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Abstract

The paper proposes an approach for automated creation of three-dimensional history-based parametric models from non-
parametric three-dimensional models. A review and analysis of existing approaches in the literature is made. The proposed
approach is presented in the form of a functional structure. For each of the ten stages constituting the approach, the
problems that need to be solved, the necessary input-output information and the results that need to be achieved are
formulated. An example application for creating a parametric model of a part from a non-parametric model obtained by
three-dimensional scanning is given. The particularities of the practical application of the approach are indicated.
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1. Introduction

The paper proposes an approach for automated creation of three-dimensional history-based parametric models from
non-parametric three-dimensional models. The proposed approach is developed to be used in the context of parametric
history-based CAD enyironments. Nowadays, these environments are extremely common as tools for creating parts and
assemblies of products from mechanical engineering [1], [2], automotive engineering [3], aircraft engineering, etc. The
presence of many well-known CAD environments [4], [5], [6], [7], [8], supporting this type of modeling and used in the
industry by leading manufacturers such as TOYOTA, INFINITI, OMRON, Mercedes-Benz, VOLVO, MAN, General
Motors, AIRBUS, FUJITSU, SIEMENS and many others, is a confirmation of the benefits of its application in the product
design process. In order to take advantage of all the benefits of parametric modeling, however, it is necessary to build the
model by applying the appropriate parametric modeling tools. In the design process, a number of factors require the
creation of non-parametric models. Situations that necessitate such models are, for example: geometry data of an object
obtained by three-dimensional scanning; transferring models between different CAD environments, which requires going
through model descriptions that are external (do not fully correspond to the description used naturally by the CAD
environment); the model goes through a generative design process; the model is created through direct modeling, etc.

Manually creating parametric models from non-parametric models is a laborious and time-consuming process, in
which geometric features can be lost if the process is not carried out methodically and accurately. Considerable flexibility
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and experience are required, since each model has its own geometric features, and parameterization techniques require
excellent knowledge of the CAD environment used. In addition, the work on parameterization takes up a significant
amount of time for the designer, which could be used for other more creative activities related to the design ‘and
manufacturing process of the product. Taking into account the above, automating this process would lead to more accurate
and faster parameterization of non-parametric models, which would relieve designers and save them time for more
important and creative activities related to the added value of the product.

One of the essential issues in automating the process of creating parametric models from non-parametric ones is the
automated recognition of geometric features. There are a number of developments devoted to this topic, which find
application not only in CAD. The first such method, described in [9], was developed for application in group technology,
for coding parts, and involves the classification of the faces that make up the parts into separate groups (primary and
secondary). Based on this classification, the shape of the model is analyzed and geometric features-such as holes, base
surfaces, channels, pockets and other connections between the shapes that make up the part are extracted:

In [10] is a review of the publications made in the period from 1980 to 2016 in relation to methods for recognizing
geometric features. The authors point out that the most publications, and therefore the widest scientific interest, in this
period, are the methods focused on four main principles: rule/guideline-based approach, graph-based approach,
volumetric decomposition approach, and artificial neural network approach.

The rule-based approach [11], [12], [13] uses the idea of an expert system. This is one of the earliest researched
approaches. The features are summarized in the form of templates consisting of characteristic patterns of rules. The
recognition process is carried out by applying these rules in an if-then analysis. If the predefined conditions are satisfied,
then the corresponding structure in the part is recognized as a geometric feature.

To address some of the shortcomings of the rule-based approach, guideline-based methods have been developed. They
are based on the idea that it is possible to search for an incomplete representation that can be used as a guideline for the
existence of certain geometric features. The goal is to find a trace of a‘geometric feature that would be present in the
model, even when combining several geometric features. This type of methods uses a two-step recognition procedure
[10]. In the first step, guidelines are created using extraction rules based on various properties such as inferences from the
geometry and topology of the model [14], [15], [16], [17], taxonomies of features [18], [19], [20], and combined
probabilities for ranking potential guidelines for features [21], [22]. In the second step, guidelines are processed and can
be directly compared by applying rules, with some developments also using a verification phase, after building feature
volumes from guidelines and model boundary data.

