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RESUMO

O artigo discute uma classe de problemas geométricos, que incluem caracteristicas associadas a
representagcdo geométrica do modelo, tipica de tecnologias de producdo que requerem representacdo em
camadas do modelo eletrénico, independentemente da tecnologia de produgdo especifica. Por exemplo,
identificar parametros para avaliar a qualidade da geometria de um modelo quanto a conformidade com os
requisitos relevantes para tecnologias de manufatura aditiva. As questdes tecnoldgicas que refletem as
caracteristicas de varias tecnologias de manufatura aditiva também sdo analisadas. Sdo consideradas as
caracteristicas da apresentacdo de calculos de dados de desenvolvimento de processos, dependendo da
tecnologia de produgdo. A organizacao da estrutura de dados interna para otimizar a velocidade do calculo de
representagdo em camadas com o uso de modelo multitarefa € mostrada.

Palavras-chave: tecnologias aditivas, sintese em camadas, modelo geométrico, triangulagao, representagao
em camadas.

ABSTRACT

In this paper, we describe a class of geometric problems, which can be identified on model geometry
allows assessing geometry quality to comply with the current requirements of the additive production
technologies (for example, identifying parameters for assessing the quality of a model's geometry for
compliance with the requirements relevant to additive manufacturing technologies). Technological issues
reflecting the features of various technologies of additive manufacturing were analyzed. The features of the
presentation of data calculations of technological training depending on the production technology were
considered. Influence of the proper organization internal data structure to optimize the calculation the speed of
layered representation using a multithreaded model is shown.

Keywords: layered synthesis, geometric model, triangulation, layered representation.
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AHHOTALUA

B pa6ote paccmaTpuBaeTcsa Knacc reoMeTpuyeckux 3agad, K KOTOpbIM MOXHO OTHECTM OCOBGEHHOCTH,
CBSI3aHHbIE C reoMeTpPUYEeCKUM NpeacTaBfneHnemM MOAenu, XapakTepHble Ans TeXHOMorui npou3BOACTBa
TpebylolmMX MOCNONHOrO NPeACTaBMeHUs 3NEKTPOHHON MOAEenu, He3aBUCHMO OT KOHKPETHOW TexXHomoruu
NPOM3BOACTBA (Hanpumep, BbISIBiEHWE MapamMeTPOB OLIEHKUM KayecTBa reoMeTpuM MoAenu Ha npegmeT
COOTBETCTBUS TPeGOBaHWAM aKkTyanbHbIM ONS  TeXHONorunh agavTUBHOrO npousBoAcTBa). Tak ke
npoaHanuanpoBaHbl TEXHOMOrMYeckne BOMPOCHI, OTpaXalollMe OCOBGEHHOCTM pPasfMYHbIX TEeXHONOrU
aaavTMBHOrMO NponsBoacTea. PaccMoTpeHbl 0COGEHHOCTU NPeACTaBNeHnsl AaHHbIX pacyeToB TEXHOMOrMYeCcKoi
MOArOTOBKA B 3aBMCMMOCTM OT TEXHOMOrMM npoussofcTea. [okaszaHa opraHMsauus BHYTPEHHEN CTPYKTYpb
JAaHHbIX AN ONTUMMU3ALMM CKOPOCTM pacyeTa NocnonHOro nNpeacTaBfieHust C UCMofb30BaHWEM MHOMOMOTOYHON

mMoaenw.

KniouyeBble cnoBa: 110crnolHbIl  CUHMES, ceomempu4yecKkas mooerb, mpuaHaynayus, rocrotiHoe
npedcmasrneHue.
INTRODUCTION amount of space in the computer's memory.

The current standard for defining geometry
used in the technological systems for additive
production is the polygonal data representation.
Such a representation is supported in all additive
production technologies software solutions
(Uriondo et al., 2015; Gibson et al, 2010;
Formalev et al., 2018).

In the polygonal representation, the
geometry of the virtual model is represented as a
polygonal mesh, which is a collection of edges,
vertices, and polygons. Model vertices are joined
by edges, and polygons are considered as
sequences of edges or vertices. The basic
element of the three-dimensional model is a
triangle, which is called the "Facet" and is
represented in Figure 1.

The polygonal mesh elements are the
following:

1. The vertex — position of the point in the
given coordinate system (CS). Most
often the coordinates are indicated in
Cartesian CS.

2. An edge - connection between two
vertices.

3. The facet — closed set of edges.

There are several possibilities to describe a
polygonal mesh representation, each of which
has its own merits and demerits.

