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A B S T R A C T

This paper introduces a new framework for reassembling CAD models of mechanical parts. The generated
CAD assemblies are well-constrained, with collision-free parts, and they are ready-to-use for downstream
applications. First, input dead CAD models candidate for the reassembly are sorted following a part-by-part
interface-based identification algorithm that is capable of characterizing each part according to the assembly
slots and interfaces it offers. The slots are then hashed, and the resulting keys are used for fast search of
parts in the database. Thus, the parts that can be assembled are quickly identified, and their assembly can
be considered according to various scenarios. To support the reassembly steps and satisfy the constraints
associated with the specified interfaces, a collision-free kinematic constraint solver is also proposed. During
the reassembly steps, the geometry of the slots can also be automatically modified to adjust their dimensions,
in order to ensure a perfect fit and to avoid interference at the level of the interfaces. The resulting database
can also be further expanded while modifying the relative positions/orientations of the assembled parts. The
approach is illustrated on several test cases covering different exploitation scenarios, ranging from simple
model reuse to database expansion for machine learning-based applications. Such an automatic reassembly
process is particularly innovative, and it clearly paves the way for smart assembly procedures.

1. Introduction

For several years, databases of CAD models have been designed and
populated to meet various application needs. For instance, it enables
CAD models to be reconstructed more quickly from point clouds [1]
while directly updating available parameterized CAD models [2]. But
it is also very much interesting for standardization purposes, or to avoid
starting a new design from scratch and reuse as much as possible ex-
isting and already optimized solutions. Until now, these developments
were mainly guided by the need for greater efficiency to become more
competitive, but they are now also dictated by a more global context
where energy consumption and CO2 emissions must be better con-
trolled, thus further constraining the way growing digital resources are
to be solicited. This trend has consequently created a need to develop
efficient search engines capable of finding models according to multiple
criteria, both for the search of parts and assemblies [3]. However,
much attention has been paid to how models can be retrieved from
these databases, but less to how the retrieved models can be reused for
downstream applications.

Artificial intelligence has also played an important role in increasing
the attractiveness of learning issues in CAD, and consequently the need
for large databases of CAD models. For instance, the numerical methods
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used to automate the reverse engineering process are increasingly based
on machine learning techniques and are now capable of not only
detecting objects in point clouds, but also estimating their principal
dimensions to automatically reconstruct CAD models [4]. If these learn-
ing methods are increasingly used, they are most often limited by the
labeled datasets, which remain scarce for mechanical assemblies. To
overcome the lack of labeled data, synthetic data generation methods
have become popular recently, although the concept dates back to
the 1990s. This phenomenon has been particularly accentuated with
the popularization of new generative algorithms that can produce
quality synthetic data on a larger scale [5]. However, automatically
generating reusable CAD models remains challenging. Despite the high
level of activity in the field of automatic CAD model generation, the
subject remains relevant, and there are still few methods to automate
the process of reassembling mechanical parts. Indeed, the assembly
of mechanical parts is frequently based on engineering rules, and an
intelligent assembly of parts remains complex to implement because
of the diversity of possible solutions and constraints to be respected
to generate reusable CAD models. For example, the LEGO shape re-
production challenge remains an open optimization problem to this
day [6], and this issue is much less complex than the assembly of
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Fig. 1. Example of two original dead CAD models (a) that have been mixed to generate
new well-constrained, collision-free and ready-to-use CAD assemblies (b). The colors
indicate the source models. The constraints added between the parts enable their
relative positions/orientations to be modified, thus further expanding the variety of
shapes and configurations in the database. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

any mechanical part, for which there is a great diversity of possible
interfaces between all parts. This is the problem tackled in this paper.

This paper introduces a new framework for reassembling CAD mod-
els according to different strategies and goals, ranging from expanding
CAD databases for machine-learning applications, to generating CAD
assemblies from assembly graphs in order to support early stages of
the design process, or to automatically retrieving parts to connect
disconnected assemblies. The input dead CAD models come from open
CAD assembly databases in standard formats (e.g. STEP files) and they
undergo several treatments. First, all possible mates between parts
of the assemblies are automatically identified and used to character-
ize the available slots on each part, which then become candidate
interfaces for the reassembly step. The slots are hashed, and the re-
sulting keys are used for part-by-part interface-based search of parts
in the databases. Thus, the parts that can be assembled are quickly
identified, and their assembly can be considered according to various
scenarios. The scenarios are intended to cover several use cases used
to validate the robustness of the proposed framework and to show the
diversity of accessible solutions. To support the reassembly step and
satisfy the constraints associated to the specified interfaces, a collision-
free kinematic constraint solver has been developed. Fig. 1 shows
examples of CAD assemblies automatically generated from existing CAD
models using the proposed approach. The generated CAD assemblies
are well-constrained, with collision-free parts, and they are ready-to-
use for downstream applications. The resulting database can also be
further expanded while modifying the relative positions/orientations
of the assembled parts. Importantly, during the reassembly steps, the
geometry of the slots can be automatically modified to adjust their
dimensions, in order to ensure a perfect fit and to avoid interference
at the level of the interfaces. Such an automatic reassembly process is
particularly innovative, and it clearly paves the way for smart assembly
procedures.