The graph-based approach is among the most studied methods [10] because graphs are similar to the representation
of solid models in three-dimensional CAD environments: In this type of model description, nodes and arcs usually
represent faces and edges, which are assigned along with some properties such as convexity and concavity of edges, face
type, perpendicularity, parallelism or tangentiality of edges and faces, etc. The features are then extracted in the form of
a subgraph from the full graph. In [10] 20 methods based on the graph approach are reviewed.

The volume decomposition approach determines the volume of material removed from the workpiece during
machining and decomposes the volume initially into intermediate volumes, after which the features are generated by
combining the intermediate volumes based on certain rules. The methods implementing this approach can be broadly
divided into two groups: decomposition by a‘described convex body and cell-based volume decomposition.

The artificial neural network approach mimics human perception and the learning process in humans [23]. The main
advantage is that it does not use a rigid logical procedure (algorithm) for recognizing characteristic features, but rather
applies arithmetic operations to process data; training the algorithm. This avoids the need to develop a strategy (logical
sequence of actions, algorithms) for each particular case and provides flexibility, allowing for exceptions or incomplete
recognition patterns.

The aim of this article is to propose a solution, in the form of an approach, that would reduce the labor intensity of
using modern technologies for creating CAD models and increase their usefulness by making the use and editing of the
created models easier. An opportunity to achieve this goal is seen by the authors in the automated creation of parametric
models from non-parametric ones.

2. Automation approach
2.1. General function and input/output information

The general function of the approach is: “Automated creation of a three-dimensional history-based parametric CAD
model”. The general function is the relationship between the input that the approach expects and the output from it. The
input and output are informational and the main flow is information processing (Fig. 1).

The approach expects two information inputs and produces one information output. One information input represents
the«description of the non-parametric CAD model. The second one gives the user the opportunity to adjust the process.
The result of the approach is a parameterized history-based CAD model.
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Fig. 1. General function of the approach for automated creation of three-dimensional history-based parametric models
from non-parametric models

2.2. Structure of the approach

The individual stages of the proposed approach are shown in Fig. 2 in the form of a functional structure. The results

obtained when performing the individual stages (functions) are also indicated. It is also shown where the inputs and
outputs defined by the general function are connected (Fig. 1).
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Fig. 2. Functional structure of the approach and results of the individual stages

3. Description of the approach
3.1. Stage 1. Input (includes interpreting data and accepting user input)

The transfer of data about the geometry of a three-dimensional CAD model is associated with the use of a certain
format for recording the geometric information. There are a variety of CAD environments that offer a variety of ways to
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record data about the model. The recording is done in a file with a corresponding extension indicating the type of data
recording, i.e. the file format. In general, these file formats can be classified as “native” and “neutral”.

Native file formats are specific to a particular CAD environment and are usually protected by copyright. This. makes
it difficult to use native file formats for data transfer between competing CAD environments and requires the use.of
translators and validation. Another feature of native file formats is that they are not standardized, as they are developed
by private companies. An advantage of native file formats over neutral ones is that they preserve all data (including
parameterization and history) that can be described by the respective CAD system and integrated into the product model.

Neutral file formats offer the possibility of data transfer between different CAD environments. In addition;-some of
them are standardized. The disadvantage of these formats is that the parameterization and history present as information
in the native format for the CAD environment are lost. However, these file formats preserve information.about primitives
such as cylinders, planes, points, edges, etc., related to the geometry of the model. This significantly facilitates the use of
approaches and methods for parameterization, recognition of geometric features and creation of a history-based model.
Table 2 shows some of the most common CAD systems for three-dimensional modeling and their native file formats
(only for parametric three-dimensional models), and Table 3 shows some of the most commonly-used neutral CAD file
formats for data transfer for three-dimensional models.

