 1. EM algorithm

The EM algorithm starts with a population of randomly generated points
from the feasible region. All points are evaluated (the corresponding objec-
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tive function values are computed) and compared in order to identify the best
point. Analogous to electromagnetism, each point in the space is considered as
a charged particle. The charge of each point is related to the objective function
value and determines the magnitude of attraction or repulsion of the point over
the others in the population. Points with lower objective function values attract
others while those with higher function values repel. The charges are used to
find the total force exerted on each point as well as a direction for each point
to move the points in the subsequent iterations. The total force vector exerted
on each point by the other points is the sum of individual component forces,
each depending on the charges. According to the electromagnetism theory, each
individual force is inversely proportional to the square of the distance between
the two points and directly proportional to the product of their charges. Then,
the normalized total force vector exerted on the point is used to move the point
in the direction of the force by a random step size. The best point is not moved
and is carried out to the subsequent iteration. This process is repeated at least
for a maximum number of objective function evaluations and the best point is
identified as the output of the algorithm. A fully description of the EM algorithm
can be found in [20].

3 Numerical Experiments

3.1 Models Description

In this section, we present the 3D CAD models that will be used. First, the
CAD models should be converted into an STL (STereoLithography) format that
is the standard file type used by most common 3D printing file formats. The
STL files describe only the surface geometry of a 3D object, not presenting
color, texture, or other common attributes of the CAD model. This represents
a 3D solid object using triangular faces. The more complex the models are, the
greater their number of triangular faces.

Figure 3 shows the STL files of the models that will be used in the present
study, already used in a single-objective optimization study in [19]: Air Duct,
Rear Panel Fixed, Rocket Shot and 45 Degree Short. Table 1 presents the data
of the models studied in this work, namely the Size (width x height x depth),
the volume ( Vol.), the number of triangles (Triangles) and the number of slices
(Slices) of each model. A slicing along the z-axis of 0.2 mm height was considered.

Table 1. Data of the models.

Size (mm,) Vol. (cm?®) | Triangles | Slices
Air Duct 52 x 109.9 x 102.5 |30.6 6024 529
Rear Panel Fixed | 142.5 x 142.5 x 113 | 46.2 3008 676
Rocket Shot 61.4 X 66.9 x 61.37 | 20.8 10616 324
45 Degree Short | 157.5 x 125 x 157.5|80.8 66888 625
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Rear panel fixed Air duct Rocket shot 45 degree short

Fig. 3. STL representation of the models.

The numerical experiments were carried out on a PC Intel(R) Core(TM)i7-
7500U CPU with 2.9 GHz and 12.0 GB of memory RAM. The EM algorithm
was coded in MATLAB Version 9.2 (R2017a) as well as all the optimization
code developed to solve the problem (6).

3.2 Results

In order to compute the solutions of the problem (6), we used the objective
functions SA in (2) and BT in (3), that were normalized using the ideal and nadir
vectors. The ideal vector z* is constructed with the individual optimal objective
values, corresponding to the lower bound of each objective in the entire feasible
space. The nadir vector 2”24 represents the upper bound of each objective in the
entire Pareto optimal set. Normalized values of the i-th objective function can
be computed by
finorm(x) _ fl(m) — :

nad _ x °
% Z;

The weights were uniformly varied, i.e., (wq,w2) € {(0,1),(0.1,0.9),...,(1,0)}.
A population size of 20 and a maximum number of function evaluations of 2000
were considered for the EM algorithm. For each combination of weights, 30
independent runs were performed. In addition, the software Simplify 3D was
used, which is a 3D model printing simulator, to show the solutions found for
each model.

The Pareto fronts for the different models will be displayed. In all graphs, the
solutions obtained are plotted with a blue dot and the non-dominated ones are
marked with a red circle. Representative solutions will be selected to discuss the
trade-offs between the objectives and identify the features associated to these
solutions.

Figure 4 plots the solutions obtained in the objective space for the Rear Panel
Fixed model. The table next to the Pareto front chart presents the angles and
objective function values for the four representative non-dominated solutions
of the Pareto front (solutions A to D). The Pareto front is nonconvex for this
problem. Solutions A and D are the optimal solutions in terms of SA and BT,
respectively. Solutions B and C are different trade-offs between the objectives. It
is observed that solution B is little more advantageous in terms of BT in relation
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Fig. 4. Pareto front and representative solutions for the Rear Panel Fixed model.