In summary, the contribution is fourfold: (i) a new framework capa-
ble of reassembling CAD models according to different scenarios, and
that generates well-constrained and collision-free assemblies ready-to-
use for downstream applications; (ii) an ad-hoc hashing and encoding
strategy that exploits multiscale descriptors to allow fast search of
mechanical parts and their interfaces, and to facilitate the reassembly;
(iii) new operators to modify the geometry of the slots candidate to the
reassembly to adjust their dimensions and ensure a perfect fit; (iv) a
new method for collision-free resolution of 3D kinematic constraints.

The paper is organized as follows. Section 2 reviews the state-of-
the-art in this domain. The proposed reassembly framework is then
introduced and the details of the algorithms are provided in Sec-
tion 3. Section 4 presents and analyzes the results obtained following
different reassembly scenarios. The last section concludes the paper and
introduces future works.

Table 1
CAD databases comparison.

Database Free Size Ass. Label Type Cons.

3DCC Yes NC Yes No STP Yes
AD Gallery No 72 841 Yes No STP Yes
TraceParts No 109 M. No Pos. STP No
3Dfindit No 1 B. Yes No STP No
PartComm. Yes 21 906 Yes No STP No
Fischer Yes NC No No STP No
GrabCAD Yes 2 M. Yes No STP No
Zhizaoyun Yes NC Yes No STP No
ABC Yes 1 M. No Pos. STP No
Fusion360 Yes 8251 Yes No STP Yes
ShapeNet Yes 0.5 M. Yes Yes STL No

2. Related work

While the literature on 3D CAD part generation is vast, that on
assembly generation is much less so. Actually, to tackle the issue
of reassembling mechanical parts, several aspects are to be consid-
ered, among which the availability and characteristics of the existing
databases, how CAD assemblies should be described for their efficient
search in large databases and notably their interfaces, how mechanical
parts should be assembled and the corresponding simulation methods,
and how kinematic constraints should be resolved so that assembled
parts do not collide.

CAD databases. CAD model databases have emerged over the last
years, to save time and avoid starting from scratch, or to allow the
development of machine learning-based approaches requiring the pro-
vision of large databases. Several types of CAD databases can be
distinguished:

• Databases directly available from CAD software development
companies (3D ContentCentral©, Autodesk Gallery [7]), and
which are generally made available to the CAD software li-
censees. They contain plenty of models, all designed on the
corresponding platforms.

• Databases with CAD models of manufacturers (TraceParts,
3Dfindit, PARTcommunity, Fischer) make it possible to list all the
manufacturers’ models through a single interface. The parts are
often very specific and not very diverse, with redundant models
varying only in size or brand. The way CAD models are simplified
also varies greatly, which can affect the way interfaces between
parts are described.

• Large-scale open access databases (GrabCAD, Zhizaoyun) are the
largest free databases available, they list very diversified CAD
models and are not attached to any manufacturer/software. Con-
tributions can come from anyone, and there is no validation
process, so there is no certainty about the quality of uploaded
models, making them difficult to reuse and exploit.

• Large databases designed for research purposes (ABC-Dataset [8],
Fusion360GalleryDataset [7], ShapeNet [9]) are among the largest
labeled databases, and are intended to develop new algorithms
and notably machine learning-based approaches.

To compare these databases, several criteria are adopted: the cost
of the access to the models to distinguish freely accessible models from
others, the number of available files to characterize the size of the
database (M. Million, B. Billion), if the database contains assemblies, if
the parts or assemblies are labeled and here a possible labeling (Pos.)
is noted when a sorting has already been done in order to classify the
models in precise categories, if the database contains STEP files (STP)
or mesh files (STL), and finally if the assemblies are constrained.