The first one is the vertex representation,
which describes the object in the form of a set of
vertices connected to each other (Figure 2). This
method is the simplest and takes up the least

The second one is the "List of faces"
(Figure 3). In this case, the object is described
set of faces and a set of vertices. A distinctive
feature of this method is that information about all
faces is already entered in the file. This method
simplifies the process of determining the
orientation of the faces in a space. The
orientation of the facets is determined by
analyzing the sequence of the vertex facets
orientation or using a predetermined normal
vector orientation of the facet. This method
increased computer memory usage.

Both described methods are commonly
used in file formats supporting three-dimensional
polygon mesh model representation software for
additive production (Savio et al., 2018).

The first file format is STL. This is an open
source file format developed by 3D Systems. It is
widely used in stereolithography technology
known as rapid prototyping were a solid physical
model is produced by exposing layer by layer of
liquid photopolymer resin hardens by the laser.

The structure of the STL format depends on
the type of data representation:

e Binary;
e Text — ASCII (Figure 4).

The geometry of the model stored in the
STL format has a "Vertex representation” of the
surface mesh, which is approximated by
triangular facets. The file first describes the
orientation of the normal facet unit — facet normal
# # #, then it describes the coordinates of the
facets vertices — vertex # # #. Each facet is
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described by a triad of vertices, which is set
counter-clockwise if the facet is oriented
perpendicular to the line of sight. This format of
data storage is currently the most widespread for
transferring information about the geometry of the
model with the aim of converting it into a code for
a CNC machine using special software.

The second most common file format is the
Wavefront OBJ (Figures 5-7). The structure of the
file format is presented in text form. This format
uses the representation of the surface grid in the
form of a "Facet List". Initially, the vertices are
described — "v # # #" using coordinates along the
X, 'y, and z-axes, respectively. Textual
coordinates "vt # # #" — one of the distinguishing
features of the OBJ format, is given by the
coordinates (u, v, [w]). This allows to transfer
information about the location of textures,
between different graphics editors, and also in
some cases to print several types of material,
depending on the assigned texture. The
coordinates of the textures are specified after the
vertex list and are optional. Unlike the STL
format, the values of the normal units "vn # # #"
are set not before the triad of vertexes defining
the facet, but after the list describing the vertices
and coordinates of the textures. Also this format
allows you to specify the vertex parameters in the
"vp # # #" space in the format [u, [v], [w]). Using
this operator allows determining how many
coordinates are required to describe the
geometry of a freeform. For curves, 1D reference
points (u) are required. The description of the
parameters [u, v] is required to describe the
surface. To specify the cutting surfaces, the
parameter [w] is additionally indicated. And
according to the structural representation "List of
facets", the final list is the definition of the sides
"f", in which the correspondence of each facet in
the format [v1 / vt1 / vn1 v2 / vi2 / vn2 v3 / vi3 /
vn3 ...] is made. The value of the parameters v1,
v2, v3 is indicated according to the position in the
corresponding item in the list. For example, if f 1
/I'13//15// 1 is specified, this means that the
vertex coordinates for the face are taken from the
vertices that have the sequence number 1, 3, and
5 in the vertex list, respectively. A significant
advantage of this format is that it is possible to
create n-gonal faces and the definition of vertices
is performed not by successive triads, as in the
STL format, but by parameters of the "f" list. But,
as mentioned in the description of the "List of
facets" view, this complicates the structure of the
file format, increasing the load on the software
that parses values and has a larger file size

compared to the STL format.

Ultimately, the format for presenting data in
a particular system is chosen based on the
dimensions of the tasks being solved, the initial
estimate of the dimension of the original data,
and the time it is supposed to spend on
development.

The efficiency of the use of computing
resources by the software module is determined
by a variety of factors. One of these is the
structure of internal data representations. The
amount of memory required depends both on the
internal structure and on the types used
(Anamova et al., 2016; Ripetskiy et al., 2016;
Lurie et al., 2017). For example, a polygon mesh
downloaded from an STL file and can be stored
in the program memory as is, in the form of a list
of triangles, can be converted into a vertex list,
and the polygon meshes itself into a list of
indexes.

Even more, options can be when
organizing data storage for rendering using
graphics libraries.

For software in general, the efficiency of
data usage becomes really significant when this
efficiency becomes the quality of the software
product use (Schmid and Levy, 2013). For
example, inefficient data storage can cause
memory overruns and lead to overflow of the
address space allocated to the process (Gibson,
2002). So, a more efficient application from the
point of view of resource usage will be able to
process more complex geometry or to calculate
the model with higher accuracy.

The use of resources by the application can
be easily traced back to the standard operating
system tools, for example, the Task Manager
Tool. We will experiment with the use of
resources by various applications for loading
models. Let's take the same model and load it
with different programs.

