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The work here presented is part of a wider research project aimed at extracting and using in industrial
applications high level semantic information from 3D product models that are described by means of
their boundary representation (B-rep). The specific focus of the paper is the recognition among the
components of the CAD model of an assembly of those belonging to some categories of standard parts
largely employed in mechanical industry. The knowledge of these components is crucial to understand
the structure of mechanical products as they have specific meaning and function. Standard parts follow
international standard in shape and dimensions, and also typical mounting schemes exist concerning
their use in the product assembly. These distinctive features have been exploited as a starting point to
develop a multi-step recognition algorithm. It includes a shape-based and a context-based analysis both
relying on the geometric and topological analysis of a CAD model. As already anticipated by Voelcker
in his visionary ability to anticipate open challenges, the shape of an object alone is not enough to
understand its function. Therefore, context assessment becomes crucial to validate the recognition
given by the shape-based step. It allows to uniquely recognize components in mechanical CAD models,
by confirming correct results, refusing the false positives, as well as choosing the correct one when
the assignment is multiple.
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1. Introduction

The present paper is written in memory of professor H.B.
Voelcker, who together with some colleagues, such as A.A.G.
Requicha, V. Shapiro and J.R. Rossignac to name some, has been
a pioneer in the Computer-Aided Design system area, by defining
the theoretical basis, providing an early implementation with the
PADL-2 modeler and in understanding its potential and shortcom-
ings in manufacturing industries [ 1-9]. Voelcker, in his visionary
ability to anticipate open challenges, underlined that the shape
of an object alone is not enough to understand its function. The
here presented work deals with this problem providing a method
for recognizing functionally important parts by analyzing product
shape and structure to improve efficiency in the overall product
development and life-cycle assessment.

In mechanical industries, from the 1950’s, with the advent
of mass manufacturing, the need to automate the development
process has arisen, in order to reduce the time and the costs of
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production. The first main challenge was to implement systems
to computationally represent mechanical parts and assemblies,
as well as schemes and algorithms to automatically define the
manufacturing process [1]. In this context, solid modeling proved
to be the basis for the solution. It includes theories and tech-
niques that enable an “informationally complete” and intuitive
representation of solids and support the creation, visualization,
and analysis of digital models of physical objects. The principles
Voelcker defined and the systems he developed addressed many
of the issues in three dimensional objects representation, and
continue to be the central focus of today’s Computer-Aided De-
sign (CAD) and stand at the base of Computer-Aided Engineering
(CAE) operations. Nowadays, in fact, the digital representation of
mechanical assemblies through CAD models is taken for granted,
and it is then exploited to computationally address more com-
plex engineering tasks. In particular, research goals such as the
product-process simulation, the automation and optimization of
the manufacturing process, the integration of systems and the im-
provement in data management have arisen and have been more
compelling with the advent of the digital factory and Industry
4.0 [10].

As far as the products’ information is concerned, product life
cycle management (PLM) systems have been developed in the last
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Fig. 1. Overview of the topics addressed in authors’ research.

years. These are increasingly exploited by industrial companies
along the various product life cycle stages. Nevertheless, not all
the necessary data may be available and their inclusion is mainly
demanded to the user. For example, the parts of a product may
be stored in PLM systems with no indication of their meaning,
or some relevant category’s specifications may be missing. Even
if present, textual annotations are not reliable as the same label
can be used to designate different parts (e.g. bearing and bearing
holder) or the notations used can depend on the designer and
company conventions [11]. Furthermore, much implicit informa-
tion is present in the solid definition of the product as a result
of designers’ reasoning and decision process. As a consequence,
the definition and the development of tools for the automatic
extraction from CAD models of engineering usable information is
very promising and useful. In this regard, from the analysis of the
product and the knowledge on the parts that compose it, it is pos-
sible to deduce much information on the operations to be carried
out for simulation, evaluation, manufacturing, maintenance and
recycling. For example, the presence of a screw indicates the need
for drilling and threading operation during the part machining
or the need of blocking tools and specific fastening tools for the
product assembly [12]; it also indicates that the joined parts are
firmly fixed together, so that they are movable jointly but at
the same time easily disassembled allowing demanufacturing or
recycling of the components. In this perspective, 3D shape re-
trieval and part classification are topics of interest [13,14], which
have been applied in recent times in the mechanical engineering
domain for parts identification [15,16].

In this context, the present paper proposes a methodology
for understanding the semantics of parts within an assembly
starting from the mere CAD models. In particular, the method-
ology foresees a rule-based approach focused on the recognition
and classification of a set of specific and engineering meaningful
components, i.e. the standard parts, considering both their shape
characteristics and the context in which they are assembled. The
identification of these parts facilitates the subsequent interpreta-
tion and processing of the CAD model and enhances its semantic
value. Moreover, a further distinctive feature is that the algorithm
also returns a characterization of the components through dimen-
sional values typically used in mechanical engineering. It is worth
mentioning that the approach strongly relies on the geometric
modeling schemes and exploits the boundary representation (B-
Rep) of a mechanical assembly and its components, underlying

the crucial role of geometry in mechanical design carried out by
Voelcker in the early '80s [6].

The remainder of the paper is organized as follows. Section 2
introduces the authors’ research project motivating the parts
recognition method described in this paper. Section 3 briefly
describes the related works. Then, Section 4 describes the major
issues related to conventions adopted in product modeling in
industry. An overview of the developed recognition approach
and algorithms are provided in Section 5 and in Section 6. The
obtained results validating the method are shown in Section 7,
while a comprehensive discussion follows in Section 8, where
key features and limits of the approach are pointed out. Finally,
Section 9 provides some closing remarks.

2. Research goals and motivation

The work here presented is part of a wider research project
aiming at extracting and using in industrial applications high
level semantic information from B-rep models of mechanical
products in standard format (e.g. STEP), that are thus only geo-
metrically and topologically described. Enhancing CAD data with
semantic interpretation, in fact, makes possible the development
of knowledge intensive processes that leverage the engineering
meaning of the parts and their relationships. In particular, in
mechanical engineering, assemblies are made of many different
parts including custom designed parts and standard parts. The
former constitute the body of the assembly and are in general
specifically created for the product under development. The lat-
ter, instead, comply generally with international norms in shape
and dimensions (i.e. associated with codes UNI, ASME, DIN, ISO,
etc.), hence are usually acquired from suppliers. Standard parts
also have a precise role within the assembly, often related to con-
necting, blocking or spacing two or more custom designed parts.
Moreover, considering standard parts, such as screws or nuts,
fastening tools can be identified for the assembly/disassembly
process. At a first approximation, dimensions and shape of the
swept volume of these tools can be automatically generated
from the designation of the standard components [12]. However,
the distinction between these classes of parts in CAD models is
neither explicit nor trivial, so the work deals precisely with this
particular issue. To better contextualize the method presented
here, an overview of the topics addressed so far in the authors’
research is shown in Fig. 1. These are aimed at the creation of
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a tool suite to algorithmically extract semantic information from
CAD data and to combine it with available engineering data to
ease several product development phases. Each box represents
a module addressing a specific information extraction task. The
arrangement of the boxes and the orientation of the connection
arrows (i.e. from the inner boxes to the outer ones) indicate the
data flow, i.e. that each module takes in input the results of all
the connected modules that precede it. More in details, as for the
knowledge extraction, given a CAD model, first a geometric anal-
ysis of the parts is carried out. It involves feature recognition and
contact analysis, which are preceded by the normalization pro-
cess of the boundary representations. Then, relying on both the
obtained features and contact information and on part geomet-
ric information, the recognition of standard parts is performed
(i.e. the subject of this work). The information on contacts be-
tween parts and the designation on designed and standard parts
constitute the technological data of the assembly [12] that is then
exploited for the analysis of the mounting of each pair of parts in
contact. As for the applications and the leverage of knowledge,
the identification of engineering meaningful subassemblies [17]
and their assembly/disassembly planning is studied [18], with
the final goal of defining feasible assembly/disassembly sequence
plans for the whole model.

All the mentioned topics appear of particular interest in the
industrial manufacturing research field and, also, the guiding idea
of extracting and using parts’ semantics, e.g. class of membership
and dimensional attributes, is to improve existing approaches,
which are still weak in this regard.

The addressed research problems are also of particular interest
in industrial manufacturing due to the utmost importance of
improving quality and customization degree, while maximizing
the production efficiency and the ability to reuse products or
parts of products in the perspective of circular economy. With
this in mind, and with the widespread of the Industry 4.0 and
Design for Disassembly principle, it becomes essential to intelli-
gently automate the disassembly of products which is normally
a complex and laborious operation. In this context, the ability to
automatically break down, on the basis of specific characteristics,
a complex assembly model into smaller subassemblies that can be
treated independently of each other can significantly contribute,
for example, to allow the reuse of functional components, to plan
parallel production lines or to optimize the assembly sequence
and human robot collaboration.

In the literature there are many methods that exploit the
geometric and topological information of the model to repre-
sent the adjacency relationships among assembly’s parts and
geometric attributes through graphs or matrices. The subsets cor-
responding to the subassemblies are then identified by applying
graph theory and optimization algorithms. However, geometric
and topological information alone does not allow to consider all
the knowledge implicitly contained in the CAD model which, if
properly extracted and made available, could strongly affect the
production process. It is to underline that in 3D models, the
distinction between types of parts, as well as the recognition
of mounting specifications is not evident. In fact, CAD models
include the B-Rep representation of the components constitut-
ing the assemblies in their final configuration [19] and may
lack information associated with both the composing parts and
their mating conditions [20]. For instance, parts’ material and
features (e.g. threads and welding beads) may be not explicitly
modeled [21], or may include rough part description and model
inconsistencies (e.g. unexpected/missed parts interaction), due to
modeling choices and numerical errors that influence the product
representation [22]. The ability to analyze the topological geo-
metric model of a mechanical assembly to automatically identify
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and extract significant information on the semantics of the com-
ponents becomes a fundamental step to optimize the production
process under various aspects.