The results of the comparison are summarized in Table 1 and
show that there is a lack of methods to reassemble CAD models and
generate enriched assemblies containing assembly constraints needed
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for model reuse. Indeed, the only labeled databases are the ones from
the manufacturers and containing little diversity (e.g. TraceParts), or
databases that do not contain CAD assemblies (e.g. ShapeNet). Thus, a
method for expanding CAD assembly databases would generate large
CAD assembly databases from a few labeled samples.

Description of assemblies. In their survey, Lupinetti et al. [3] provide
a good overview of the methods used to describe assemblies to be
retrieved from CAD databases. In order to search in a database for
mechanical parts with similar interfaces, it is necessary to be able
to describe the interfaces between the parts. These interfaces can be
retrieved by geometric methods in complex non-constrained assem-
blies [10]. In this context, the classification of parts is done using
shape descriptors, coupled with assembly and sub-assembly recognition
algorithms. The assembly descriptors of mechanical parts must be based
on multiple criteria [11] to be able to find a part by its geometry, its
interfaces in the sub-assembly, and the role of the sub-assembly in the
assembly. There are then different topological descriptors of geometry
that can be used, such as EMD [12], adjacency graph similarity [13,14],
semantic similarity [15] or vector distribution [16]. These descriptors
are then integrated one level higher in linkage graphs [11] or adja-
cency matrices [17] to compare assemblies or sub-assemblies with each
other. These methods allow to find parts, sub-assemblies or assemblies
in large databases using multi-level descriptors [18]. However, these
methods are time-consuming because so many assembly descriptors
need to be compared at different levels. It is therefore necessary to
find a more compact way of describing and encoding assemblies and
their interfaces to enable fast and efficient comparison and retrieval
in large databases. Moreover, the problem when looking for parts to be
reassembled is slightly different. First, the parts must complement each
other at the level of their interfaces, and thus the search for parts in the
database must be guided by complementary topological shapes. Second,
it is only necessary to search for similar interfaces without all the
geometry being similar, in order to generate diversity in the generated
assemblies.

Assembly generation. Determining the assembly sequences of mechan-
ical parts is an active research field [19]. These algorithms allow
determining whether an assembly of parts is feasible in practice. Here,
starting from a known assembly, the difficulty relies on determining an
assembly sequence with a minimal number of steps. This makes it possi-
ble to reconstitute the steps to be followed during the assembly. Some
recent methods tackle the sequence problem by disassembly without
collisions [20], but the available solutions can hardly be directly trans-
posed in a reassembly context where the final assembly is not known
beforehand. Actually, the assembly of mechanical parts can be assim-
ilated to the assembly of puzzle pieces such as Jigsaw puzzles [21],
whose resolution is most often based on probability analysis. Their
reassembly strategy allows understanding the iterative assembly of a
new piece on several others. These methods have been generalized in
3D [22] in order to reconstitute objects from their fragments. They
explore the choice of parts to assemble at a given time in an ongoing
assembly. However, here also the parts of the assembly are known in
advance, their number is fixed, and all the links are comparable to
embedded links, which greatly facilitates the possibilities of inserting
new parts in the assembly. Similarly, the question of LEGO construction
is to find the optimal way to convert 3D polygonal mesh data into LEGO
representation, given the number of LEGO bricks. The connections
between the bricks are always embedded, and the bricks are assimilated
to voxels, which also greatly reduces the possibilities. Here again, this
is not the case in the context of this paper as the parts to be reassembled
are not always known in advance.

Some publications propose methods for assembling mechanical
parts. These methods can be probabilistic [23], or tile-based [24]
and focus on the semantics of the parts, but not on the mechani-
cal joints. These mechanical constraints are fixed, they concern only

meshes, and do not allow kinematic degree of freedom in the as-
sembly. Those that take mechanical constraints into account remain
manual [25]. They can be based on templates but offer only a help
for designers with well parameterized models as inputs [26]. Finally,
some recent methods suggest reassembly strategies based on neural
networks [7,27]. However, these methods do not provide complete
assemblies but only the way two unknown parts should fit together,
which is the same as predicting the kinematic constraint between two
CAD models. Differently from Willis et al. [7], the work presented in
this paper does not currently predict the kinematic constraints between
two unknown parts. Indeed, the proposed approach enables parts to be
reassembled according to the interfaces to which they were already
linked in previous assemblies of the database. Finally, only one very
recent work allow managing constraint cycles, which are very common
in classical mechanical assemblies [28]. Even if it is promising for
automatic assembly generation, it is however limited to point clouds.

