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Abstract. The main aspects of color visualization of triangulated models of industrial products are
presented. The implementation of visualization capabilities is based on RGB and HSV color models. The
structure and key features of the software implementation of color visualization and the export of the
displayed image in PLY, and AMF formats are discussed. Methods for transformations between RGB and
HSV color models are described, as well as an algorithm for coloring the triangular faces of the model
based on specified color ranges. The developed algorithms allow for a sufficiently informative
representation of the desired areas of the product's surfaces by significantly altering one color component
while minimally changing the other two. This is achieved by directing the assignment of functional
dependencies and value ranges for each component of the color model. Examples of various methods for
color shading of vertices and/or edges and/or faces of the model are provided. The visualization
subsystem enables the analysis of the geometric characteristics of the polygonal model during the
preparation phase of additive manufacturing processes. Significant advantages of these approaches to
color visualization are evident when adapting the product design to technological requirements (design
preparation) and when solving optimization tasks in technological preparation. The developed software
is integrated into the technological preparation system for manufacturing enterprises in the machine
engineering sector. This research was developed at the Department of "Integrated Technologies of
Mechanical Engineering" named after M. Semko of NTU "KhPI".
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1. Introduction

There is a problem of the low efficiency of additive technologies, especially in
the mass production of a group of 3D-models of complex products. Each technology
has its rational scope of application, which is determined by the design features of
the product [1]. Automation of determining the design features of the product by its
triangulation model creates the basis for a rational choice of manufacturing strategy
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and increases the efficiency of additive manufacturing [2]. An additional aspect of
the problem is the visual verification of 3D-models of industrial products at the
preliminary stage of technological planning of processes.

Geometric models in CAD systems are based on a specific data structure that
ensures the topological integrity of the model. In order to unify the representation of
information about the surfaces of 3D-models for their subsequent additive
manufacturing, a transition is made from CAD-models to triangulation models. The
triangulation representation of the product model (STL format) is approximate. The
accuracy of the approximation of the triangulation model to the original CAD-model
is ensured by a sufficient number of triangular faces (polygons) within the specified
limits of the permissible error.

2. Review of the literature

Color visualization of triangulated models plays an important role in
preparation for additive manufacturing. Colors can be used to represent different
properties of the model, such as surface curvature, wall thickness, or material stress.
This helps to identify potential problem areas before printing.

The RGB and HSV color models are widely used in computer graphics and
image processing. The HSV model is considered more user-friendly for human
perception due to its intuitive separation into hue, saturation, and brightness.
Conversions between RGB and HSV are actively investigated for computational
optimization [3].

Exporting triangulated models to PLY, OBJ, OFF, and AMF formats is
necessary for data exchange between different CAD and analytical systems. Much
work has been done to develop efficient methods for transforming and simplifying
polygonal meshes [4].

The use of color to encode geometric and physical properties of models helps
in visual analysis and defect detection [5]. Various shading techniques have been
developed that take into account curvature, slope, wall thickness, etc. [6, 7].

In general, color visualization is an important tool for the preparation and
optimization of additive manufacturing processes, which is confirmed by humerous
studies in this field [7-9].

The work aims to determine recommendations for color visualization of
polygonal model elements when analyzing both topological indicators and design
features of the product, affecting the implementation of technological preparation
tasks for additive manufacturing processes.

3. Materials and methods
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When visualizing triangulation models, two approaches can be used to
highlight the colors of the studied topological and geometric features: discrete
assignment of colors according to given conditions or the use of color scales for the
interval of change of the studied feature.

Primary analysis of product models manufactured by layered building shows
that to solve color visualization tasks, it is sufficient to use the RGB, and HSV color
models and their combination [10, 11].

RGB color model. The RGB model is based on the combination of three main
colors (components): red, green, and blue. Each of these colors has a range of
discrete brightness values of 0+255. The required color is achieved by adding three
basic colors with given intensity levels (additive model). The RGB model is the basic
one for computer devices and color visualization programs. The maximum number
of reproducible color shades is 256x256x256 = 16.7 million colors [12].