For example, the Design For Manufacturing and Assembly

(DFMA) would benefit from the integration with such informa-
tion. In fact, a weakness of this technique is that it is time
consuming and in general needs human intervention to manu-
ally classify components and detect typical geometric properties,
such as characterizing dimensions, weight, symmetries, thick-
ness. The automatic identification in the CAD model of semantic
data would allow to reduce human workload and improve the
usability of DFMA. So far, little work has been done in this per-
spective (e.g. [23-25]). Similarly, for Assembly Sequence Planning
(ASP) (e.g. [26,27]), using geometric information alone cannot
ensure the reliability of the resulting sequences from an engi-
neering point of view [28-31]. To overcome such limitations,
recent works highlight the need to improve knowledge generated
from product model (e.g. [26,27]). In fact, high level semantic
information, such as the meaning and the function of parts,
has proven to be extremely important both for the subassembly
grouping, for assembly/disassembly tool selection and optimiza-
tion, and for cost evaluation [12,32-35]. However, all these works
assume this information available. In addition, the availability of
a more meaningful description of CAD models and their parts
would be useful in maintenance and reuse. It can speed up the
product exploration, as well as support and simplify parts or
subparts retrieval. At this purpose, some approaches exist in
literature (e.g. [36-38]), but the automatic extraction of semantic
information is rarely addressed.
Summing up, it can be argued that tools for the extraction of high
level semantic from CAD models can find application in many
engineering contexts, and especially the automatic identification
of certain components is indeed of interest.

3. Related works

The recognition of the membership of a 3D part to a spe-
cific category of objects can be addressed either as a similarity
problem or as a recognition problem. In the first case, a part
is considered to belong to a specific class if it is similar to the
other parts in the class; while in the second case, a part is
considered belonging to a given class if it holds the character-
istics peculiar to the class elements. Similarity and retrieval of
mechanical components are research topics widely addressed in
recent years [13,39-43]. Due to the growing size and variety of
databases of 3D models of components and assemblies, as well as
the fact that CAD models rarely include parts’ specifications, such
as category, dimensions and functionality, it is time consuming to
design, reuse and manage mechanical product models from the
early stages. The study and development of tools for the retrieval
and cataloging of specific parts can therefore largely improve
designers’ activities in several manufacturing phases by allowing
the reuse of previously designed parts and of the associated
information (e.g. [44]).

In literature, several works exist which provide part classifica-
tion methods. Ip et al. [45] tackle the problem of solid model clas-
sification providing a shape learning algorithm. A feature space is
defined, where a decision tree learning is applied. Wheels, sockets
and housing models are classified. Pernot et al. [46] propose the
categorization of products based on shape descriptors and classify
them in terms of characteristics that might affect the simplifi-
cation of parts for the Finite Element Analysis (FEA). The parts
distinguished are thin parts, parts with thin portions and normal.
In [47] an approach for the automatic classification of mechanical
CAD models according to the manufacturing process is provided.
It exploits the surface curvature as shape descriptor. In [48] a
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shape-based recognition approach is described that uses rules on
face adjacency relations and attributes. Manda et al. [49] present a
deep learning approach for the classification of engineering CAD
models. The aim is to catalogue models according to functional
classes. To do this, a convolutional neural network is built, which
takes in input different 2D views generated from the CAD models.
In [50] a shape-based retrieval method of mechanical parts is
developed. It uses voxels to represent the 3D models, and divides
it into several subspaces. The entropies of all subspaces are then
calculated and constitute the feature vector exploited to classify
the parts. Rucco et al. [51] present a supervised artificial neural
network system which can classify 15 subcategories of mechani-
cal parts. The recognition is based on different shape descriptors,
such as spherical harmonics, geometric statistics, inner distances
and shape distribution. A rule-based approach is adopted in [52]
to recognize a set of standard parts directly from the B-rep prod-
uct model. It analyzes the geometry and topology of parts and can
provide good results when parts have rather distinct shapes.

It is evident that both procedural and artificial intelligence
classification approaches have been implemented over the years.
Both machine learning and rule-inferencing can be used for se-
mantic enrichment. The approach should be chosen according
to the nature of the problem context. While machine learning
is suitable for objects with less distinct or undefined charac-
teristics, objects with well defined and predictable features can
be identified using rule-inferencing [53]. However, in general
the above works can reliably distinguish models with different
geometries, but can fail when models with similar shape and
completely different functionalities have to be identified. In the
engineering domain, in fact, parts belonging to separate classes
may appear similar, as well as same shape may perform multiple
functions. Thus, the membership to one class rather than the
other mainly depends on the context of use of the parts in the
assembly [15]. The functional and semantic classification of me-
chanical components considering the context is still an open issue
that has been investigated in recent years. Jian et al. [54] try to
overcome the limitation of traditional shape-based classification
methods by exploiting non-geometric semantic information, such
as tolerances, surface roughness, material and function, which
are product manufacturing data, not always available in the as-
sembly B-rep CAD model. Foucault et al. [55] propose a method
that, only relying on geometric data and engineering knowledge
formalization, automatically infers functional and mechanical in-
formation. In particular, conventional simplified representations
and conventional interfaces between parts, typically employed by
designers, are used to characterize threaded linkages and, hence,
screws. The properties can be easily translated in geometric con-
ventions, and are thus exploited as criteria for the identification
of these assembly features and standard components in raw
geometric CAD models. Lupinetti et al. [56] focus their attention
on the identification of a single specific mechanism within assem-
blies, in order to enhance the mechanical function knowledge.
Even if the work is targeted at the recognition of only rolling
bearings, its strength is in the capability of detecting bearings
independently on their design level of details. In [57] a shape-
and-context-based classification is provided. The work is limited
at the identification of some specific functional sets in speed re-
ducers, but it underlines the importance of a multi-step approach.
In particular, it is evident that the context of use of a part in the
assembly is crucial to overcome misleading situations and not
correct classification deriving from recognition methods solely
based on shapes.

The paper is placed in this line of research. It provides a feature
based approach focused on the recognition and classification of a
set of standard parts considering both their shape characteristics
and the context in which they are assembled. The identification
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of these specific and engineering meaningful components is a
strength of the work, since it facilitates the subsequent inter-
pretation and processing of the CAD model and enhances its
semantic value. Moreover, a further distinctive feature, that is
missing in existing approaches, is that the algorithm not only
assigns the assembly’s parts to standard macro categories, but
it distinguishes among more precise subcategories and returns a
characterization through dimensions relevant in the mechanical
engineering field.

4. Standard parts in assembly models

As it is stated in the previous section, in this paper, the focus
is on the recognition of assembly components belonging to a set
of standard parts mainly corresponding to fastener or locating
components. The awareness of standard parts is indeed crucial
to enhance the assembly understanding and provide information
about assembly techniques.

The first idea is to automatically identify standard parts from
B-rep models based on their shape, which is properly defined
by the international norms. Nevertheless, this operation is not
entirely reliable since shape is not sufficient to uniquely recognize
a part. This is especially because the practice of idealizing the
shape of some components in the assembly to lighten the CAD
model is widely employed.

On the one hand, in some models, common mechanical parts can
be simplified because only their overall dimensions are of inter-
est. Among these, gears can be modeled with no teeth (Fig. 2(a)),
just to represent their volume. Or, for convenience, bearings can
be modeled with the balls series collapsed in a single torus
(Fig. 2(b)), since, for example in producing sections from 3D
models, it will always produce a circle representing the sphere as
prescribed by the drafting standards. On the other hand, standard
parts are usually simplified, since their appearance is well known
and does not need to be fully modeled.

Also, conventional representations are largely exploited in indus-
trial practices to geometrically represent semantic information
of standard components lightening their aspect. In this context,
the most significant assumptions regard threaded and deformable
components’ representation. It is a common practice not to ex-
plicitly model threads, rather to represent them as annotations
or as an interference between a cylindrical hole and a cylindri-
cal convex part. The hole represents the small diameter of the
internal thread and the shank the major diameter of the exter-
nal thread. This strategy provides components such as screws,
nuts or studs simplified in shape, but maintaining their seman-
tic features if analyzed in the context. Moreover, depending on
designer choice and purpose, fasteners, especially screws, can
be partially represented, substituted by a placeholder, or even
totally removed from the model. In these cases features of the
parts in the assembly provide hints on the presence of the fixture
elements. For example, the presence of screws can be inferred by
the existence of two adjacent coaxial holes (of which at least one
is passing through) in two contact faces of adjacent components
of the assembly. As for deformable components (e.g. retaining
rings) they assume different shapes whether they are in resting or
puled position. From the modeling point of view, no specific rules
exist on how to model elastic components within an assembly.
Thus, they may be both represented as rested or stretched, as
if they are in the extraction/insertion phase, or in an assembled
setting. In this last case intersections with other components
occur.

Then, another practice is to exploit 3D parts catalogs to import
pre-built CAD models of standard parts, instead of modeling
them from scratch. However, also in these repositories, depend-
ing of the company practice, standard parts can be represented
completely defined in detail or simplified in their essential shape.
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(c) Washer.

(d) Rectangular key.

(g) Stud.

(e) O-ring.

(h) Spring washer.

(f) Pin.

(i) Snap ring.

Fig. 2. Examples of CAD models of parts with simple geometric shape or simplified shape that can be misleading in the recognition.