Solution A Solution B
(62, 6,) = (90.0,180.0) (62,0,)=(124.7,149.9)

Solution C Solution D
(0z,0,)=(139.2,142.7) (05,0,)=(180.0,134.9)

Fig. 5. Representation of the solutions A, B, C and D of Rear Panel Fixed model.

to solution A, but it is quite worse in terms of SA. When comparing solution C
with solution D, a large decrease in the BT value and a small degradation in the
SA value can be observed.

The 3D representations of solutions A to D can be seen in Fig. 5. Solution A,
with the best value of SA and the worst value of BT, corresponds to the angles
(90.0, 180.0). Conversely, solution D in the other extreme of the Pareto front
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has the angles (180.0,134.9). There are other solutions that represent different
compromises between the two objectives. Solution B with angles (124.7,149.9)
does not require many supports, but in terms of BT spends more time. Solution
C with angles (139.2,142.7) has a lower height (better in terms of BT), but
requires many supports, as can be viewed in Fig. 5.

Figure 6 shows the Pareto front obtained for the Air Duct model and the
table indicates the angles and objective function values for the six representative
non-dominated solutions selected (solutions A to F). In this problem, the Pareto
front is also nonconvex. Solutions A and B have similar values of BT, but solution
B is significantly worse than solution A with respect to SA. This stresses the
importance of identifying the compromises between the objectives. The gain in
BT achieved by solution B when compared to solution A is negligible and the loss
in terms of SA is large. Therefore, solution A is clearly preferable than solution
B. When comparing the other compromise solutions between C and F, it is
observed an improvement in terms of BT, but a degradation in the value of SA.

110

o

100

of

90 r

] Solution| 64 0y SA BT
180.0(180.0| 4264.7 |109.9
35.1 | 0.1 | 6398.6 |109.6
64.0 |179.6| 9462.0 |104.3
72.6 | 23.4 |10591.0| 95.2
72.6 | 48.8 |11807.8| 85.2
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Fig. 6. Pareto front and representative solutions for the Air Duct model.

The 3D representations of solutions A to F for the Air Duct model are pre-
sented in Fig.7. The best solution in terms of SA is the solution A with ori-
entation (180.0,180.0). The minimum value of BT is obtained with orientation
(126.2,90.0) corresponding to solution F. The remaining solutions are compro-
mise solutions between the two objectives. In particular, solutions D and E have
a similar 6, value and a different 6, value, where a rotation in y-axis is observed.
This means that an improvement was obtained in terms of BT, since the orien-
tation of the object to be printed led to a smaller height, but at the expense of
an increase in the number of supports as can be seen in Fig. 7. The variation of
g, allows to reduce BT from solution D to solution E (but SA increases).
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Solution A Solution B Solution C
(0,0,) = (180.0,180.0)  (6a,6,) = (35.1,0.1) (0.,0,) = (64.0,179.6)

Solution D Solution E Solution F
(05,0,)=(72.6,23.4) (05,0,)=(72.6,48.8) (0z,0,)=(126.2,90.0)

Fig. 7. Representation of the solutions A, B, C, D, E and F of Air Duct model.

Figure 8 shows the Pareto front obtained for the Rocket Shot model and the
table indicates the angles and objective function values for five representative
solutions (solutions A to E). Again, a nonconvex Pareto front was obtained.
From the figure and the table, it turns out that solutions A and B have the same
BT value. Therefore, solution A is preferable to solution B since has a better
value of SA. Looking at solutions from C to E, it can be observed that, along the
Pareto front, they constitute improvements in terms of BT, but worsening the
values of SA. The 3D representations of solutions A to E are presented in Fig. 9.
Solution A with orientation (180.0, 180.0) is the best in terms of SA and has fewer
brackets. Conversely, the solution E with the angles (90.1,135.0) minimizes BT
but has the worst SA value. The remaining solutions are trade-offs between the
two objectives. It should be noted that solution B with orientation (180.0,0.0)
is similar to solution A in terms of BT, but it is worse in terms of SA. This is
due to the fact that rotating the solution A by 180° in the y-axis corresponds to
a solution with the same height. The solution D with orientation (104.6,135.0)
when compared to solution C with orientation (97.9,90.0) improves significantly
in terms of BT with a small degradation of the value of SA, as it can be seen in
Fig. 9.
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Fig. 8. Pareto front and representative solutions for the Rocket Shot model.