Kinematic solvers. To allow kinematic simulations, an assembly must
not contain collisions between parts. Over the last decades, many
algorithms have been developed to solve problems defined by 3D kine-
matic constraints. Graph-based approaches and algebraic methods are
the most commonly used to solve geometric constraint problems [29–
31], and are dominant in 2D CAD applications. They have also been
extended, more recently, to 3D cases where the management of con-
straints and the search for solutions are more complex. From a 2D
CAD point of view, D-Cubed’s algebraic approach, called Dimensional
Constraint Manager, is in fact an industry standard in the field of
constraint-based drafting. The more recent 3D version of this software,
3D DCM, based on a fast non-sequential solver, is used to constrain
parts in assemblies and mechanisms. The FreeCAD open-source soft-
ware community has created its own A2+ kinematic solver [32], which
solves constraints iteratively, by adding attractive forces between con-
strained parts. This physical analogy provides a better understanding
of the way parts are assembled. It should be noted that there are
many solvers that can find a kinematic configuration which satisfies
the placement of one or more parts. These are called Inverse Kinematic
Solvers [33] and are most often used to determine the exact placement
of a robotic arm during its movement, which corresponds to configu-
rations where there is no constraint cycle. Moreover, to the best of our
knowledge and even if there exist functionalities to detect collisions
between positioned CAD parts [34], there is no kinematic constraint
solver capable of handling these collisions during the kinematic reso-
lution, in order to generate collision-free solutions. This is one of the
contribution in this paper.

As a conclusion, this paper intends to overcome the limitations of
the existing methods, with a fast part-by-part interface-based search
and reassembly algorithm to allow the automatic generation of
collision-free CAD assembly models, used for database expansion and
model reuse. The generated assemblies are well-constrained, allowing
to further expand the database while modifying the relative posi-
tions/orientations of the assembled parts. Here, it is important to stress
that the approach proposed in this paper focuses on the reassembly of
B-Rep CAD models defined by surfaces that have not been tessellated,
and possibly available from STEP files. During the reassembly steps, the
geometry of the interfaces can also be automatically modified to adjust
their dimensions and ensure a perfect fit.

3. Reassembly framework

3.1. Overall framework

The proposed reassembly framework is composed of three relatively
independent phases that can be run in parallel once initiated (Fig. 2):



Fig. 2. Overall framework for part-by-part interface-based search and reassembly of CAD models. During the preparation phase (left), starting from dead assemblies, the algorithm
first detects and hashes the possible slots and slot packages used to reassemble the input parts. The obtained enriched assemblies are stored with their search keys in the database
for reuse in a reassembly strategy. In the exploitation phase (right), a reassembly is carried out while efficiently identifying candidate parts of the database, and the relevance of
the reconstructions can then be assessed according to different metrics during the evaluation phase (e.g. CLIP scores in this case).

• Preparation phase: Source dead assemblies are first collected from
existing repositories, e.g. GrabCAD [35], and enriched while de-
tecting all possible mates between pairs of faces (Section 3.2).
Each mate corresponds to a so-called slot that is then used during
the exploitation phase to host another part whose slot matches. At
this level, an interface between parts is defined by several slots,
and it has a type depending on the involved slots. Redundant
kinematic constraints are simplified to reduce complexity during
the resolution. Hashes of these slots are then computed to be able
to search for parts quickly during the reassembly (Section 3.3). All
this information is stored in a database designed to allow fast
identification of parts candidate to the reassembly.

• Exploitation phase: It corresponds to the use of the created database
as input of several part-by-part reassembly strategies presented in
Section 4. The database is then analyzed to identify candidate
parts for reassembly with matching interfaces and slots. Kine-
matic constraints are added between the selected parts that can
also undergo a modification step (Section 3.4) before starting
the resolution using a newly developed collision-free kinematic
constraint solver (Section 3.5).

• Evaluation phase: The generated CAD assemblies are finally evalu-
ated using metrics (Section 4), including their CLIP scores to sort
them by visual appearance [36].

3.2. Kinematic constraint detection and simplification (Preparation phase)

As part of the preparation phase, the first step of the reassembly
algorithm consists in recovering the kinematic constraints of the source
assemblies collected from existing repositories. Indeed, CAD models
are often available as dead B-Rep models stored in STEP files and
free of kinematic constraints. Thus, this step allows reassembling the
parts in the same way as they were originally assembled, with possibly
slightly different constraints than the original ones as there is no
uniqueness. Redundant kinematic constraints are also simplified to
reduce complexity during the resolution. This information makes it
possible to get rid of a prediction of the joints between two parts [7].