In general, two different misleading situations can arise: a sim-

plified component can be wrongly identified as a standard part, or
else two or more distinct categories of standard parts can be con-
fused with each other. As for the first case, just think of gears and
washers that can both be modeled as simple rings (Fig. 2(a),2(c)),
or else simple parallelepiped shaped components that can be
mismatched with rectangular keys (Fig. 2(d)). Moreover, even
multiple components can be collapsed in a single simplified com-
ponent and then be mistaken for other parts, e.g. the previously
mentioned balls of a bearing modeled as a torus can be mistaken
for an O-ring (Fig. 2(e)). Concerning the second situation, for
example, pins and studs can both be modeled as simple cylinders
(Fig. 2(f),2(g)), spring washers and snap rings have both the shape
of an open ring (Fig. 2(h),2(i)).
Therefore, it is evident that components with different function-
ality and belonging to completely different categories can appear
quasi identical. This makes the recognition of standard parts very
challenging.

To overcome these issues, the recognition rules have to take
care of the industry widely adopted principles together with typ-
ical configurations and interfaces inside the assembly to achieve
the expected connecting function. Indeed, standard parts are
generally placed in specific and well recognizable seats or need
to be tightened together to perform their connecting function,
thus respecting precise contact relations. These considerations
explain the need to define a multi-step recognition approach,
which first analyze parts’ shape and then their positioning within
the assembly.

5. Overview of the proposed multi-step approach

According to the above presented background, the paper pro-
vides a new approach aimed at automatically recognizing stan-
dard parts and extracting the values of their describing dimen-
sions (e.g. diameter, length, width, etc.). That is, differently from
most state of the art classification works, at the end of the
process, parts are not only labeled according to their component
category but, also the category-related dimensions are computed.

The method extends the work proposed in [52] by considering
additional classes and enhancing the recognition through the
analysis of the context in which parts are inserted. Standardiza-
tion organizations have normed a large number of components
covering all the production sectors. Therefore, depending on the
sector, the standard parts may vary in terms of classification,
defining shape and dimensional characteristics. Moreover, de-
pending on the product class and on the materials of the parts
involved, the variety of included standard elements is generally
limited to some recurrent standard parts and categories. Since the
research is carried out in partnerships with various Italian com-
panies involved in the design and manufacturing of mechanical
automatic machines, the presented recognition is focused on the
standard parts largely employed in this type of products. The cat-
egories currently considered are: screws, nuts, O-ring, washers,
circlips, keys, studs and pins. Some of these classes, i.e. O-ring and
studs, refer to a single type of parts, while the others, i.e. screws,
nuts, washers, circlips and pins, include a large variety of parts,
which differ in features and usages. As a consequence, in the
latter case, it is necessary to distinguish subcategories, in order to
return more accurate results. Namely, according to practical ex-
perience, screws are divided in eight subcategories depending on
the head shape, that are: hex head screws, socket hex head screws,
socket hex countersunk head cap screws, cross recess countersunk
flat head screws, cross recess countersunk raised head screws, cross
recess raised cheese head screws, slotted pan countersunk head cap
screws, slotted flat countersunk head cap screws. Nuts include two
subcategories, that are hex nuts and hex cap nuts, according to
whether they have a through hole or a blind hole closed on
one side by a domed end. Among washers are distinguished flat
washers and spring washers, depending on whether the cylindrical
shape is closed or open. Circlips consist of five subcategories ac-
cording to the ring ends variants and the internal shape, namely:
internal circlips, external circlips, snap rings, rings type G and rings
type E. Finally, pins are divided into two subcategories: not holed
pins and holed pins.

The work presented here focuses on part categories made of a
single solid body (i.e. standard parts defined as assemblies are not
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Table 1
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Summary table of the standard parts categories considered and the associated extracted dimensions.

Category Subcategory Image Dimensions and geometric properties
Hex head (\ Nominal Diameter, Length, Head Height,
> Key Size, Center and Axis
Socket hex head Nominal Diameter, Length, Head Height, Key Size,
. > Socket Depth, Center and Axis
Socket hex countersunk Nominal Diameter, Length, Head Height, Key Size,
head cap > Socket Depth, Center and Axis
Cross recess countersunk Nominal Diameter, Length, Head Diameter, Groove Width,
flat head > Cross Depth, Center and Axis
Screws Cross recess countersunk & Nominal Diameter, Length, Head Height, Head Diameter,
raised head Groove Width, Cross Depth, Center and Axis
Cross recess raised cheese /} Nominal Diameter, Length, Head Height, Head Diameter,
head Groove Width, Cross Depth, Center and Axis
Slotted pan countersunk & Nominal Diameter, Length, Head Height, Head Diameter, Slot Depth,
head cap Center and Axis
Slotted flat countersunk Nominal Diameter, Length, Head Diameter, Slot Depth,
head cap — Center and Axis
Hex p Nominal Diameter, Head Height, Key Size, Center and Axis
Nuts |
Hex cap @ Nominal Diameter, Head Height, Key Size, Center and Axis
O-ring - O Diameter, Chord, Center and Axis
Flat Nominal Diameter, Head Height, Key Size, Center and Axis
Washers i
Spring o Thickness, Inner Diameter, Outer Diameter, Center and Axis
Internal Cﬁ Internal Diameter, External Diameter, Thickness, Center and Axis
External @ Internal Diameter, External Diameter, Thickness, Center and Axis
N Snap ring Internal Diameter, External Diameter, Thickness, Center and Axis
Circlips -
Ring type G o Internal Diameter, External Diameter, Thickness, Center and Axis
Ring type E Q’ Internal Diameter, External Diameter, Thickness, Center and Axis
Key type A . Height, Length and Width
Keys
Key type B ( Height, Length and Width
Studs - — Nominal Diameter, Length, Threads Length, Center and Axis
| Not holed /\ Length, Diameter, Center and Axis
Pins ——
Holed ﬂ Length, Diameter, Hole Nominal Diameter, Center and Axis

considered), which follow international standards for shape and
dimensions. Even if the list is not exhaustive, it is wide enough to
cover the types typically found in mechanical assemblies having
a crucial importance in the assembly process, and sufficient to
prove the robustness and scalability of the approach.

The considered categories, and the associated subcategories,
are summarized in Table 1, which is extending the one in [52].

The table also reports in the last column the characterizing di-
mensions and properties for each standard parts’ subcategory
that are usually considered by engineers and useful for enhanc-
ing the assembly process. The values of these parameters are
extracted measuring and evaluating the geometry of the solid
model of the recognized part. For instance, the key size associated
with hex head screws corresponds to the diameter of the circle
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assembly B-rep
CAD model/

Single parts analysis:
standard part recognition

Expected
standard parts

Y

Processing:

Feature recognition Contacts analysis

for each part of the
assembly

between parts in the
assembly

v

Context analysis:
expected standard parts
assessment

Standard parts

Fig. 3. General schema of the multi-step approach.

inscribed in the hexagonal plane face, the nominal diameter
corresponds to the diameter of the cylindrical face of the stem,
or else height, length and width of keys corresponds with the
three dimensions of the model. In addition, an image is provided
for each subcategory in the third column of Table 1 to better
visualize the types of components. The images are representative
for each class, but these can be actually modeled in alternative
ways, with more or less details. However, it becomes apparent
that misleading situations can occur in the recognition since
some subcategories end up being quasi identical from a modeling
standpoint. They are: studs and pins, spring washer and snap
rings.

To overcome the issue of misclassification of parts, the method
here proposed follows a multi-step approach. It consists of a
single part analysis and a context analysis. Both phases are pre-
ceded respectively by a CAD model pre-processing phase and a
processing phase involving all parts of the assembly (Fig. 3).

The four steps constituting the proposed approach are now briefly
listed, and will be addressed in detail in the following sections:

e Pre-processing. This first step aims to normalize the geo-
metric (i.e. surfaces and curves contributing to the definition
of faces and edges) and topological (i.e. faces and edges)
entities used in the boundary representations of the assem-
bly’s parts, in order to obtain same representation for equal
entities. Thus, the pre-processing phase takes in input an
assembly B-rep CAD model, and returns a copy of it, where
the B-rep of each part has been modified according to some
general criteria (i.e. use of a single geometric formulation

for each type of surface, maximal faces and maximal edges
computation).

e Single parts analysis. The methodology adopted in this
phase is based on the work proposed in [52] that relies
on a shape-based approach. In particular, this step takes as
input the pre-processed CAD model and provides a part-
by-part evaluation, to assess the possible membership of
each component to one or more categories of standard parts.
According to the engineering rules in shape and dimen-
sion followed by standard parts, geometric requirements
that a part model has to meet to belong to a standard
parts category are defined. Only geometric and topological
information that can be derived from the component B-
rep models are exploited. The output, defined as candidate
standard parts, is a subset of the assembly’s parts which have
been assigned to at least a category.

e Processing. Before moving on to the context analysis, the
CAD model is further processed. In particular, form features
which are traceable to standard parts’ seats are identified
by feature recognition techniques, and the contacts between
the parts of the assembly are computed. Starting from the
pre-processed CAD model, the output of this step is the list
of features associated with each part together with the list
of pairs of parts in contact.

e Context analysis. This final step aims to consolidate and
validate the classification resulting from the single parts
analysis by evaluating parts with respect to the context
in which they are inserted, i.e. the assembly. Analyzing
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mechanical assemblies structures, in fact, it is evident that
standard parts are usually arranged according to common
schemes. Exploiting engineering knowledge, the mounting
schemes are summarized in some rules, which are distin-
guished into two types. The first type of rules is associated
with the relations between those standard parts generally
tightened together for mounting operations; while the rules
of the second type express the conditions on the positioning
of standard parts in defined seats. Starting from the candi-
date standard parts and exploiting the information extracted
in the processing phase, the membership of each component
in the recognized category is confirmed or refused, as well as
the correct category is chosen when the assignment is mul-
tiple, by verifying if the requirements are met. The context
analysis returns the final list of recognized standard parts.