All formats listed in Tables 1 and Table 2, except STL, include information about primitives, the so-called B-rep
representation, which is standard in modern three-dimensional CAD systems. In STL files, only information about basic
geometric primitives such as points and faces is stored. Due to the flexibility of the STL and OBJ file formats, they were
chosen to describe the input data for the approach. This choice was made taking into.account the following considerations:
the ability to cover all four situations mentioned at the beginning of the introduction, in which parameterization is
required; the formats are neutral and do not require the purchase of rights for use; simple data structure; the STL format
is widely used and supported by a large part of modern CAD/CAM/CAE systems.

Although the OBJ format is not a traditional CAD format, it was chosen to support it in addition to the widely used
STL because it allows the transfer of three-dimensional models that have been created through three-dimensional
scanning, generative design methods, or direct modeling. In these situations, saving the data as an STL file is not always
possible (most often due to lack of support in the model creation environment).

The main disadvantage of the chosen neutral file formats is that they offer an approximate description. This is because
triangles are used to describe the geometry of the 3D model (Fig. 3), and not B-rep, as in STEP files for example. However,
this disadvantage can also be seen as an advantage, since, using.a single geometric primitive (triangle), the description
can be generalized regardless of the type of modeling used to produce the 3D geometry (parametric, non-parametric).

The result of decoding the input data file is a set V. of points v;, each of which is defined by a triple of coordinate
values {x;,¥;,7; }, x;,¥i,Z € R, and a set F of faces.f;, each of which is defined by the indices {(pm, ©j2 (p]-,g},
1, Pj2 @j3 €N, of three points from the set V. Further processing of the model geometry, in the course of applying
the stages of the approach, will expect precisely these data as input.

CAD system Native file format extensions
CATIA * CATPart; *. CATProduct
Creo * prt; *.asm
SolidEdge * par; *.asm
Inventor *.ipt; *.iam
SolidWorks * sldprt; *.sldasm

Table 1. Native file formats

Name Neutral file format extensions Information
STEP * STEP; *.STP Year of creation 1994; Standardized
(ISO10303-242, 2020)
QIF * QIF Year of creation 2013; Standardized
(IS0O23952:2020, 2020)
JT *JT Year of creation 2007; Standardized
(ISO14306:2017, 2017)
STL * STL Year of creation 1987
IGES * 1GS; *.IGES Year of creation 1980; The first neutral
CAD format
* SAT Year of creation 1989; Created by Dassault
ACIS
Systemes
PARASOLID *X T;*X B Year of creation 1989; Created by Siemens

Table 2. Neutral file formats
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Fig. 3. A model of a part built from triangles with a depicted intersecting plane (rectangular frame) and curves obtained
from the intersection of the plane with the model (depicted with overlayed red lines)

3.2. Stage 2. Calculate cross-sections

The goal of this stage is to calculate the curves obtained from the intersection of the three-dimensional model with a
cutting plane. The input information required for the stage is a description of the three-dimensional model in the form of
the sets V and F obtained from the decoding of an STL or OBJ file (Stage 1). The model at this stage is built from
individual faces, in the form of triangles, constituting its outer surface. Each triangle consists of three points located at its
vertices. They determine the intersection points of the sides of the triangles.

The result of this stage is a set of points S, defined by their coordinates, a set of lines E, defined by pairs of indices
of elements of the set S (two points each), and a set of faces (triangles) Fs, defined by triples of indices of elements of the
set S (three points each). This result completely defines the resulting section. Fig. 4 shows sample results. Fig. 4a shows
a section without triangles, and Fig. 4b shows a section containing triangles.

3.3. Stage 3. Recognize contours

The input for this stage is the result of the previous one, i.e. the sets S, Eg and Fs. The results of the intersection of the
plane with the three-dimensional geometry of the model can be a variety of shapes — single points, points lying on a
straight line, closed contours consisting of multiple points, contours containing faces (triangles), etc. In order to be able
to create a parametric sketch of the section, it is necessary for these individual objects in the plane to be systematized
(recognized) and separated from each other. The first step for this is the recognition of the individual contours in the set
Es, which carries the information about the connectivity of the points in the section. For the purposes of the approach, a
“contour” is understood as a closed curve in the intersecting plane, composed of points, elements of S, arranged
sequentially. The sequential arrangement of the points in the contour depends on the connectivity information contained
in the set Es. In practice, to create a geometric feature from a cross-section, it is necessary to produce a sketch containing
only the contour, and the faces are not necessary. Moreover, they interfere with the recognition of the contour.