To do this, let's consider two applications —
the graphical shell for the Slic3r slicer and the
ATSS Glicer program. We will load into the
programs several instances of the same model
and look at the amount of allocated memory.

The graph shows that the amount of
allocated memory grows in different ways. This is
due to the peculiarity of data organization inside
the application. In both cases, the memory
volume grows faster than the data representing
the polygon mesh itself. This is due to the fact
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that in addition to the polygon mesh data, models
for rendering are required to store normals as
well (Afanasyev et al., 2018).

Nevertheless, we can say that, while other
things are equal, the application on Slic3r will
quickly go beyond the bounds of the address
space of the ATSS Glicer application, which
means that it can process a smaller amount of
initial data.

The screenshots of the camera layout, with
four objects from the test, are shown in Figure 8.

MATERIALS AND METHODS

2.1. Features of data representation of calculations
of technological preparation depending on
production technology

In the process of technological preparation
in the software, the electronic model passes
through a series of computational algorithms
(Pandey et al., 2007). The results of their work
are stored in internal data structures and
represent data for calculating output information —
a set of control commands.

These internal data structures may differ
depending on the printing technology.

2.1. Features of data representation for selective
sintering and surfacing technology in the part of
forming a layer representation

For most 3D printing technologies, the
internal representation of data in the form of
many contours separated by layers (Gibson,
2002) is used. Such a representation does not
take up a lot of memory resources and is suitable
for further calculations of control commands
using closed-loop hatching algorithms and
equidistant offsets. Calculation methods are
algorithms for the cross-section of triangles by a
plane. The selection of the algorithm of hatching
and their patterns, in combination with
technological modes, can be an effective tool for
improving the quality of both the synthesis
process and the quality of the part (Ripetskiy et
al., 2018a; Ripetskiy et al., 2018b). To analyze
the structures of these additive production
processes for selective laser sintering of
polymeric materials, industrial installations
Russian SLS and EOS were used.

2.3. Features of the technology of jet printing of
products from composite ceramics in the part of
the formation of a layered representation

In 3DP (BinderdJet) jet printing technologies,
the filling of the zone is structurally realized by
parallel movements of the printing element, so all
the filling segments must be parallel. This feature
of jet printing imposes its limitations in the
formation of control commands — there are no
bypasses of perimeter zones and their
equidistant offsets, and filling of the zone occurs
by unidirectional hatching.

Therefore, to construct a layered
representation and its subsequent filling, it is not
necessary to construct closed contours.
Calculation of the segments of displacement and
filling of the working element can be constructed
by the method of tracing based on the solution of
the problem of finding the point of intersection of
the straight line with the plane given by the three
vertices of the triangle and determining the point
belonging to this triangle.

Thus, in order to calculate control
commands for jet printing technology, there is no
need for the requirements for the closeness of
the contours obtained by the section of the
geometric model by the plane. Instead, it is
necessary that the geometric representation
contain the correct order of the front facets and
back facets in all directions of the tracing
(Rabinskiy et al., 2017a; Rabinskiy et al., 2017b).

RESULTS AND DISCUSSION:

3.1. Algorithms for calculating the internal layer
representation

At the heart of any additive production
process (Gibson et al., 2015), for example, laser
sintering or fusing is a file with control commands
to be executed on the printer. The command file
is compiled according to the geometric
representation of the model at the stage of
technological preparation of additive production
and contains instructions for moving the movable
part of the device — the head with the nozzle in
the fusing devices or laser beam in sintering
devices. The location of the command files during
the manufacturing process is shown in Figure 9.

Most printing machines use the G-Code
format as the standard for the command file
format. The GCode command file is a text file in a
single-byte encoding and consists of tuning
commands and a set of consecutive commands
of idle (GO) and working (G1) pass. Example of
the command of the working stroke: G1 X48.700
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Y1.049 E2.31026 F1350.000. The sequence of
commands of the idle and working stroke
executed by the printing device, allow growing in
the end the detail of the required geometric
shape (Denlinger et al., 2014; King et al., 2015).
The geometric model (a), the layered
representation (b), and the visual representation
of the command file (c) on the basis of the
working pass commands are shown in Figure 10.

An example of listing a command file in G-
Code format is shown in Figure 11.