A distinctive feature of the approach is that both single parts
analysis and context analysis are rule based. Namely, for each
category shape rules and context rules have been defined that a
part must respect if it belongs to that category. The combination
of these two types of rules allows to uniquely identify a standard
part. It is to underline that, from the point of view of industrial
applications, the rule set (especially concerning sizes) can be
customized in such a way to restrict the scope classification to the
standard parts of interest. In the following sections the various
steps are further detailed.

6. The classification algorithm

This section describes in detail the four steps of the algorithm
pointing out the main concepts used and techniques adopted.

6.1. Step 0: Pre-processing

The single parts analysis relies on a shape-based approach.
It only exploits geometric and topological information that can
be derived from components’ models. However, when dealing
with CAD models in B-rep format, ambiguous situations can oc-
cur related to the non uniqueness of the representation of the
parts [58]. Indeed, the same component can be described through
several B-rep instances. The differences between two representa-
tions of the same model stand both in the topological decompo-
sition in terms of faces and edges and in the adopted geometric
description of the underlying surfaces and curves. In particular,
a face can be divided into smaller ones that share the same
surfaces and are topologically connected (e.g. a cylindrical surface
can be represented either with two half cylinders or a single
cylindrical face). Consequently, the same applies to edges: a set of
topologically connected smaller edges laying on the same curve,
rather than a single edge, can be present in the B-rep model. In
addition, canonical surfaces can be described either in terms of
their analytical form or in terms of NURBS patches.

In order to allow a consistent definition and application of the
geometric requirements underlying the single parts analysis, it
is therefore essential to restrict the space of possible represen-
tations for a certain geometry. To this aim, all the parts of the
considered assembly are processed and their representation is
normalized.

First, the geometry of faces is restricted to the following forms:
planar, cylindrical, conical, toroidal, spherical, revolved, ruled and
NURBS. For the sake of clarity, a ruled surface is obtained from
a curve extruded along a linear path, while NURBS includes any
level of degree, spans number and knots arrangement. Analo-
gously, geometry of edges is limited to linear, circular, ellipti-
cal and NURBS forms. These choices derive from a practice in
the most popular geometric kernels and in the neutral STEP
interchange format.

The normalization of the formulation is carried out according to
the following steps:
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e Face conversion: the geometric formulation of each face,
which can vary according to the originating modeler kernel
and undergone file format conversions, is modified to a
standardized and meaningful formulation. To make it clear,
a face of revolution is checked whether it is reducible to a
cylinder, a cone, a torus or a sphere respectively. Similarly,
a NURBS face is verified whether it can fall respectively into
a plane, a cylinder, a cone, a torus, a sphere, a surface of
revolution or a ruled surface. To this purpose, algorithms
provided in OpenNURBS library! have been adopted and
the conversion is subjected to a fixed level of tolerance
bounding the deviation between the original and the new
form.

e Edge conversion: with a similar approach, edge geometries
are reduced to meaningful canonical form according to the
fixed tolerance.

e Faces merging: two faces in a body become candidates to
be merged to a maximal face if they share a common tan-
gent edge, i.e. an edge whose solid angle is 180°. Then,
the underlying canonical geometry is checked to be the
same, as well as the surface orientation. It applies to planar,
cylindrical, conical, toroidal, spherical and revolved faces, by
verifying straightforward conditions according to the spe-
cific analytical form (i.e. radii equality, points coincidence or
alignment, etc.). Loops on the maximal face obtained after
the merge are recomputed and appropriate classification
criteria are adopted to distinguish among internal and exter-
nal loops. In particular, the algorithm discriminates external
loops constituted by edges of already external loops and
internal loops deriving from internal loops’ edges or newly
originated by edges of previous external loops.

e Edges merging: for each loop in a face, contiguous edges
(i.e sharing the same vertex) are analyzed and merged to
form maximal ones if they share the same geometric defi-
nition, i.e. lie on the same curve/line. The merge operation
is accomplished by removing the connection vertex, after
verifying that the vertex joins only the two edges.

The adjustment of the B-rep to maximal topological elements
and to restricted geometry types allows stronger assumptions in
the following recognition algorithm and limits the variability of
the geometric conditions to be recognized.

6.2. Step 1: Single parts analysis

The single part analysis aims at providing a preliminary detec-

tion of standard elements in a CAD model based on their shape
and the proportions between their dimensions. More specifically,
the strategy adopted is to gather up engineering knowledge of
mechanical components, catalogs on standards and design rules
for each category and their subcategories, and then single out
their most typifying aspects.
In other words, those engineering characteristics have been iden-
tified, both relative to shape and dimensions, that a component
must necessarily have when it belongs to one of the categories. In
addition, common rules usually followed by designers to model
standard parts are taken into account.

The collected properties are then translated into appropriate
geometric requirements, which are summarized in Table 2. In
particular, two types of geometric requirements are considered.
The first concerns the necessary presence of specific types of
faces (i.e. planar, cylindrical, conical, toroidal or spherical). The
latter concerns the arrangements and the relations between the
faces and edges (i.e. positioning at one end of the part, symme-
tries, coaxiality, dimensional ranges, etc.). All assessments of the

1 https://www.rhino3d.com/opennurbs/
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Table 2

List of the geometric requirements for each standard parts subcategory. Let n be the number of faces of the analyzed part and let " be the symbol that indicates the same requirement as the above cell.

Subcategory Necessary conditions on presence of faces and their organization
6 planar faces 1 cylindrical other faces symmetric Ps is the closed
Hex nut 9 <n=< 35 forming a regular clos)éd face to the axis 0¥ P ctﬁ)nvex cylindrical
polygon Pg 6 face is concave
the spherical face
ng cap " " " 1 spherical face " is at one extrema " "
of the BB
Pg is at one
Hex screw 10< n <40 " " " extrema of "
the BB
Socket hex . . . .
screw Ps is concave
SOCket hex " ” " " " ”
countersunk screw
4 pairs of frontal other faces symmetric C4 is at one
Cross recess . " -
Ttk TH e 10 <n< 50 planar faces in a to vthe axis of the extrema of
concave cluster Cy cylindrical face the BB
Cross recess
countersunk raised " " "
screw
Cross recess " . N . "
raised cheese screw
,, B oL o ~ : oo o1
countersunk screw
concave cluster C; the BB
SlottEd ﬂ3t ” ” ” " ”
countersunk screw
other faces: cylindrical, . .
. . . ' all faces coaxial >1 toroidal all the edges must
O-ring T=ns<5 =1 toroidal face conve?( }oroldal, with each other face convex be arcs of a circle
planar ring
all the faces coaxial the planar faces are cylindrical faces
Washer 4 <n< 10 2 planar faces 2 cylindrical faces . ne p are 1 concave and
with each other rings and parallel 1 convex
2 cylindrical c; and ¢
>2 cylindrical ial, with indri
>2 planar faces pi1, p2 are . coaxial, wi the 2 closed cylindrical
! BN = () orered et e 2 s (B e [ 5 conrex ana (1) cpeiny snfes o™ Fce concave: with e
by area U 2) BB(p1, = BB(part 2 axis parallel to the radius< radii of ¢, c
y area) opening angle) (2) BB(p1, p2) (part) normal of p. pa e
External . . . . . ¢y is concave and .
circlip ¢ is convex
crtg . - . 0 closcd : &K concave or viee "
S 2
e ar cylindrical faces versa
>6 cylindrical c3, ¢4 and cs, Cp
Circlip " " opened faces " " ¢y is concave and " opened cylindrical faces,
type G ({c;} ordered by ¢ is convex with same radius,
opening angle) facing each other
X . 2 equal opened concave
@t 3 evlindrical 8)‘5 with e >200 cylindrical faces belonging
irclip " > cylindrical ” " . opening angle > © to same surface
type E 8 =N =30 opened faces €1 Is convex (2) axes parallel to the and with same center

normal of pq, p2

and axis of ¢y

(continued on next page)
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Table 2 (continued).
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Subcategory Necessary conditions on presence of faces and their organization
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by area) (3) perpendicular to pq, p; normal of py, p;
ps and pg are
K >6 planar faces (1) anti-parallel
€y B " ({pi} ordered " ” d (2) same area BB(pi...., ps) = BB(part)
type by area) (3) perpendicular to
p1. p2 and ps, ps
only 2 planar faces are
>1 cylindrical other faces symmetric eylindrical faces not ring and
Stud 3<N<20 >2 planar faces =1 oy to the axis Yy (1) antiparallel
closed faces of the cylindrical face convex (2) at the 2 extrema of
BB
Pin " <3 planar faces " ” "
>2 cylindrical indri
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Fig. 4. Flowchart of the algorithm implemented for the single parts analysis.

relative positioning of points or axes, as well as of parallelism
or perpendicularity between faces are made within a threshold,
using a linear absolute tolerance equal to 0.001 millimeters and
an angular absolute tolerance of 0.008 radians.

The rules are ordered in each row of the table hierarchically
based on the significance of the condition. Namely, reading the
table from left to right, the conditions that are more restrictive
are reported first, followed by those that are less discriminatory
(i.e. those related to the distinction between subcategories). This
order corresponds to the one adopted in the eighth (one for each
macro class) procedures for the standard parts recognition.

In the table, BB indicates the bounding box of the part computed
aligned to an intrinsic frame of the part containing all its faces,
e.g. in the case of axisymmetric parts the z axis corresponds to the
axis of symmetry. A face, respectively a set of faces, is considered
at an extreme of the BB when it, respectively a face of the set, is
the face of the part having the barycentre closest to a BB’s face.
The {p;} and {c;} represent the sets of planar and cylindrical faces
sorted in descending order with respect to the property indicated
in the cells.