The obtaining (calculation) of the points from an arbitrary section does not follow a specific order. The search for the
faces intersecting with the plane from the three-dimensional model is performed according to their order recorded in the
STL or OBJ file. This order does not necessarily follow a specific regularity (if such a thing is assumed, it falls into a
special case). Therefore, the points from the section are obtained in a random order and are arranged in the same way in
the set S (in the order of their calculation). The set Es, containing the lines from the section, and the set Fg, containing the
faces, are also not arranged in any ‘regular way. On the other hand, in order for the recognition of the contour to be
possible, the points from it must be arranged one after the other (sequentially). It does not matter which is the starting
point, or in which direction the contour will be traversed when recording the points, but the sequential arrangement is a
condition for recognizing the contour as such and distinguishing it from the other objects in the intersecting plane.

Two-dimensional graphics - o

Section 1

(a) (b)

Fig. 4. Two types of common sections: (a) containing contour(s) filled with faces (triangles) and (b) empty contour(s)
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The result of this step is a set C containing all the contours of the section S, both those that contain faces in their
interior and those without faces. If the section contains contours filled with faces (Fig. 4b) these must be removed. In
addition, the set C also contains objects that are not contours - lines and single points, if such exist in the section. These
objects are easily distinguished from contours, since the last element of the set does not point to the first (contours are
closed, but lines and points are not).

3.4. Stage 4. Recognize geometric primitives

The goal of this stage is to parameterize the recognized contours. The idea is for the parameterized contours to be the
basis for parametric sketches, from which geometric features can be created. The parameterization of three types of
primitives is proposed: segments, arcs, and circles. The reason for choosing these three primitives is their widespread use
in creating parametric sketches. The goal is also to minimize the number of parametric primitives used for simplicity and
efficiency. Of course, based on the recognized contours, it is possible to parameterize other types of lines in the plane,
which is only a matter of developing additional recognition algorithms. To implement the recognition, it is proposed to
perform “segmentation” of the contours in the section. By “contour segmentation” is meant the division of the contour
into separate sections, which are subsets of the contour, i.e. sequences of points belonging to the contour. All points of
the segment are sequentially connected, i.e. the first point is connected to the second, the second to the third, etc. (Fig. 5).

Fig. 5. Example of segmenting a contour. The segments are labelled S;, S,, and S5 and are enclosed by dashed lines.
The segmentation points are B, E, and H

It is possible to use multiple segmentation criteria, for example, an interval of permissible values for the angle between
two adjacent contour segments. Multi-criteria decision-making for segmentation is also possible. The result of this stage
is three sets for each recognized contour in the cross-section, which contain the recognized lines, arcs, and circles for the
specific contour.

3.5. Step 5. Group contours

The grouping of contours is a stage that is important for the correct determination of the types of geometric features
that can be constructed from the obtained cross-sections. To solve the problems at this stage, the following requirements
can be formulated: it is necessary to -obtain a sufficient number (sufficient "density") of cross-sections; it is necessary to
formulate criteria and/or constraints for grouping; it is necessary to formulate a decision criterion.

The problem of the sufficiency or density of the sections produced in stage 2 of the approach is significantly related
to the scale of the model and the accuracy with which it is desirable to parameterize it. A larger number of sections
increases, in addition to the accuracy of parameterization, the computational time. Intuitively, it can be assumed that the
optimization of the computational time is largely related to adaptive decision-making about the number of sections in
certain regions of the three-dimensional model - in some parts, which need to be parameterized more precisely, the density
of sections is high, and in others - low. This conclusion can also be reached after visual analysis by a human. The full
automation, i.e., without human guidance, of the adaptive determination of the number of sections, has to be approached
iteratively. It is'necessary to initially calculate a small number of sections in order to be able to analyze the existing
geometry of the model. The number can be determined from the overall dimensions of the three-dimensional model in
the direction of the intersecting planes (normal to them). Based on the change in geometry between two adjacent sections,
a decision can be made whether more or fewer sections are needed between them. The result of this stage is groups of
contours, grouped according to their similarity and/or suitability for use as feature sketches.