The disadvantage of the RGB model is the impossibility of constructing color
scales for visualizing changes in the studied features since it is difficult to predict
the consequences of even small changes in the color components R, G, B [10, 11].

HSV color model. The HSV model is based on the assumption that color can
be described by a single monochromatic wave — color tone (hue) H with an additional
assignment of saturation S and lightness V [10]. The parameters of this color model
are as follows:

H (Hue) — color tone, one of the main characteristics of color that determines
its shade, varies within 0°+360°;

S (Saturation) — saturation, characterizes the quality of the purity of the
chromatic color tone, the closer this parameter to zero, the lighter the selected color,
varies within 0+255 (0=1 or 0~100);

V (Value) — brightness, the closer this parameter to zero, the darker the selected
color, varies within 0+255 (0+1 or 0+100).

In computer graphics, the parameters S and V are usually represented as an
integer from O to 255.

The main advantage of the HSV model is the ability to construct color scales
to visualize the features being studied.

The color scale displays the change in the studied feature using color shades
for a given color model (S = Spase, V = Viase). The color scale is defined by the range
from the initial value H = Hrop to the final value H = Heng, which contains all the
shades corresponding to the spectrum. For the original HSV model, the values Hrop
= 0°, Heng = 360° (Hrop < Heng), which provides a smooth transition between the six
primary colors: red = yellow = green = blue = dark blue = purple [11]. When
creating special color scales, the range of color shades can be reduced (Hyert > 0°
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and/or, Hgight <360°) or the order of shades can be reversed (Hiest > Hrignt). In color
visualization of computer models, Sgase = VBase = 255 is usually taken, i.e. the
maximum possible values of saturation and brightness (prismatic colors) [11, 12].

Color visualization taking into account the values of the studied feature X (Xmin
<x <xmax) is performed in two stages:

1. transition X = H = f(X; Xmin, Xmax, Hveft, Hrignt);

2. transition HSV = RGB: R, G, B = f(H; Sgase, Vase)-

Transition x = H. The transition from the current x value visualized by color
to the H color value of the HSV scale for linear scales is performed according to the
following dependencies (proportion problem taking into account special cases):

o H = Hier, if (X = Xmin and Hex < HRight) or (X = Xmax and Hyert > HRight);

*H= HRight, if (X = Xmax and Hiet < HRight) or (X = Xmin ¥ Hieft > HRight);

*H= [(X - Xmin) / (Xmax - Xmin)] X (HRight - HLeft) + Huer, if Hiert < HRight;

*H= [(X - Xmin) / (Xmax - Xmin)] X (HLeft - HRight) + HRight, if Hiert > HRighty
where Heert, Hrignt — left and right values of the HSV color scale;

Xmin, Xmax - Minimum and maximum possible values of x.

Transition HSV = RGB. The transition diagram is shown in Fig. 1. The
transition functions for each of the RGB components are piecewise linear and shifted
relative to each other by 120°.
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Figure 1 — Scheme of transition from HSV to RGB color model

The general algorithm for the HSV = RGB transition is presented in [12]. For
the case of H = 0+360°; S, V, R, G, B = 0+255, the calculation is performed
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according to the following dependencies in two stages (definition of auxiliary
variables and directly the RGB components).
Definition of auxiliary variables:
e integer part of the expression H/ 60 = H;;
o fractional part of the expression H/ 60 = f;
e maximum possible value R/G/B = V,;

e minimum possible value R/G/B = p: p=V (1 -S/255);
amplitude (interval of change) of values R/G/B = A: A=V -p=V S/ 255;
R/G/B value for downlink = t:. q=A(V-f) =V (1 -fS/255);
R/G/B value foruplink => t:t=p+f A=V [1-(1-f)S/255].

Determining the values RGB components:

«ifHi=0or6, then R=V, G =t, B=p;
«ifHi=1, then R=q, G=V, B=p;
«if Hi=2, then R=p, G=V, B=t;
«if Hi =3, then R=p, G=q, B=V,
«if Hi = 4, then R=t, G=p, B=V,
«if Hi =5, then R=V, G=p, B=q.