3.2.1. Kinematic constraint detection
The kinematic constraint detection algorithm allows the detection

of mates between two surfaces. The analysis of the Autodesk Gallery
Dataset [7] shows that contacts between surfaces represent 88% of
all possible kinematic constraints. Among them, planar and cylindrical
contacts represent 83% of all contacts. Thus, in this paper, only these
two categories are considered, even though the method is generic and
remains applicable for any type of mate.

The detection of planar and cylindrical contacts is made from
conditions between two faces of two B-Rep models of the assembly,
following engineering rules. A pre-processing is carried out on the faces
of the assembly in order to limit as much as possible the number of
pairs of faces to be checked during the constraint detection. Indeed,
the number of functional faces in an assembly is very low (i.e. less than
12% of all models in the Autodesk Gallery Dataset). A face refinement
operation is thus carried out beforehand on all the parts of the assembly
in order to group all the faces belonging to the same super-maximum
face [37]. This notion of super maximal face allows grouping faces
which belong to the same topological domain in the same set. This is
for instance the case for cylinders, which are often defined by two half-
cylinders. Once this pre-processing is done, the pairs of faces whose
bounding boxes overlap and which belong to two different solids are
further studied.

A face 𝑓 is a geometric entity that owns several attributes. Each
face 𝑓 has a type 𝑡𝑓 defining the type of the surface, i.e. either T-
PLANE or T-CYLINDER in this paper. Planar surfaces are defined by
their unit normal 𝑛𝑓 and plane point 𝑝𝑓 . Cylindrical surfaces are defined
by their unit axis 𝑎𝑓 , a center 𝑐𝑓 lying on this axis, a radius 𝑟𝑓 and an
orientation 𝑜𝑓 that defines the side of the material (either O-FORWARD
or O-REVERSED) when considering solid models.

The following four conditions are to be satisfied to define a cylin-
drical contact between two faces 𝑓1 and 𝑓2:

1. Both faces are cylindrical: 𝑡𝑓1 = 𝑡𝑓2 = T-CYLINDER
2. The orientations of the two faces are opposite: 𝑜𝑓1 ≠ 𝑜𝑓2
3. The axes are coaxial: 𝑎𝑓1 × 𝑎𝑓2 = 0 and 𝑎𝑓1 × (𝑐𝑓2 − 𝑐𝑓1 ) = 0
4. The radius are equal within a tolerance: |𝑟𝑓1 − 𝑟𝑓2 | < 𝜖𝑟

Similarly, the following four conditions characterize a planar con-
tact between two faces 𝑓1 and 𝑓2:

1. Both faces are flat: 𝑡𝑓1 = 𝑡𝑓2 = T-PLANE
2. The normals are collinear: 𝑛𝑓1 × 𝑛𝑓2 = 0
3. Both normals are in opposite directions: 𝑛𝑓1 = −𝑛𝑓2
4. Faces overlap within a tolerance: |(𝑝𝑓2 − 𝑝𝑓1 ).𝑛𝑓1 | < 𝜖𝑑

When these conditions are met on a pair of faces, a constraint
is added to the stack of potential constraints, and once all pairs of
faces have been traversed, redundant kinematic constraints between
the same two parts are removed.

3.2.2. Kinematic constraint simplification
Figs. 3a and 3b illustrate the redundancy of constraints naturally

generated by the method on an academic example. Indeed, three planar



Fig. 3. Analysis and simplification of kinematic constraint redundancy.

Fig. 4. Simplified example of a screw-plate-nut assembly depicting the geometries
𝑔, the slots 𝑠 (red for planar slots and blue for cylindrical ones) and the slot
packages circled in orange. Slot packages of geometries 𝑠𝑝𝑔𝑘 are circled in blue. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

contacts out of the six detected are enough to completely constrain
the assembly. This redundancy can be detected while checking if
the addition of a new constraint removes or not any degree of free-
dom (DOF) of the considered parts. If the addition does not remove
any DOF, then this constraint is defined as implicit, and is not added
to the list of constraints. Obviously, there is no unique solution to this
problem, and multiple combinations are valid (Fig. 3c𝑖), which makes it
difficult to identify the one solution adopted in the original design. To
tackle this issue, constraints are compared at the level of kinematic
groupings [38]. The larger the kinematic grouping, the greater the
diversity of possible solutions. Constraint redundancy can also be de-
tected between two parts. In Fig. 3, the two vertical planar constraints
between the blue and the red parts are redundant, and only one planar
constraint is sufficient to prevent the displacement along 𝑥-axis, thus
bottom graphs c4 to c6 are completely equivalent. A constraint can
then correspond to a set of equivalent kinematic constraints. There
is no longer one entity (point, edge, or face) that is constrained with
another, but a set of equivalent entities constrained with another set of
entities. At the end, only one entity hosts the effective and simplified
constraint, despite the implicit constraints of the other entities.