3.6. Stage 6. Create geometric features from groups of contours

Different parametric history-based CAD environments offer the creation of different geometric features. Depending
on-the target CAD system, there may be some differences in the types of geometric features and their parameterization.
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However, there are some common geometric features, such as those created by extruding a sketch and by rotating a sketch
about an axis of symmetry. The mentioned common ways of creating geometric features also come in two varieties, those
that add material to the model and those that remove material from it (producing cavities or holes). Even with just these
four parametric geometry creation tools, it is possible to build complex 3D models. Therefore, assigning geometric
features to groups of contours is a complex task. In many cases, combining several geometric features produces geometry
that is difficult to determine its elementary components. The problem of classifying groups of contours can be approached
in the following way: selection of a set of characteristic geometric features to which the groups of contours will be
classified; analysis of the minimum number of parameters necessary for parameterization of the selected-characteristic
geometric features; formulation of classification criteria for each characteristic geometric feature; development of tools
to automate the process. Many common geometric features require a two-dimensional drawing — a sketch — on which they
are built. The sketch can be created from the contours in the group, with one of them being chosen-as representative of
the entire group. It is also possible to use averaging.

3.7. Stage 7. Arrange characteristic geometric features in a build history

The stage of arranging the recognized characteristic geometric features in a build history can be considered as a
combinatorial problem, in which one must find such a combination of characteristic geometric features that it is possible
to parameterize the overall model and that it has a certain meaning. A certain combination of the recognized characteristic
geometric features represents a possible construction sequence. Some of the possible combinations will lead to invalid
geometry. Depending on the number of recognized geometric features, for some models it will be possible to analyze all
combinations, while for others the analysis time will be too long (combinatorial explosion). In these cases, a directed
search for a solution will be necessary, as a possible approach is the use of characteristic ways of building models used
in practice: for example, a certain direction of construction - from one dnitial plane to another final one, establishing a
basic geometric feature, symmetrical construction, etc.

3.8. Stage 8. Export data to a three-dimensional parametric history-based CAD environment

At this stage, the sketches and geometric features are savedin a file format that allows the transfer of the data obtained
from the analysis. The goals of this format are: to be open, so that it can be used by CAD environment manufacturers; to
transfer the information in a compact and lossless way.

3.9. Stage 9. Enter data into a three-dimensional parametric history-based CAD environment

This is the stage in which an existing CAD environment reads and interprets the data from the file format for
transferring the analysis made according to the proposed approach. The necessary preliminary preparation is carried out
before executing the automated construction process. It is necessary to determine a sequence for interpreting the
transferred data.

3.10. Stage 10. Building a parametric three-dimensional history-based model in a CAD environment

At this stage, using the capabilities of the CAD environment, a sequence of commands is executed to create a
parametric model with build history, following the analysis results obtained within the approach. It is necessary to perform
interpretation of the results of the approach in an existing CAD environment and automated execution of a sequence of
commands in an existing CAD environment.

4. Application example

The input data (Stage 1) is'a model obtained by 3D scanning (Artec 3D LTD, 2024) (Fig. 6a). This model has a
relatively simple geometry, but due to its obtaining by 3D scanning, even the relatively simple geometry is significantly
“weighted” due to the fact that an extremely large amount of geometric information is generated during scanning. In
addition, modern 3D scanners achieve resolutions of 0.01 mm, which means that the model may also contain geometry
that is not relevant to the technical documentation of the object (for example, traces of wear and imperfections, as can be
seen in Fig. 6a). Usually, this type of geometry is not desirable to be restored during parameterization.