The initial data for building command files is
the layered representation of the model, obtained
as a result of the slice of the geometric
representation of the model. The layer can be
represented both in a parametric form as a set of
contours, approximated by broken lines and in a
raster representation in the form of flat files in
BMP format. Based on the technological
peculiarities of any additive production (Pandey
et al., 2007b), the command representation is
divided into sections perimeter and filling (infill).
This need is determined by the requirements for
the smoothness of the edges of the final part and
the options for filling internal volumes (Rabinskiy
et al, 2017c). Algorithms compose control
commands differ for different sections of the
executable file. So, for the perimeter section of
the command file, the task of continuous traversal
of closure contours is solved. For the infill
section, recursive algorithms for filling closed
areas are used.

3.2. Organization of internal data structure to
optimize the speed of layered representation
calculation using a multithreaded model

Composing a layer-by-layer representation
of a geometric model is a very resource-intensive
task that requires  sufficient  hardware
computational  resources.  The  resource
requirement increases with the accuracy of the
layered representation, which depends on the
number of layers, which leads to an increase in
processor time.

Because the majority of user computing
systems in the industry is built on the basis of
OCMicrosoftWINDOWS, then all subsequent
issues of parallel computing technology will be
considered on this platform. We will consider
performance issues using the example of
parallelization of layer-by-layer calculations
based on the initial STL representation of the
geometric model. The input data is a surface

triangular grid, in which the output requires an
ordered set of layers in the form of flat raster files.

The goal is to design an internal application
architecture that can parallelize the calculations
within the single address space of one process
and several calculation flows. The following tasks
should be solved:

- launching and maintaining the required
number of calculation threads to efficiently load
the processor;

- access to model data from calculation
flows;

- recording the layer data to the file in
sequence for each layer;

- scaling the system by the number of
computing resources and cores available at the
moment in the system

The tasks are solved by the architecture
presented in Figure 12.

3.3. Main features and practical implementation of
parallelization of constructing a layer-by-layer
representation of the model in many nuclear
systems using the example of the CCI PC

The thread manager works from the main
thread of the process and can run as many
threads to process as there are cores physically
contained in the processor. The model in STL lies
in the address space of the process and is
available to all threads without separate access
rights. The layer as a result of the calculation is
taken from the calculation flow by the thread
manager and is written to the file.

The considered architecture of data
organization and parallelization of calculations in
the formation of a layered representation is
realized practically in software components of
technological preparation of production (PC CCI).
Below is an example of calculating a layer-by-
layer representation of a model with an overall
size of 15 mm in three axes with an accuracy of
100 ym. The model and the sampling layer are
shown in Figure 13.

The calculation was carried out on a dual-
core AMD Athlon 2X Dual processor. The
dependence of the calculation time on the size of
the thread pool and the CPU core load diagram is
given in Table 1.

Based on the dependence of the
calculation time on the number of calculated
flows and the CPU load diagrams, it can be
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concluded that the proposed architecture allows
parallelizing the construction of the layered
representation and effectively loading the
computing capacity of the computer. The number
of calculation threads must equal the number of
processor cores. Further increase in the number
of flows is impractical; because gives a slight
increase in kernel loads while reducing efficiency
by increasing the tasks of managing the flows by
the operating system.

Dynamic allocation of pool resources allows
scaling the solution based on the number of
available processor cores currently in the system.

CONCLUSIONS:

The additive production process consists a
lot of computational sub-processes and depends
on a large number of parameters, such as quality
of the initial data, required technological modes,
accuracy, computational resources used to
calculate, and quality of the calculation results.
Errors that can occur due to technologically
incorrect prepared modes and incorrect initial
data can lead to defects in the final products.

The work outlines the main problems
related to the tasks of preparation technologically
correctly prepared modes for additive production
taking into account control of the initial data.

The most significant results of this study are
understanding the requirements for computing
resources and the data structure defining the
production constraints for additive technologies.
The dimensions of the volume of the chamber for
production are increasing, the  power
consumption is also getting higher — these factors
need to be taken into account during stages of
the technological preparation entire additive
production process.

The data analysis described in this article
can be used for algorithms development that
automatized technological preparation of an
entire additive production process and testing on
various computer systems supporting additive
production hardware.
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3 #033d Dox

2 facet mormal ~1.000000e¢000 ~8.673617e~017 0.000000e¢000
3 outer loop

4 vertex O. 000 2. 001 2. oc:
5 vercex 0.000000e+000 2.000000e+001 0.000000e+000
L] vertex O. 000 ©. 000 2. oc:
7 endloop

s endfacet

9 facet mormal -1.000000e+¢000 ~8.673617e-017 0.000000e+000
0 outer loop

|+ vertex 0.000000e¢000 0.000000e¢000 2.000000e¢002
12 vercex 0.000000e+000 2.000000e+001 0.000000e+000
L3 vertex O. 000 ©o. 000 ©. 0co
14 endloop

s endfacet

! facet mormal 0.000000e+000 1.000000e+000 0.000000e+000
7 outer loop

I8 vertex 2.000000e¢001 2.000000e+001 2.000000e+002
9 versex 2. 001 2.000000e+001 0.000000e+000
o vertex 0.000 000 2. 001 2.0000 002
[ 39 endloop

i2 endfacet

23 facet normal 0.000000e+000 1.000000e+000 0.000000e+000
. outer loop

s vercex 0.000000e+000 2.000000e+002 2.000000e+002
e versex 2.000000e+001 2.000000e+001 0.000000e+000
[ vertex 0.000000e¢000 2.000000e¢002 0.000000e+000
e endloop