3.3. Slots and slot packages encoding (Preparation phase)

This section introduces the notions of slot and slot package, as well
as the way the related information is encoded to allow fast search in
the database.

3.3.1. Geometries, slots and kinematic constraints
An assembly 𝑎 is composed of a set of geometries 𝐺 and a set of

kinematic constraints 𝐶, and it is defined as:

𝑎 = (𝐺,𝐶) (1)

In this paper, all geometries are considered at the same level of the
assembly and there is no sub-assembly. This is because sub-assemblies
often have a semantic meaning, and that the proposed automatic

assembly generation process does not currently allow managing the
semantic meaning of sub-assemblies. However, a sub-assembly can
still be considered as a single geometry to be constrained with other
geometries, but it will remain frozen, thus preventing any subsequent
disassembling or animation. Fig. 4 shows a simplified example of a
screw-plate-nut assembly with its associated linkage multi-graph. Here,
for sake of clarity, only one plate 𝑔2 is considered. The screw has
planar and cylindrical constraints with the plate, the plate has a planar
constraint with the nut, and the nut has a cylindrical constraint with
the screw. A geometry of the assembly 𝑎 is noted 𝑔𝑖, and is defined by:

𝑔𝑖 =
(

𝑆𝑖, 𝑃𝑖, 𝑃𝑖
)

, with 𝑖 ∈ [1..𝑁𝑔] (2)

where 𝑁𝑔 is the number of geometries in 𝑎, 𝑆𝑖 is the set of slots
available in 𝑔𝑖, 𝑃𝑖 are the modifiable parameters of all the slots in 𝑆𝑖,
and 𝑃𝑖 the unmodifiable ones. Following the definition of Kalogerakis
et al. [23], a slot is a set of equivalent entities of the same geometry
that can be used to support a kinematic constraint. Two elements are
said to be equivalent with respect to a constraint when it is equivalent
to apply the constraint on any of the equivalent entities. A slot thus
contains two lists of parameters, the ones which can be modified and
the ones that cannot:

𝑠𝑖𝜅 =
(

𝐸𝑠,𝑖
𝜅 , 𝑃 𝑠,𝑖

𝜅 , 𝑃 𝑠,𝑖
𝜅
)

, with 𝜅 ∈ [1..𝑁 𝑖
𝑠] (3)

where 𝐸𝑠,𝑖
𝜅 is the list of equivalent entities, 𝑃 𝑠,𝑖

𝜅 and 𝑃 𝑠,𝑖
𝜅 are respectively

the list of modifiable and unmodifiable parameters, and 𝑁 𝑖
𝑠 the number

of slots stored in the list 𝑆𝑖 of the geometry 𝑔𝑖. The parameters of a slot
can be different depending on the type of the slot. Indeed, parameters
in T-CYLINDER slot are: type, orientation, radius, reference axis (𝑟𝑎)
and reference point (𝑟𝑝). Parameters in a T-PLANE slot are: type,
reference axis (𝑟𝑎) and reference point (𝑟𝑝). Thus, the parameters of
the slots can be related to either the structure of the interface, or to
its dimensions. Modifiable (𝑃𝑖) and unmodifiable (𝑃𝑖) parameters are
defined according to the context, knowing that increasing the number
of modifiable parameters widens the space of reassembly solutions. This
is because the modifiable parameters of a slot can be modified to enable
the geometry associated with it to adapt the opposite geometry with
which it is intended to be assembled. Theoretically, each parameter can
belong to one of the two categories. However, even if more flexibility
could be given in the future, this paper focuses on practical applications
where all the structural parameters of the geometries (i.e. type and ori-
entation) are not modifiable, while all the geometric parameters such as
radii can be modified. For instance, a slot characterizing a cylindrical
interface will always remain cylindrical, unlike its diameter that can
change to avoid interference when reassembling with another matching
cylindrical slot. The unmodifiable parameters corresponding to geo-
metric descriptors (e.g. T-CYLINDER or O-FORWARD) are converted
to numerical values to be encoded in the hash, whereas modifiable
parameters are not hashed. The way the parameters can be modified
during the reassembly phase is discussed in Section 3.4. Moreover, a
slot can be leader or not, depending on whether its parameters serve
as references for all slots assembled in the same kinematic group, and
there can be only one slot leader per kinematic group.