For instance, the elements p; and p; (respectively ¢; and c¢)
indicate the elements of the set with the jth and kth largest value
of the considered property. For sake of space the conditions on
the characterizing dimensional values are omitted.

Following the table structure, the single part analysis is accom-
plished as an iterative process. As shown in Fig. 4, the N parts
of the assembly are investigated checking their possible mem-
bership to each of the eight considered standard parts categories
collected in the set C. Namely, the identification of the ith part
membership to the jth category, with j = 1,...,8, is carried
out by verifying the fulfillment of the category requirements K;.
The eight implemented recognition functions, are independent
from one another, and follow a schema that, proceeding by steps,
analyses the geometric requirements the part has to satisfy to
belong to one of the subcategories of the given category. Once
the part characteristics do not satisfy a requirement k, the func-
tion returns false, without evaluating the succeeding features,
and the membership to the next category, i.e. category j + 1,
is then evaluated. It is evident from Table 2 that the functions
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can evaluate in parallel the membership to all the subcategories
of the same category till the requirements are the same, but
when different rules are found they split the evaluation according
to subcategories adopting switch statements. To minimize the
number of checks as much as possible, each function evaluates
the requirements as they are reported in Table 2, ensuring that
the part meets the fundamental and most representative features
of the category, and then evaluates the properties associated
with more precise specifications allowing the distinction between
subcategories.

In general, first, the number n of faces is counted. Even after
the pre-processing phase, the number of faces can vary depending
on the level of detail with which the parts are modeled (Fig. 5).
A minimum number of faces is mandatory, with reference to
the most simplified model, and a maximum number is chosen
considering all the possible chamfers, fillets and finishes. Thus, if
the number of faces is out of the established range, the algorithm
switches to the evaluation of the next category. If, instead, the
number of faces is in the established range, the algorithm pro-
ceeds to verify the type of surfaces of the faces and to evaluate
their relative positions (e.g. parallel, perpendicular), the symme-
try of the part and the existence of specific faces sequences.
If the requirements’ combination specified for the considered
category is satisfied, the component is supposed to belong to the
corresponding class. To confirm this assumption, the dimensions
and their ratio are checked.

In order to ensure the recognition of as many standard parts as
possible, in particular also of the simplified ones, for the specifi-
cation of the rules, standard parts modeled in different ways have
been taken into consideration and from these the set of common
rules has been derived. This choice, however, involves the fact
that some categories could have similar geometric requirements,
and thus can be confused. In this regard, unlike [52], a part can
be associated with multiple categories, and the further context
analysis is conceived precisely to confirm, refute or discriminate
the obtained recognition.
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-

18 faces

a) Keys of type B modeled with respectively 6 and 18 faces.

%

18 faces

41 faces

(b) Cross recess countersunk raised head screws modeled with respectively 18 and 41 faces.

Fig. 5. Examples of standard parts belonging to same subcategory but with different number of faces.

6.3. Step 2: Assembly model processing

The context analysis largely exploits the knowledge of some
specific geometrical features traceable as seats of standard parts
and the contacts between the parts of the assembly. To gather
the needed information and be able to reuse it without having to
compute it every time, a processing step on the CAD model of the
assembly is implemented. It consists of a combination of features
recognition and a contacts computation processes.

As for the features recognition, for each part, the presence of
holes, pockets, slots and circular grooves is detected and stored.
To this aim, procedures detecting and analyzing hollow/not hol-
low faces clusters are employed. More in details, holes are de-
tected in the presence of axis-aligned hollow faces of cylindrical,
conical and toroidal type, as well as disk- and ring-shaped planar

=

(a) Through hole.

b) Rectangular pocket.

faces, and they can be both blind on one side or pass-through
(Fig. 6(a)). For pockets, concave clusters with at least four sided
faces and a bottom face adjacent to them are considered. Among
the sided faces, there must be a pair of opposite parallel pla-
nar faces with same rectangular shape. The other two can be
either opposite parallel planar faces, if it is a rectangular pocket
(Fig. 6(b)), and opposite cylindrical faces, if it is a circular-end
pocket (Fig. 6(c)). If the cluster includes more than four faces, con-
ditions are checked to ensure that the other faces can be fillets.
Moreover, through circular-end pockets are pockets with the bot-
tom face missing (Fig. 6(d)). Slots are then identified as concave
clusters with two or three sided faces connected by a bottom face,
possibly through fillets. Slot are through when they are two sided
and the faces are a pair of opposite parallel planar faces (Fig. 6(e)).
Slots are, instead, blind if there is a third sided face connected

(c) Circular-end pocket.

S I Y

) Through circular-end pocket.

e) Through slot.

(f) Blind slot.

(g) Radial groove.

(h) Frontal groove.

Fig. 6. Features.
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Evaluation criteria used in the context analysis: possible contacts between standard parts (in gray) and features associated with seats for

standard parts (in blue).

Standard parts in contact Feature seats
. A . Through
O-ring Key | Circlip Nut | Screw | Washer | Stud Pin Hole | Groove | Slot pocket Pocket

O-ring v

Key 7 v
Circlip v

Nut v v v v

Screw v v v v
Washer v v v v

Stud v v v

Pin v

with the other two (Fig. 6(f)). Finally, grooves are circular cutouts.
In particular, they can be radial, when they include two equal
planar rings connected by a cylindrical face (Fig. 6(g)), or frontal,
when they include two equal coaxial cylindrical faces connected
by a planar ring (Fig. 6(h)).

As for contacts detection, then, the surface collision between
the faces of the components of the assembly is evaluated. Namely,
if two parts have a pair of faces lying on the same canonical
surface, partially or totally overlapped in the 2D space defined by
the common surface, they are considered in contact. Contacts can
be planar, cylindrical or conical according to the geometric type
of the surfaces. In general, contacts are computed using an ab-
solute tolerance threshold of 0.1. But, for cylindrical coupling the
contacts detection is extended by accepting the coaxial cylindrical
face pairs so that their diameters ratio is in a neighborhood of 1,
precisely the maximum accepted value for the diameters ratio is
1.25, as to deal with the cases of threads interferences.

Since multiple contacts can clearly exist between each pair of
parts, one for every couple of colliding faces, a list containing all
the identified contacts is stored.

6.4. Step 3: Context analysis

Since the classification based solely on shape can return mis-
leading results, due to the shape similarity among the categories’
elements, the context analysis is crucial to validate the candidate
standard parts recognition.

The main idea is to leverage typical engineering arrangements
of standard parts in real mechanical assemblies to infer admissi-
ble characteristics or mandatory requirements that standard parts
models can or have to meet. These are exploited as decision crite-
ria to assess whether a part associated with a category from the
single part analysis actually belongs to the category. As already
mentioned, the extracted rules relative to the mounting schemes
are of two types and target both the relations between standard
parts and the positioning of standard parts in defined seats. In
particular:

Relations between standard parts. In mechanical assemblies,
some categories of standard parts need to be tightened together
to perform their function of fixing two or more components. Con-
sequently, recurring groups of standard parts can be identified. In

particular, these are distinctive of threaded fasteners (i.e. screws,
nuts, and studs), but also not threaded components have to be
taken into account (i.e. washers). Screws are threaded fasteners
which have to be inserted into aligned holes of two or more
mating parts to fix them with each other. Screws may be used
alone, or in conjunction with nuts, to avoid axial movements
and secure the connection. More than one nut can be tightened
against a screw, thus two nuts may be in contact. Also washers
can be mounted on screws, in general, with the function of spacer,
or to distribute the load of the fastener. Studs, then, are a category
of fasteners threaded on both ends. Similar to screws, studs have
to be used in combination with nuts and washers to fit at least
two components together.
The accepted contacts between standard parts are shown in the
first block of Table 3 (i.e. checked elements in the gray columns).

Positioning of standard parts. In mechanics, it is known that
some standard parts have to be inserted in defined seats to
fulfill their function. Consequently, the assessment of the correct
positioning of a candidate standard part can be a reliable indicator
of the validity of the recognition. According to the categories
we address, the corresponding possible seats can be described
as hollow features carved into assembly’s components (obtained
by turning, drilling or milling operations). Namely, the features
considered are holes, pockets, slots, and circular grooves.
Indeed, screws, as well as studs, have to fit inside at least two
holes to fasten components together. More specifically, it can be
affirmed that screws and studs can be inserted both in threaded
holes, not threaded holes and through pockets (Fig. 7(a)). More-
over, at most one hole can be blind, while the others must be
pass-through. Pins, on the contrary, are unthreaded fasteners and
thus they are designed to be inserted only through preformed
holes. Keys, then, are always installed on a keyseat and a keyway
(Fig. 7(b)). These are referred as circular-end pockets, rectangular
pockets or slots (through or blind). Finally circular grooves are the
seats associated with O-ring (Fig. 7(c)) and circlips (Fig. 7(d)).

The relations between standard parts and features are summa-
rized in the second block of Table 3 (i.e. that corresponding with
the blue columns).

Therefore, for each candidate standard part in the assembly,
the parts in contact with it are examined according to the deci-
sion criteria cited above. When the parts in contact are classified

Fig. 7. Examples of standard parts inserted in the associated seats: (a) Screw in through pocket and hole. (b) Key in keyway and keyseat. (c¢) O-ring in frontal groove.

(d) Circlip in radial groove.
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Fig. 8. Flowchart of the algorithm implemented for the context analysis.

as standard parts their category is considered, while for not
classified parts the presence of specific features is verified.

In order to reduce the verification steps, the identified parts are
analyzed in a suitable order according to the belonging candidate
category, as described in the following section.