Solution A Solution B Solution C
(0s,0,)=(180.0,180.0)  (0,0,)=(180.0,0.0) (0,0,)=(97.9,90.0)

Solution D Solution E
(0,0,)=(104.6,135.0) (6z,0,)=(90.1,135.0)

Fig. 9. Representation of the solutions A, B, C, D and E of Rocket Shot model.
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In Fig. 10, it is presented the Pareto front obtained for the 45 Degree Short
model as well as the corresponding angles and objective function values for the
four representative non-dominated solutions (solutions A to D). As it can be
seen, the Pareto front has some nonconvex regions. Solution A is the solution
with the best SA value. Solution B represents a large improvement of the value
of BT when compared to solution A. However, this implies some degradation of
the SA value. Between solutions B and D there is a significant increase in SA
and a slight reduction in the value of BT. Thus, solution B seems to be a good
compromise between SA and BT. Solution D is the solution with the best BT
value but with a large value of SA.
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Fig. 10. Pareto front and representative solutions for the 45 Degree Short model.

The 3D representations of solutions A to D are presented in Fig. 11. Solution
A with the angles (89.9,135.3) has the best SA value, but the worst BT value.
On the other extreme of the Pareto front, solution D with orientation (0.0, 0.0)
has the best value of BT, since its orientation reduces the height of the model.
However, this solution has the worst SA value since many supports are required.
Solutions B and C with the angles (175.8,90.0) and (91.6, 45.0), respectively, are
compromise solutions between BT and SA. Solution C is better in BT and worse
in SA when compared to solution B.
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Solution A Solution B
(0z,0,)=(89.9,135.3) (0z,0,)=(175.8,90.0)

Solution C Solution D
(0z,60,)=(91.6,45.0) (6,6,)=(0.0,0.0)

Fig. 11. Representation of the solutions A, B, C and D of 45 Degree Short model.

4 Conclusions and Future Work

In this paper, it is proposed a multi-objective approach to the build orientation
optimization problem. The support area and the build time of 3D models are
optimized simultaneously. Four building 3D CAD models are studied.

The weighted Tchebycheff scalarization method was used to transform the
multi-objective problem into a single-objective one and embedded in the Electro-
magnetism-like algorithm to solve this multi-objective optimization problem. It
is observed that the convexity of Pareto fronts depends on the 3D CAD mod-
els being optimized. All Pareto fronts obtained for the 3D models considered
have nonconvex regions. This highlights the importance of using a scalarization
method that can achieve nonsupported solutions. These results allow us to per-
ceive the relationship between the objectives for each of the models. Moreover,
it is possible to identify the trade-offs between the objectives and select the
most appropriate solution. Therefore, it is clear the advantage of using a multi-
objective approach that considers different criteria to find the best orientation
of building 3D CAD models.
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For future work, it is intended to apply this approach to multi-objective

orientation problems with other criteria and with other more complex models.

Acknowledgments. This work has been supported and developed under the FIBR3D
project - Hybrid processes based on additive manufacturing of composites with long
or short fibers reinforced thermoplastic matrix (POCI-01-0145-FEDER-016414), sup-
ported by the Lisbon Regional Operational Programme 2020, under the PORTU-
GAL 2020 Partnership Agreement, through the European Regional Development Fund
(ERDF). This work was also supported by FCT - Fundagao para a Ciéncia e Tecnologia
within the Project Scope: UID/CEC/00319/2019.

References

10.

11.

12.

. Brika, S.E., Zhao, Y.F., Brochu, M., Mezzetta, J.: Multi-objective build orientation

optimization for powder bed fusion by laser. J. Manufact. Sci. Eng. 139(11), 111011
(2017)
Canellidis, V., Dedoussis, V., Mantzouratos, N., Sofianopoulou, S.: Pre-processing

methodology for optimizing stereolithography apparatus build performance. Com-
put. Ind. 57(5), 424-436 (2006)

. Canellidis, V., Giannatsis, J., Dedoussis, V.: Genetic-algorithm-based multi-

objective optimization of the build orientation in stereolithography. Int. J. Adv.
Manufact. Technol. 45(7-8), 714-730 (2009)

Cheng, W., Fuh, J., Nee, A., Wong, Y., Loh, H., Miyazawa, T.: Multi-objective
optimization of part-building orientation in stereolithography. Rapid Prototyping
J. 1(4), 12-23 (1995)