A kinematic constraint of an assembly 𝑎 is denoted 𝑐𝑘,𝑖,𝑗 , and it is
defined from a pair of geometric entities 𝑒1,𝑖 and 𝑒2,𝑗 belonging to two
different geometries 𝑔𝑖 and 𝑔𝑗 , as well as from the type of constraint
𝑡𝑘 ∈ 𝑇 = {T-PLANE, T-CYLINDER} between these two elements:

𝑐𝑘,𝑖,𝑗 =
({

𝑒1,𝑖, 𝑒2,𝑗
}

, 𝑡𝑘
)

, with 𝑘 ∈ [1..𝑁𝑐] and (𝑖,𝑗) ∈ [1..𝑁𝑔]2 (4)

where 𝑁𝑐 is the number of constraints in 𝑎, and the geometric entities
are either faces, or edges, or vertices of the B-Rep models.



3.3.2. Slot packages
In an interface between two parts, several slots may be involved

and are to be brought together in a so-called slot package. A slot
package 𝑠𝑝𝜅 is an abstract representation of an interface belonging
to an assembly. It contains several slots, possibly linked to different
geometries of the assembly, as well as the relations between them, and
the information is structured in a complete graph with attributes on
each node and each edge, and with an edge between every two vertices:

𝑠𝑝𝜅 = (𝑆𝜅 , 𝑅𝜅 ), with 𝜅 ∈ [1..𝑁𝑠𝑝] (5)

where 𝑁𝑠𝑝 is the number of slot packages in the assembly, 𝑆𝜅 is the
set of slots in the slot package, and 𝑅𝜅 is the set of edges between
the slots to build a complete graph. Each edge represents a relative
position between two slots, as calculated with Eq. (8). Similarly, 𝑠𝑝𝑔𝑖
represents the slot package containing all slots of a geometry 𝑔𝑖 in its
original assembly.

3.3.3. Hash function and encoding strategy
An interface encoding strategy has been developed to be able to

search quickly the parts of the reassembly database that can be as-
sembled with a given slot package. Therefore, descriptors representing
similar and complementary slot packages must be computed to be used
as keys for finding parts that can be reassembled. This encoding must be
similar for all slot packages with similar slots in terms of unmodifiable
parameters, and with relative placements between slots that must be
similar. First, the encoding of a slot 𝑠 can be defined with a key 𝐾𝑠
such that:

𝐾𝑠 = truncate(sha512(𝑃 𝑠), 5) (6)

where 𝑃 𝑠 are the unmodifiable parameters of 𝑠, and sha512 the adopted
hash function [39]. Thus, two slots defined by the same unmodifiable
parameters will be characterized by the same key. Here, to avoid prob-
lems with rounding errors, values are rounded with 2 digits. Similarly,
a complementary slot, i.e. a slot that can be assembled with a slot 𝑠, is
characterized by its complementary key 𝐾𝑠 such that:

𝐾𝑠 = truncate(sha512(comp(𝑃 𝑠)), 5) (7)

where the ’comp’ function returns the complementary parameters of
the input parameters. For example, the complementary orientation of
O-REVERSED is the orientation O-FORWARD, and the complementary
type of T-CYLINDER is also the type T-CYLINDER. From this defini-
tion, a slot key can be associated to each slot of a slot package, and
consequently to each node of the slot package graph.

Then, each edge contains as attribute a hash 𝐾𝑖,𝑗 of the geometric
relation 𝑅(𝑠𝑖, 𝑠𝑗 ) between two slots 𝑠𝑖 and 𝑠𝑗 , which are part of the same
slot package. The geometric relation is computed differently depending
on the types of the slots, but it will always be represented by an ‘angle’,
a ‘distance’, and ‘type’ of relation:
{

𝐾𝑖,𝑗 = 𝐾𝑗,𝑖 = sha512(𝑅(𝑠𝑖, 𝑠𝑗 ))

𝑅(𝑠𝑖, 𝑠𝑗 ) =
(

angle(𝑠𝑖, 𝑠𝑗 ), distance(𝑠𝑖, 𝑠𝑗 ), type(𝑠𝑖, 𝑠𝑗 )
) (8)