6.4.1. Sorting of categories

The contact between standard parts is the first criterion
adopted to assess the correctness of the shape-based part cat-
egory recognition. However, since the classification of standard
parts is the result of the shape-based classification process, its
usage must be carefully pondered.

To minimize the use of misleading information deriving from
wrong classification, the order in which the candidate standard
parts are evaluated is crucial. In details, as shown in Fig. 8, the
context analysis algorithm cycles over the categories contained
in the ordered set C, which have been sorted taking into account
different factors. These factors include the possible contact with
other standard parts and the probability of being confused with
other categories. The categories having no relation with other
standard parts and a shape that can hardly be mistaken with
other categories are assessed first. Taking into account Table 3,
these are O-rings, keys and circlips. In this way, their validation
reduces the number of uncertain data, allowing for more reliable
information in the subsequent evaluations. Then, the algorithm
processes the parts identified as belonging to categories relying
on the contact with other standard parts for their recognition, but
that are also characterized by distinctive shapes, namely nuts and
screws. Washers analysis follows, since their recognition mainly
depends on the relation with the just confirmed screws and nuts.
Finally studs and pins are taken into account. These are two
categories featured with very generic and similar shapes, both
inserted in holes. In this case, the relation with other standard
parts, i.e. nuts and washers, rather than the positioning in defined
seats, allows to discriminate between them, therefore as reliable
as possible data is needed.

14

6.4.2. Candidate standard parts validation

Once the contacts between parts and the features associated
with the standard parts’ seats has been recognized, the candidate
standard parts are processed.

Fig. 8 illustrates the validation process that proceeds analyzing
parts by category. Thus, once the category j is fixed, given a part
i,withi=1,...,S where S is the number of candidate standard
parts returned by the single part analysis, if part i is a candidate
to belong to category j, all the relations with its adjacent parts
are analyzed. It must be specified that in the algorithm a general
concept of contact between the parts is used. Thus, two parts
are considered in contact, or adjacent, not only when they share
the contact detected as described in 6.3, but also when intersect.
In this way, it is possible to overcome problems arising from
modeling or numerical errors, i.e. bad positioning or sizing, or
modeling choices, as, for example when dealing with deformable
components (Fig. 9).

If the current category j allows contacts with other standard
parts, adjacent standard parts are taken into account. If these
belong to the admissible categories for the component cate-
gory being validated, the membership of part i to category j is
confirmed and the algorithm proceeds to next parts evaluation.
If instead the adjacent standard parts belong to not admitted
classes, or no adjacent standard parts are found, then the part
positioning is verified.

The non-standard parts adjacent to the analyzed candidate
standard part are now considered. For each of them, it is checked
whether there is at least a feature associated with the current
category j. However, the identification of a right feature on an
adjacent part is not sufficient to confirm the class of the candidate
standard part. The feature, in fact, could be the seat of another
standard part, just as it could be a feature not associated with
any standard part i. Further verification is needed regarding the
matching of the position and the dimensions of the feature with
those of the candidate standard part. First, the feature’s faces
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Fig. 9. Examples of deformable standard parts, i.e. O-ring (green) and circlip (blue) that intersect the faces associated with the respective seats, i.e. grooves. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

=

Intersection of the bounding boxes

Fig. 10. Example of the matching of the position of a candidate O-ring in respect to two grooves through bounding boxes intersection (2D view).
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Fig. 11. Example of the matching of the relevant dimensions of a candidate key with those of the intersecting circular-end pocket.

and the candidate standard part bounding boxes must intersect
(Fig. 10). If this condition is not met it means that the part is not
included in the found feature and the classification is rejected. If
instead the bounding boxes intersect, then the matching of the
dimensions follows.

Since the candidate standard part must fit in the seat, some di-
mensions should coincide. The match is assessed within a thresh-
old, in order to handle numerical and/or modeling errors, as well
as the different modeling of deformable parts. The threshold is
set on the ratio of the dimensions (i.e. dimension of the feature
over that of the part or vice versa), which must be, in general,
in the range [0.9, 1], but the range is extended to [0.8, 1] for
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parts associated with grooves due to the wide variation in their
representation.

The relevant dimensions (e.g. width, length, height, diameter)
of a part that must respect the ranges dictated by the feature
size depend on the category analyzed. The example of a key is
reported in Fig. 11. It shows that it must be inserted between
a keyway and a keyseat, which are identified as circular-end
pockets, rectangular pockets or slots. The width Wy, the height
Hp and the length L, of the candidate key have to be compared
with those of the adjacent feature, respectively Wg, Hy, and L¢. In
particular the width must coincide with the feature’s. The key’s
height must be greater than the feature’s, to ensure the key be
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Fig. 12. Dataset organization and plot of the precision-recall curves for each standard parts category.

linked also to another part. Finally, the length of the key must
at most correspond to the feature’s length, that in this particular
case of a circular-end pocket corresponds with the length of the
planar sides, otherwise it means that the key cannot be contained
in the feature.

In conclusion, as shown in Fig. 8, if a candidate standard part
i meets the requirements of contact with other standard parts, or
the condition of being positioned in a specific seat with compliant
dimensions, it can be established that the candidate standard part
was correctly classified by the single parts analysis. Its category
j is confirmed, and if other categories have been assigned to the
part, they are discarded. The checked adjacency relations for the
considered categories are summarized in Table 3.

7. Validation

This section summarizes the results obtained to validate the
presented recognition algorithm showing examples of its appli-
cation on real industrial CAD models. Since the research is part of
a project carried out in partnership with the Italian company Hy-
perlean,? the proposed algorithm is implemented in a prototype
module of their industrial software LeanCOST, developed using
C++, C # and VB.NET. languages.

The algorithm is tested in two stages. First the single parts
analysis is assessed on a large dataset of single components, then
the complete approach, given by the combination of single part
analysis and context analysis, is evaluated on a set of industrial
CAD models.

7.1. Single part classification validation

The single part analysis is applied on an ad hoc collected
dataset of 825 mechanical parts downloaded from different on-
line catalogs. The dataset is publicly available at http://standard
PartRecognitionDataset.ge.imati.cnr.it. It includes CAD models in
STEP format representing both parts of the considered categories
and not standard parts. Parts are organized in 22 directories,
i.e. one for each of the considered (sub-)categories plus the “mis-
cellanea” one in order to provide the ground truth to evaluate the
results quality according to the precision-recall metric. For sake
of clarity, in the following discussion and pictures, sub-categories
results are grouped into their macro categories.

In Fig. 12 the precision-recall curves for each category are
plotted, and the average precision (AP) values are reported. The

2 https://hyperlean.eu
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average curve is provided to evaluate the overall quality of the
recognition algorithm. In general, a large area under the curve
represents both high recall and high precision, where high preci-
sion relates to a low false positive rate, and high recall relates to
a low false negative rate.

From the graphic it is evident that some categories are well
recognized, others less. The curves associated with O-rings and
keys are linear and delimit a large area under themselves. This
because those classes are difficult to confuse with other stan-
dard parts classes, and their geometric requirements are few and
simple. The curves of nuts, studs, and circlips are not linear,
but the area under them is quite large, that is their recognition
is however well performing. The remaining categories’ curves
instead decrease faster and indicate a worse recognition quality.
This is justified by the fact that these categories can both be
mistaken with other standard and non standard parts. For ex-
ample, misleading interpretation of shafts as pins and/or studs
can occur. Studs can be mistaken with pin, thus increasing false
positives associated with pins, while the vice versa happens less
frequently. Spacers and cylindrical parts can be wrongly recog-
nized as washers, as well as spring washers are assigned both
to spring washers and snap rings, and vice versa. Hex screws
and cap nuts can be confused in some cases, or else they cannot
be recognized due to modeling errors such as dimensions out of
standards or cluster of faces included in the heads badly modeled.
The average precision-recall curve (red) summarizes these results
and indicates that the single part analysis approach provides good
results, but not optimal. Thus confirming that shape criterion
alone is not robust enough to uniquely identify standard parts
especially because false positives are returned.

Finally, it is to underline that this validation results and the
different values of average precision for each category in general
reflect, and therefore justify, the considerations made to sort the
standard parts categories before computing the context analysis
(see Section 6.4.1).

7.2. Context analysis validation

While for single parts, the creation of the ground truth for
the evaluation of the method can largely exploit the classifica-
tion provided by professional repositories for engineers, in the
case of assemblies so far no public dataset exists suitable for
our purposes. This is because it is generally hard to find online
repositories providing realistic mechanical models. In most cases,
assemblies are made of few parts, can be inaccurate or too sim-
plified, and thus they have shapes inconsistent with industrial
practice. Moreover, the main difficulty is the limited availability
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Fig. 13. Visualization of the multi-step recognition results in the developed tool.

of opportunely labeled models indicating the included standard
parts. This lack prevented the creation of a meaningful, in terms
of number of elements, ground truth. Consequently, to validate
our work, we collected a set of industrial CAD models that contain
the various categories of standard parts and can cover all the var-
ious cases addressed. Then, the results obtained by the presented
method were assessed with the help of engineers.

In Fig. 13 an example of how the developed tool displays the
classification results is presented. In the STANDARD PARTS form,
the candidate standard parts and the final recognized standard
parts are listed in the first and in the second column respectively.
In the first list the non confirmed candidate parts are also high-
lighted. In both columns, the identified components are grouped
according to subcategory and dimensions, i.e. all the repetitions of
the same standard part are grouped together. By clicking on one
item the associated components are highlighted in the CAD model
to provide an overview of their arrangement within the assembly.
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Finally the extracted engineering dimensions of the elements of
the set are provided on the third column of the same form and an
example of the dimensions extracted for a set of keys is further
shown in Fig. 14.