4. Implementation of developments in the morphological analysis system

The considered approaches to color visualization are implemented in the
system of analysis of triangulation 3D models of products which was developed at
the Department of "Integrated Technologies of Mechanical Engineering” named
after M. Semko of NTU "KhPI" [13].

Color visualization of individual elements of triangulation models can be
performed using discrete color assignment (RGB and/or HSV) or the HSV color
scale (Fig. 2). The choice of color visualization strategy is determined by the features
of the topological or design-technological analysis in the context of the production
or educational task being solved.

The color of the model is assigned based on the data obtained during the
morphological analysis of the components of the triangulation model surface. The
subsystem allows coloring the following elements of the triangulation model:
vertices, faces, or edges. Visual perception of the topological features of the model
is achieved by comparing the specified color scale with the feature being studied.

For further work with the model, it is exported to formats that support color:
PLY, AMF (new format for additive manufacturing), or XLS (analysis results).
Vertex coloring during viewing is implemented as a gradient coloring of triangular
faces by the color of adjacent vertices.
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Figure 2 — Screen form of the color visualization subsystem

To view and edit the created files in the educational process, Materialise
Magics program is used with a sufficient set of tools and is free, which is important
for scientific research.

5. Examples of color visualization of triangulation models. Discussion

Let's consider several examples of color visualization of triangulation model
elements.

« Color visualization of vertices by the value of adjacency of faces (Fig. 3).
Vertices are assigned one of three specified colors. For example, if the adjacency of
faces at a vertex is Avert < 3, then the color RGB 1 (red) is assigned, if Avert =3 =
RGB 2 (green), Avert > 3 = RGB 3 (gray). This allows us to visually identify missing
edges that disrupt the closed nature of the model surface and lead to failure of the
layer-by-layer materialization installations.

* Color visualization of faces (Fig. 4) relative to the X, y, z axes, where the
orientation of the faces is determined by the direction cosines of the normal (HSV
model).

* Color visualization of faces depending on the area value of triangles (HSV
model). The studied feature that determines the color tone in this case is the area
value of the face. The left border of the color scale of the color tone implies the
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Figure 5 — Face area

largest value of the faces area, and the right one - the smallest (Fig. 5). Thus, the
color scale gives a visual representation of the sizes of the triangles.
Color visualization will be especially advantageous in studying the physical

83



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

and mechanical properties of products, as shown in [14].
6. Conclusions

The research presents a comprehensive approach to color visualization of
triangulation models for additive manufacturing using RGB and HSV color models.
Key findings include:

—the HSV color model offers significant advantages over RGB for
visualization, enabling - intuitive color scale construction, smooth representation of
feature changes, flexible color mapping for various topological and geometric
characteristics;

— developed color visualization techniques allow for discrete color assignment;
interval-based color scaling, and detailed analysis of model elements (vertices, faces,
edges);

—practical implementation demonstrates the effectiveness of color
visualization in identifying surface topology issues, analyzing face orientation,
evaluating triangle areas, and detecting potential manufacturing challenges.

The proposed methodology provides a flexible tool for morphological analysis
of 3D models, supporting both scientific research and educational applications.

The developed color visualization approach enhances the preparatory stages of
additive manufacturing by enabling comprehensive visual analysis of geometric and
topological model features.
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Spocnas "apamenko, Bonogumup denoposuy, Anapiii [lorapcekuii, Onena
Iapamenko, Auapiit Manunsk, XapkiB, Ykpaina