The model consists of 446 350 points defining 1 339 450 segments that make up 892 947 triangles. Sections (Stage
2) are calculated in the horizontal (Fig. 6b) and vertical (Fig. 9) axes of the model. The points that define the contours of
the section in the horizontal axis (Fig. 6b) are very densely located, at small distances from each other. The geometry is
notideal, i.e. as in an engineering drawing, but reflects the real object with its imperfections. The chamfers on the edges
of the model are not straight lines, not even parts of arcs, but combinations of straight sections and curves. These
anomalies may be due to wear and/or the post-processing that is necessary after the three-dimensional scan to remove
noise and unwanted geometry. In Stage 3, the contours in the sections are recognized — in this case, there are two in the
horizontal and vertical axes (Fig. 7b and Fig. 9b). Then, segmentation and recognition of primitives (Stage 4) is applied
— segments and arcs. Fig. 7b shows the left contour from Fig. 6b and the parameterized result after segmentation (Fig.
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7c¢). Fig. 7c shows that the parameterized contour is far from following the shape of the original contour well. To improve
the obtained results, a reduction of the triangles making up the three-dimensional model is applied. The reduction is
performed in the non-parametric modeling application Blender 3.5 (Blender Foundation, 2024). The tool implemented.in
the cited application aims for minimal changes to the shape when performing the reduction. Fig. 8 shows the result of the
same procedure for obtaining the parameterized contour from Fig. 7, but applied to the reduced model. From Fig. 8 itcan
be seen that the similarity between the parametric contour and the non-parametric one is significantly improved compared
to Fig. 7. Stage 5 is performed after visual analysis of the obtained cross-sections in both directions. Three groups of
contours are identified that are suitable for parametric construction of the part. This is the profile shown.in Fig: 8c and
the circle and pentagon from the cross-section shown in Fig. 9a (the parametrized pentagon is shown in Fig. 9¢). Three
characteristic features can be built from these three groups of contours (Stage 6). These are: extrusion of the pentagon
(feature A), removal of material by extruding it in the shape of the circle from Fig. 9a (feature B) and removal of material
by rotation around the central axis of the contour from Fig. 8c (feature C). The logical sequence (Stage 7) for building the
model is to create first feature A, then B and finally C (Fig. 10a and b). Data output to a CAD environment (Stage 8) is
performed via a DXF file. The DXF file contains the parametric curves - segments, arcs.and circles, segmented and
recorded with their basic parameters. The DXF file is introduced into the CAD environment (Stage 9) as separate sketches,
the basis for building features. The parametric model is built using the tools of the CAD environment (Fig. 10c).
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Fig. 6. Model of a three=dimensional scanned part
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Fig. 8. Parameterization of a contour after reduction
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Fig. 10. Building the parametric model: (a) characteristics A and B, (c) characteristic B, (d) resulting model
5. Conclusion

This article proposes an approach to automate the process of obtaining a parametric history-based model with a from
a non-parametric one. The focus of the approach is on three-dimensional models of technical products, which are used in
a CAD environment to document the design and production process of a given product. The approach is described in the
form of a functional structure, with each function being a separate stage. The expected results of each stage are indicated,
as well as the problems that each stage must solve. An example application of the approach is shown, indicating the
problems when working with real models.

The report describes the principles of the approach implementation, but does not go into depth of the mathematical
and algorithmic foundations for implementing the proposed ideas, since each stage of the approach includes multiple
mathematical models and algorithmic support, and the volume is limited. The authors believe that it is important to first
present the overall approach as a working framework, and then to go into depth (the principle from general to particular).

A large part of the problems.identified in the first four stages have been solved by the authors' developments, and
another part is yet to be solved (from the fifth stage to the last stage of the approach). Work is underway to publish the
algorithmic and software support for the first four stages and develop mathematical models, methods and algorithms for
solving the formulated problems in the remaining stages. In addition to this work, testing the developed approach and
tools with a more diverse set of models and ways to obtain them is envisaged as a future development.
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