In Table 4, some of the industrial assemblies used to validate
the approach are collected. The results obtained with single part
and context analysis are organized in the table as follows. The
fourth and the fifth columns show respectively the number of
candidate standard parts recognized after the single part analysis
and the number of standard parts recognized at the end of the
multi-step approach. The two columns report both the total and
the per-category number of recognized standard parts recog-
nized. That is, a set contains all the parts equally classified, both
in terms of subcategory and dimensions. The last column, then,
provides the number of a candidate standard parts/sets that were
rejected/reassigned emphasizing the importance of the context
analysis. The green and the red colors indicate the ones correctly
and wrongly modified.
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Fig. 14. Example of dimensions extracted for a set of two keys.

Results show that the provided multi-step approach is over-
all robust, and can recognize and correctly classify most of the
standard parts included in mechanical assemblies.

Comparing the list of candidate standard parts returned by
the single parts analysis and the final list of standard parts, it is
evident that the context analysis allows to overcome the issues
arising from the evaluation of the shape only. In particular, in the
first step, classes such as studs, keys, O-rings and washers are
over-recognized. That is, several false positive are returned, due
to the existence in mechanical assemblies of simple components
that can be mistaken for standard parts if considered out of
context. Looking at Table 4, these categories of standard parts are
those that actually appear most among the refused items.

For example, the case of the radiator in model N.1 is signifi-
cant. From the table it is evident that about half of the candidate
standard parts is not confirmed by the context analysis. Those
are 42 metal rings actually forming a grid and 10 metal blocks
forming the body of the product. The “42 candidate O-RINGS
grouped in 42 sets” (i.e. one set for each part because they all
have different diameter) are simply modeled with a single convex
torodial face, and, thus, according to the geometric requirements
collected in Table 2, they are recognized as O-rings after the
single parts analysis. However, the rings of the radiator are not
mounted in any circular grooves, but they are welded on a radial

metal structure. As a consequence the context analysis refuses the
recognition and the 42 parts are correctly discarded. (Fig. 15).

Still discussing the model N.1, the “10 candidate KEYS grouped
in 6 sets” (i.e. there are 2 sets made of 2 parts with same
height, length, and width and other 4 parts unique in terms of
dimensions) which are correctly refused by the context analysis,
in reality are simple structural components having the shape
of a parallelepiped (Fig. 16). In fact, they have 6 planar faces,
divided in three pairs of equal and anti-parallel faces, two by two
perpendicular with each other. Checking Table 2, these properties
meet the requirements of keys of type B. Although, by applying
the context analysis, it results that the 10 components are not
keys because they are not in the corresponding seats.

The other strength of the context analysis is therefore the
ability to disambiguate the assignment of a part to multiple
categories that have similar shape requirements. The gearbox in
model N.2 represents a remarkable example of this scenario. The
single parts analysis, in fact, returns 55 components associated
with more than one category. In particular, there are “13 candi-
date STUDS/PINS grouped in 1 set” (i.e. all the 13 parts have same
dimensions) that are parts recognized both as studs and not holed
pins. In fact, they have 9 faces such that 4 are planar, 2 of which
are not ring, 3 are cylindrical closed not hollow, and the others
are symmetric to the axis of the cylinders. By referring to Table 2,

NOT
O-ring

Fig. 15. Example of toroidal part recognized as O-ring by the single part analysis (SPA), but refused by the context analysis (CA).

Key

NOT
keys

CA

Fig. 16. Example of parallelepiped-like parts with different dimensions recognized as keys by the single part analysis (SPA), but refused by the context analysis (CA).
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Table 4
CAD models used to validate the multi-step recognition approach. In green the parts correctly refused/assigned by the context analysis. In red the parts wrongly
refused/assigned by the context analysis.

N. CAD Model n°parts n°candidate standard n°standard parts Candidate standard parts
parts refused/assigned
1 201 108 56 Refused:

- standard parts standard parts - 42 candidate O-RINGS
grouped in 55 sets of grouped in 7 sets of grouped in 42 sets
elements with same elements with same - 10 candidate KEYS
subcategory and subcategory and grouped in 6 sets
dimensions dimensions

Radiator
2 426 304 302 Refused:
standard parts standard parts - 2 candidate CIRCLIPS
grouped in 23 sets of grouped in 22 sets of grouped in 1 set
elements with same elements with same Assigned:
subcategory and subcategory and - 13 candidate
dimensions dimensions STUDS/PINS grouped in 1

set are assigned to studs
- 42 candidate
CIRCLIPS/WASHERS
grouped in 3 sets are
assigned to WASHERS

Gearbox
3 153 44 38 Refused:
standard parts standard parts - 6 candidate SCREWS
grouped in 14 sets of grouped in 13 sets of grouped in 1 set
elements with same elements with same
subcategory and subcategory and
dimensions dimensions
4 325 244 228 Refused:
standard parts standard parts - 14 candidate KEYS
grouped in 31 sets of grouped in 18 sets of grouped in 11 sets
elements with same elements with same - 2 candidate CIRCLIP
subcategory and subcategory and grouped in 2 sets
dimensions dimensions
5 199 48 31 Refused:
standard parts standard parts - 6 candidate STUDS
grouped in 13 sets of grouped in 7 sets of grouped in 2 sets
elements with same elements with same - 1 candidate WASHER
subcategory and subcategory and - 2 candidate CIRCLIPS
dimensions dimensions grouped in 1 set
- 2 candidate WASHER
grouped in 1 set
- 4 candidate SCREW
grouped in 1 set
Assigned:
- 1 candidate STUD/PIN
is assigned to pin
Linear axis for automation
6 106 32 31 Refused:
standard parts standard parts - 1 candidate KEY
grouped in 6 sets of grouped in 5 sets of
elements with same elements with same
subcategory and subcategory and
j dimensions dimensions

Cooker hood

(continued on next page)
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N. CAD Model n°parts n°candidate standard n°standard parts Candidate standard parts
parts refused/assigned
7 237 113 104 Refused:
standard parts standard parts - 9 candidate STUDS
grouped in 16 sets of grouped in 10 sets of grouped in 6 sets
elements with same elements with same
subcategory and subcategory and
dimensions dimensions
8 455 314 308 Refused:
standard parts standard parts - 6 candidate STUDS
grouped in 18 sets of grouped in 16 sets of grouped in 2 sets
elements with same elements with same
subcategory and subcategory and
dimensions dimensions
["M‘ S
Agricultural steel-work
assembly
9 318 170 113 Refused:
standard parts standard parts - 53 candidate STUDS
grouped in 33 sets of grouped in 29 sets of grouped in 2 sets
elements with same elements with same - 4 candidate CIRCLIP
subcategory and subcategory and grouped in 2 sets
dimensions dimensions Assigned:
- 2 candidate
STUDS/PINS grouped in 1
set are assigned to pin
- 6 candidate
CIRCLIPS/WASHERS
grouped in 2 sets are
assigned to WASHERS
10 306 220 173 Refused:

Axial reducer

standard parts
grouped in 26 sets of
elements with same
subcategory and
dimensions

standard parts
grouped in 13 sets of
elements with same
subcategory and
dimensions

- 6 candidate O-RING
grouped in 6 sets

- 16 candidate WASHER
grouped in 2 sets

- 14 candidate WASHER
grouped in 1 set

- 11 candidate CIRCLIPS
grouped in 4 sets
Assigned:

- 1 candidate STUD/PIN
is assigned to PIN

the components meet the requirements both of studs and pins.
However, the context analysis correctly assigns the 13 parts to
the category of studs, since contact with nuts is found (Fig. 17).
The other “42 candidate CIRCLIP/WASHERS grouped in 3 sets”
(i.e. there are 3 sets of respectively 28, 8, and 6 parts having same
diameters and thickness) are thus recognized both as snap rings
and spring washers, due to the identical requirements for those
two categories reported in Table 2. But finally the 42 components
are assigned to washers because of context: they are not inserted
in grooves, rather they are in contact with screws (Fig. 18).
Despite the generally good results, the context analysis in
some cases fails. In fact, it can happen that standard parts result-
ing from the single parts analysis are wrongly rejected. However,
these problems in general arise from modeling errors that are
outside the tolerance threshold in the representation of features
and parts (e.g. parallelism or perpendicularity between faces not
detected), or from a incorrect positioning of parts in relation to
the associated features (e.g. their bounding boxes never intersect
within the considered tolerance), or else because some standard
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parts are not even recognized by the single parts analysis and
thus the context rules fail. The axial reducer in model N.10 is an
example. Namely, 11 circlips are refused because misplaced with
respect to the associated groves or placed in grooves not modeled
according to standards (Fig. 19(a)). Moreover, since the model is
a CAD assembly created by students and thus it does not strictly
follow all standards, screws are missing and consequently a set
of 14 washers is refused because contacts with the respective
screws is not validated. Another example is the model N.9 where,
instead, a set of screws is not recognized for shape, since they do
not respect some proportional requirements i.e. the ratio between
the height of the head and the length of the stem is out of the
standards. Consequently the washers tightened on those screws,
even if they are recognized by the single parts analysis, are
wrongly refused after the context evaluation (Fig. 19(b)).

Hence, wrong classifications result when modeling errors oc-
cur, but they do not totally depend on context analysis require-
ments, which instead turn out to be sufficiently robust. It can
be broadly assessed that the standard parts that are rejected at
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Fig. 17. Example of part recognized both as stud and pin by the single part analysis (SPA), but assigned to stud by the context analysis (CA).

Snap ring
Spring washer

Spring
washer

i |

Fig. 18. Example of part recognized both as snap ring and spring washer by the single part analysis (SPA), but assigned to washers by the context analysis (CA).

this stage are lower than those that are correctly recognized,
and therefore the context analysis is certainly promising and can
overcome most of the issues arising from the only shape-based
classification.