KOJITPHA BI3YAJII3AIISA 3D MOJEJIEA JIJIA YIOCKOHAJEHHS
MIATOTOBKH MPOLECIB AIMTUBHUX TEXHOJIOT'TH

AHoTauis. /Ipedcmagneno KomnieKcHul nioxio 00 KoIbOpoeoi 6i3yanizayii mpianeyibo8anux mooenetl
NPOMUCTOBUX B8UPOOIE OISt AOUMUBHO20 BUPOOHUYMEA. [locniodcenHs 6azyembest Ha sukopucmarii RGB
ma HSV xonvoposux mooeneil, wo 003607510ms CmMEopiosamu IHQOPMaAmueHi ma HA04Hi 306paNCEH s
2e0MEeMPUYHUX XAPAKMeEPUCMUK 6upobie. Po3pobreno cmpykmypy ma memooono2io npopamHoi
peanizayii Koibopogoi eizyanizayii 3 modcaugicmio excnopmy 6 cmanoapmui gopmamu PLY, AMF.
Jlemanvro 6ucgimieHo aneopummu nepemeopeHHs Mixc KoIboposumu mooerimu RGB ma HSV,
BRIIOUAIOYU  MAMEMAMUYHI  3a1e)ICHOCII ONld  NepemeopenHs 3HAYeHb KONbOPOBUX KOMNOHEHm 3
ypaxyeannam cneyugixu xomn'tomepnoi epagixu ma eumoz wjo00 GUKOHAHHS 340a4 MeXHOIO2IUHOT
ni020mMoeKU Npoyecie aoumueHuUX MexHoA02il. 3anponoHoeano Hosuil nioxio 00 pospapbosyeants
mpuxymuux epaneii 3D-modeni, saxuil do360n5€ Yinecnpamosano 3miHI0OEamMu KOIbOPOGi 6iOMIHKU O
sudinennsi cneyudiunux ceomempuunux ocoonrusocmeil. Knouwosa nepesaza pospobnenoi memoouxu —
MONCTUBICIb  [HPHOPMAMUSHO20 BI00OPAHCEHHS MONONOSIUHUX XAPAKMEPUCMUK NOBEPXOHb ULIAXOM
KOHMPONbOBAHOI 3MIHU KONbOPOBUX KOMNoHeHm. Lle peanizoseano winsixom eizyanizayii Konvopie 3
CHYYKUM HANAUIMYBAHHAM OUCKDEMHOCMI NPUSHAYEHHS KOMbOpPY 30 HAOAHUMU THMEPEanamu wKaiu
Konvopis. Ilpedcmagnents wKau Koawopis y eueasdi mabauyi oae posuwiupeni moxcaugocmi. Tabauys
WKAAU KObOPI6 POPMYEMbCA ABMOMAMUYHO 3a HANAWIMYBAHHAMU, Alle MOJICIUSA 3MIHA AK OKPEMO NO
KOJICHIL KOMNOHeHmI KObopy abo Gi3yanbHO HA OCHOGI naiemu (Cmanoapmuozo Habopy) KOoIbopis.
IlIxana konvopis eusnavaemocs dianasonamu komnonenm RGB modeni konvopy, sanexcnocmsmu sminu,
3CY60M 3HAYEHb MIdNC KOMHNOHEHMAaMu ma KilbKicmio inmepeéanie. Peanizosano modciusicms 3miHu
KOMbOPY Bepulu, pebep ma 2pauell 3aAelCHO 60 X 2eoMempuyHux napamempie abo 6i0HOCHO20
posmautysanns. [Ipedcmaeneno npakmuyHi npukiadu 3aCMOCY8AHHS PIHUX cmpamezili KoIboposoi
sisyanizayii. Pospobaena niocucmema eizyanizayii 3abesneqye eQekmusHull aHaniz 2eomMempuyHux
Xapakmepucmux noaieonanvhux 3D-modeneii na emani nid2omosku aoumueHo20 upobHUYMed,
HAoaouu po3UUpeHi MONCIUBOCHI OJisl KOMNIEKCHOI KOHCMPYKMOPCbKOI mMa mexHoN02iuHOI ni020mogKu
aoumueHo2o 6upoOHuYmMea. Jlocnioxncents 8UKOHYBANOCS 3 BUKOpUCMAaHHAM cucmemu "TexHonoziuna
nidecomoexa mamepianizayii cKk1aoHux upob6ie adumuenumu memodamu" po3pobnenoi na kageopi
«Inmezposari mexrnonoeii mawuno6yoysaunny im. M.@. Cemxa HTY «XI1I».

Ku1104oBi ci10Ba: mexronoziuna niocomosxka, aoumueHi mexHonozii; mpian2yiayiuna mooes,; KolipHa
mooenv, RGB; HSV.
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