Dachert, K., Gorski, J., Klamroth, K.: An augmented weighted tchebycheff method
with adaptively chosen parameters for discrete bicriteria optimization problems.
Comput. Oper. Res. 39(12), 2929-2943 (2012)

Birbil, S.I., Fang, S.-C.: An electromagnetism-like mechanism for global optimiza-
tion. J. Glob. Optim. 25, 263-282 (2003)

Gurrala, P.K., Regalla, S.P.: Multi-objective optimisation of strength and volu-
metric shrinkage of fdm parts: a multi-objective optimization scheme is used to
optimize the strength and volumetric shrinkage of FDM parts considering different
process parameters. Virtual Phys. Prototyping 9(2), 127-138 (2014)

Jaimes, A.L., Martinez, S.Z., Coello, C.A.C.: An introduction to multiobjective
optimization techniques. Optim. Polym. Process. 29-57 (2009)

Jibin, Z.: Determination of optimal build orientation based on satisfactory degree
theory for RPT. In: Ninth International Conference on Computer Aided Design
and Computer Graphics, pp. 6-—pp. IEEE (2005)

Kruth, J.P.: Material incress manufacturing by rapid prototyping techniques. CIRP
Ann.-Manufact. Technol. 40(2), 603—-614 (1991)

Lan, P.T., Chou, S.Y., Chen, L.L., Gemmill, D.: Determining fabrication orienta-
tions for rapid prototyping with stereolithography apparatus. Comput.-Aided Des.
29(1), 53-62 (1997)

Li, A., Zhang, Z., Wang, D., Yang, J.: Optimization method to fabrication orienta-
tion of parts in fused deposition modeling rapid prototyping. In: 2010 International
Conference on Mechanic Automation and Control Engineering, pp. 416—419. IEEE
(2010)



276

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

M. A. Matos et al.

Livesu, M., Ellero, S., Martinez, J., Lefebvre, S., Attene, M.: From 3D models to
3D prints: an overview of the processing pipeline. In: Computer Graphics Forum,
vol. 36, pp. 537-564. Wiley Online Library (2017)

Masood, S., Rattanawong, W., Iovenitti, P.: A generic algorithm for a best part ori-
entation system for complex parts in rapid prototyping. J. Mat. Process. Technol.
139(1-3), 110-116 (2003)

Padhye, N., Deb, K.: Multi-objective optimisation and multi-criteria decision mak-
ing in SLS using evolutionary approaches. Rapid Prototyping J. 17(6), 458-478
(2011)

Pandey, P., Reddy, N.V., Dhande, S.: Part deposition orientation studies in layered
manufacturing. J. Mater. Process. Technol. 185(1-3), 125-131 (2007)

Pereira, S., Vaz, A., Vicente, L.: On the optimal object orientation in additive
manufacturing. Int. J. Adv. Manufact. Technol. 98, 1-10 (2018)

Phatak, A.M., Pande, S.: Optimum part orientation in rapid prototyping using
genetic algorithm. J. Manufact. Syst. 31(4), 395-402 (2012)

Rocha, A.M.A.C., Pereira, A.l., Vaz, A.LLF.: Build orientation optimization prob-
lem in additive manufacturing. In: Gervasi, O., et al. (eds.) ICCSA 2018. LNCS,
vol. 10961, pp. 669-682. Springer, Cham (2018). https://doi.org/10.1007/978-3-
319-95165-2.47

Rocha, A.M.A.C., Silva, A., Rocha, J.G.: A new competitive implementation of
the electromagnetism-like algorithm for global optimization. In: Gervasi, O., et al.
(eds.) ICCSA 2015. LNCS, vol. 9156, pp. 506-521. Springer, Cham (2015). https://
doi.org/10.1007/978-3-319-21407-8_36

Steuer, R.E., Choo, E.U.: An interactive weighted tchebycheff procedure for mul-
tiple objective programming. Math. Program. 26(3), 326-344 (1983)
Thrimurthulu, K., Pandey, P.M., Reddy, N.V.: Optimum part deposition orien-
tation in fused deposition modeling. Int. J. Mach. Tools Manuf. 44(6), 585-594
(2004)

Wang, W.M., Zanni, C., Kobbelt, L.: Improved surface quality in 3D printing by
optimizing the printing direction. In: Computer Graphics Forum, vol. 35, pp. 59—
70. Wiley Online Library (2016)