8. Discussion

The paper presents an innovative approach to recognize in-
stances of some of the most used categories of mechanical parts,
i.e. the standard parts, considering their shape, their conventional
representation and their usage within the assembly. Distinctive
features of the method are the ability to deal with industrial
models, to calculate the relevant dimensions of the part and to
distinguish between different sub-categories.

In order to be independent of legacy product description for-
mats, the proposed method takes in input assembly models in
STEP format. Knowing that companies and designers follow dif-
ferent conventions in representing standard elements [11], that,
in some cases, are even omitted to maintain the model lighter,
few specific assumptions and remarks are made on their repre-
sentation.

First, it is required that the 3D model of the standard part is
included. In fact, even if in some cases the arrangement of the
features of the parts in the assembly provides hints on the pres-
ence of fixture elements, it does not allow their correct category
identification. For example, the presence of threaded fasteners
can be inferred by the existence of two adjacent coaxial holes
(of which at least one is passing through) in two contact faces
of adjacent components of the assembly, but the exact standard
parts category of the fasteners is not detectable, and they may be
screws as well as studs.

The other assumption made is that, even for simplified shapes,
the discriminating features of the class are represented. This is
the case, for instance, of the hex nut in which it is required that
the part has at least the six lateral planar faces. Specifying an
interval of validity for the number of faces, which is indicated
as first condition among the requirements of Table 2, instead
of an exact number, allows to overcome the issues induced by
the different possible representations of the part, ranging from
the most abstract representation, that preserves the form, to the
detailed representation of the object, as available in engineering
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practice. Moreover, the upper bound of the interval is also cho-
sen to exclude not admissible candidates and, hence, make the
algorithm computationally efficient.

To manage different conventions on the representation of
parts, the extraction of contact information considering only the
overlapping of the surfaces, even with a tolerance, is not suf-
ficient. This is especially true for elastic parts, which can be
represented in their resting or puled position, or for threaded
elements, where threads are usually represented by means of
interferences with the associated hole. In these cases, in fact,
intersections and/or clearances can occur, (e.g. Fig. 9), that can-
not be detected. Consequently, the provided system extends the
contact detection carrying out two strategies. On the one hand,
cylindrical contacts are treated by assessing the ratio between
the diameters of the faces is in a neighborhood of 1. On the
other hand, additional reasoning on the intersection between the
volumes of parts, and in particular, between the volumes of a
part and of the feature associated with a seat is preformed. If
intersection is retrieved, then the ratios between the parameter
values of the standard part and the extensions of the seat feature
is evaluated. According to the type of parts, the ratios should
be in given ranges to ensure the part fits the seat. Threads and
deformation issues are thus overall tackled.

As for the positioning of standard parts, only considering hol-
low areas as features for seats is not restrictive. In fact, it is true
that nuts and washers do not comply with any of these features,
but their classification will be validated through the relation with
other standard parts. This single type of validation is enough
robust since nuts and washers fulfill their function respectively
of blocking and spacing threaded fasteners only if tightened with
them, and thus if a contact is detected. In addition, in mechanics
it can happen that a nut is used with a different function rather
than that of fastening (e.g. as spacer or resting component). In
these cases the nut is not tightened on a screw/stud, and thus it
is reasonably refused by the context analysis. These observations
further justify the use of a multi-step approach, rather than a
unique analysis of a part, that consecutively processes both the
shape and the positioning inside the assembly. In fact, for some
categories, e.g. washers and nuts, the single parts analysis’ output
is crucial to validate the recognition.

As for dimensions computation, some values are immediate
to read, because intrinsic of the parts volume e.g. those regarding
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Fig. 19. Examples of standard parts not correctly recognized: (a) circlip refused for wrongly modeled groove. (b) Screws not recognized for shape and thus washer

refused for context.

the extension of the parts such as length, width, and height. Other
dimensions, instead concern mechanical features, such as the key
size or the metric of the thread, which are not accurately rep-
resented in the model. Hence, their extraction is closely related
to conventional configurations, e.g. the threads are not modeled,
but their measure (i.e. the nominal diameter) corresponds to
the diameter of the cylindrical face that idealizes them, while
the minor diameter is that of the hole in which the fastener is
inserted. However, depending on the parts representation, some
dimensions may be not accessible and this is a limit of the ap-
proach. For example, if a stud is modeled as a single cylinder, the
threads diameter is detected, but the length cannot be inferred
since they may cover the whole stud or only a portion of it.
Then, another limit in the recognition is attributable to mod-
eling errors that prevent the recognition of specific features. This
is the case of errors affecting the shape of seats not following
the mechanical standards, e.g. in a slot the side faces are not
parallel even in tolerance, the lateral faces of a radial groove
are modeled piecewise rather than through two complete rings
(e.g. Fig. 19(a)), etc. When these types of errors occur in the mod-
els, the features associated with the seats cannot be recognized
and, consequently, the context analysis would fail. The model N.2
in Table 4 is an example: the 2 candidate circlips are wrongly
refused by the context analysis because they are mounted on
a shaft with non standard grooves, and thus not detected by
the feature recognition system. However, these problems are not
related to the actual context analysis, as to the limits of the
feature recognition system. Furthermore, too big displacement of
parts in respect with their correct location can generate incon-
sistencies in the model. For example, the presence of a floating
part which does not have any contact (neither by surface analysis,
nor by volumes intersection) can be detected. This is a problem
for the recognition, but it can be exploited to detect modeling
errors and/or incomplete assemblies. Similarly, information about
the rejected candidate standard parts could also provide hints of
missing parts, as it was the case of the example N 10 in Table 4.
With regard to the generality of the presented method and
its scalability, even if the considered classes are only a subset
of the parts normalized by standard bodies, they cover the most
recurrent ones within the considered types of objects, i.e. com-
ponents of mechanical and electronic equipment. Anyhow the
methodology can be applied to cover additional standard element
categories and subcategories by defining a new recognition func-
tion for each new class. This requires the analysis of the elements
of the category and the specification of rules for the identifica-
tion of their salient characteristics, in terms of the number of
their constituting maximal faces, mandatory faces’ and edges’
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types and reciprocal arrangement, and proportions between the
dimensions dictated by international standards. To avoid possible
overlapping or contradictory rules for standard parts, it would
be convenient to connect the recognition rules to the product
sector considered, i.e. it would be useless or even producing bad
results applying rules related to standard components for the
wood sector to mechanical parts.

Following a modular approach for rule specification and infor-
mation extraction, see Fig. 1, makes possible on the one hand the
reuse of the implemented functionalities for the creation of new
rules; on the other hand the exploitation of information richer
models than B-rep. In fact, features and liaison information, which
somehow include contacts, can be made available by some CAD
systems or published data models, such as [20,59,60], and could
be used in our rules avoiding the data extraction step. However
for completeness and generality of the method it is assumed that
the data are not provided and/or available.

The use of context information, as also outlined in [11,56,60],
demonstrates to be essential to avoid false positive recognition
and disambiguate cases in which the shape of the parts are very
similar but not their functions.

9. Conclusions

As foreseen by H. B. Voelcker [7], solid modeling has be-
come the dominant medium for describing parts and products in
the mechanical industries where 2D drafting systems have been
now replaced by 3D CAD modelers. Similarly, as predicted, the
availability of well-defined and complete 3D models of products
opened the way for the development of vertical automation for
the planning of specific processes in the product life cycle. In
his vision, H. B. Voelcker pointed out the limitations in consid-
ering only forms of parts and the importance of addressing the
relation between function and form as a key aspect for product
designing and reasoning. Even if current CAD and PLM systems
allow the annotation of product components, this process is still
manual. Thus, it is still up to the designer the choice to include
the information of the part meaning and function. Indeed the
exploitation of formal knowledge representation and the more
recent technologies mimicking the human reasoning can take
advantage of functional designation of product parts for process
automation.

This paper is focusing on this aspect and describes a method
aimed at interpreting the functional meaning of product parts
from their solid model representation. The developed multi-step
part classification process applies a rule-based approach that
combines engineering expertise with 3D object representation
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knowledge for the specification of the distinctive conditions char-
acterizing standard parts. In the current version of the method
a rule-based approach has been adopted in which the rules are
applied according to a priority dictated by practice which demon-
strated that verifying the belonging of an object to a certain
category according to a specific order among the categories al-
lows to minimize the number of false positives. In the future the
opportunity of using different knowledge formalization method-
ologies will be evaluated, for example by adopting an approach
based on ontology, possibly using and extending existing on-
tologies [19]. Differently from most of the existing classification
methods, the proposed one returns also the detailed subcate-
gories recognition and defining important parameters. Moreover,
the two-step approach allows overcoming the ambiguity of classi-
fication based solely on shape. The rule-based approach has been
chosen on the one hand because of the considered engineering
context, which is well structured where standard parts have to
satisfy well established laws; on the other hand, the creation of
the necessary training CAD assembly dataset is quite demanding.
Moreover, it is easy extendable to consider other standard part
classes.

The approach has been tested on industrial CAD models demon-
strating its capability and the necessity of the two steps. The
CAD dataset used for testing the shape-based classification step
is made available at http://standardPartRecognitionDataset.ge.
imati.cnr.it to allow a comparison with other classification meth-
ods.

The next step will be to improve and extend the presented
approach, aiming at both overcoming some of the limits arisen
(e.g. the presence of seats not fitting into standard features)
and to enrich the set of considered parts categories and sub-
categories. Future work will focus on the exploitation of the
obtained part recognition. Among them, the automatic decompo-
sition of a complex assembly into smaller components according
to specific characteristics can significantly contribute, for ex-
ample, to assembly/disassembly planning, product redesign for
additive manufacturing and product reuse.
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