L) endfacet

30 facet normal 1.000000e+000 £.673617e-017 0.000000e+000
i outer loop

2 vercex 2.000000e+001 0.000000e+000 2.000000e+002
» versex 2. 003 0. 000 0. 0
| vertex 2.000000e¢001 2.000000e¢001 2.000000e+002
» endloop

36 endfacet

» facet normal 1.000000e+000 8.673617e-017 0.000000e+000
» outer loop

1] vercex 2.000000e+001 2.000000e+001 2.000000e+002
[ vertex 2. 003 O. 000 ©. 0C
| 38 vercex 2.000000e+001 2.000000e+001 0.000000e+000
(-] endloop

(B endfacet

§4 endsolid

Figure 4. ASCI| structure of the STL format

§ Blender v2.77 (sub 0) OBJ File: *'

=1.0000 =0.0000 -0.0000
0.0000 0.0000 =-1.0000
19 usemtl Material

1
2 # www.blender.org
3 =mellib Cube.mtl
4 o Cube
S v 1.000000 -1.000000 -1.000000
6 v 1.000000 ~-1.000000 1.000000
7 v -1.000000 -1.000000 1.000000
& v -1.000000 -1.000000 -1.000000
S v 1.000000 1.000000 -0.999999
10 v 0.999999 1.000000 1.000002
11 v -1.000000 1.000000 1.000000
12 v =1.000000 1.000000 =-1.000000
13 wvn 0.0000 -1.0000 0.0000
14 wn 0.0000 1.0000 0.0000
15 wvn 1.0000 -0.0000 0.0000
16 wvn 0.0000 -0.0000 1.0000

vn

vn

$//3 €//3 2//3
6//4 1//4 3//4
3//% /7% &//%
1//6 4//6 &//6€

20 s off
21 £ 2//1 4//2 1//2
22 ft.8//2 6//2 S8//2
23 £5//3 2//3 1//3
29 £ 6//4 3//4 2//4
25 £ 3//% 8//% 4//%
26 £ 1//6 8//6 8//6
27 £ 2//1 8//1 4//1
28 ftr8//27//2 6//2

T

z

t

£

Figure 5. OBJ format structure
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Figure 6. Examples of camera layout in different software

Volume of allocated memory

800 ——| —+— Slic3r (M)
—=— Glicer (Mb)
SOD — The zize of the polygon mesh (Alk] f’fﬁ
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Number of loaded objects

Figure 7. The dependence of the allocated memory of the application on the number of
downloaded objects
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| File Confispration Help Tas ¢
P - porn i e

Clear ks

Figure 8. The values of allocated memory in various applications
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} Layered representation
Project

4L

™ e

Production

1r

Geometric model Preparation for production

Command file

o, >

Figure 9. The place of the executable file in the production process

9

c

Figure 10. Stages of Model Representation: a — Geometric model; b — Layered

representation; ¢ — Visual representation of

D -l

File Edit Format View Help

the command file

; generated by PK TPP
21

1 X20 Y0 F10000
90
92 EO
82
F1200. 000 E-1.00000
92 EO
27.100 F9600. 000
1 E1.00000 F1200.000
>1.0900 Y1.040

X48.700 v47.989 F9600.000

>1.900 Y47.989 E4.93468 F1350.000
>*1.900 Y47.989 F9600. 000

>1.900 v1.049 E6.24883 F1350.000
F1200.000 ES5.24883

1l X%6.900 v19.532 EL1.00006 F1350.000
X6.900 v19.534 E1.00012 F1350.000

1 F1200.000 EO.00012

92 EO

5

Figure 11. Example of listing a command file
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Calculation of flows

Addlress space of the process

Main flow of the process

Flow Manager
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"

J Flow pool
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1
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_me

Figure 12. Architecture for task solution

Figure 13. The considered model and a random layer
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Table 1. Dependence of the calculation time on the number of threads

Time of calculation,
sec
32.36
17.05
16.59

Number of threads

—

A~ N
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