Considering that card(𝑇 ) = 2, with types T-PLANE and T-CYLINDER
in this paper, there are three cases:

• If 𝑠𝑖 and 𝑠𝑗 are T-CYLINDER slots:

⎧

⎪

⎨

⎪

⎩

angle(𝑠𝑖, 𝑠𝑗 ) = 𝑟𝑎𝑖, 𝑟𝑎𝑗 [𝜋]

distance(𝑠𝑖, 𝑠𝑗 ) = distPoint2Line(𝑟𝑝𝑖, 𝑟𝑝𝑗 , 𝑟𝑎𝑗 )

type(𝑠𝑖, 𝑠𝑗 ) = T-CC
(9)

• If 𝑠𝑖 and 𝑠𝑗 are T-PLANE slots:

⎧

⎪

⎨

⎪

⎩

angle(𝑠𝑖, 𝑠𝑗 ) = 𝑟𝑎𝑖, 𝑟𝑎𝑗
distance(𝑠𝑖, 𝑠𝑗 ) = distPoint2Plane(𝑟𝑝𝑖, 𝑟𝑝𝑗 , 𝑟𝑎𝑗 )

type(𝑠𝑖, 𝑠𝑗 ) = T-PP
(10)

Fig. 5. Slot package encoding process: slots and geometric relationships are encoded
in respectively the nodes and edges of the slot package graph, and the key and com-
plementary key associated to this graph are then computed using Weisfeiler–Lehman
graph kernels [40].

Fig. 6. Entity–relationship diagram of the SQL reassembly database.

• If 𝑠𝑖 and 𝑠𝑗 are respectively T-PLANE and T-CYLINDER slots:

⎧

⎪

⎨

⎪

⎩

angle(𝑠𝑖, 𝑠𝑗 ) = 𝑟𝑎𝑖, 𝑟𝑎𝑗 [𝜋]

distance(𝑠𝑖, 𝑠𝑗 ) = 𝑁𝑜𝑛𝑒

type(𝑠𝑖, 𝑠𝑗 ) = T-PC
(11)

where distPoint2Line(𝑝∗, 𝑝𝑙 , 𝑎𝑙) and distPoint2Plane(𝑝∗, 𝑝𝑝, 𝑎𝑝) compute
respectively the projection distance of the point 𝑝∗ on the line defined
by the point 𝑝𝑙 and its axis 𝑎𝑙, and of the point 𝑝∗ on the plane defined
by the normal 𝑎𝑝 and the point 𝑝𝑝.

Based on these definitions, the key 𝐾𝑠𝑝𝑖 and complementary key 𝐾𝑠𝑝𝑖
of a slot package 𝑠𝑝𝑖 can be computed using the Weisfeiler–Lehman
graph kernels [40]. This is illustrated on Fig. 5. It allows manipulating
the underlying complete graph in a vector space, which is currently
the most used method for graph hashing. It also guarantees that two
different hashes imply that the two graphs are not isomorphic, and thus
that the slot packages are not joinable, i.e. that the geometries cannot
be reassembled. This guarantees the contrapositive:

𝑠𝑝𝑖 and 𝑠𝑝𝑗 joinable ⟹

⎧

⎪

⎨

⎪

⎩

𝐾𝑠𝑝𝑖 = 𝐾𝑠𝑝𝑗

𝐾𝑠𝑝𝑖 = 𝐾𝑠𝑝𝑗

(12)

In the case of slot packages, the isomorphism is always verified
between two complete graphs as long as they have the same number
of nodes. The difference is made on the attributes of each node and
each edge of the graph. The attribute of a node corresponds to the key
of the corresponding slot, and the attribute of an edge between two
nodes corresponds to the key computed while hashing the geometric
relation between the two related slots. Thus, the equality of these keys
then implies a similarity at the slot package level. The descriptor of
a complementary slot package can then be found by replacing in the
graph all the encoding of the slots with their complementary encoding.

3.3.4. Reassembly database structure
The database is a relational SQL database designed to be able to

find a part, by checking hash equalities of slots or slot packages. The
entity–relationship diagram is described in Fig. 6.

A slot package is linked to one or more slots, and a slot can
belong to one or more slot packages, so a transition table is added



Fig. 7. Search of a screw-complementary part in a database using the complementary
key obtained from the slot package encoding of the screw. Keys have been truncated
for sake of clarity.

implicitly between the slot table and the slot package table. Each object
is included once in the object to its left, so adding the primary key of
the right object in the left object is enough to represent the relational
link between the tables. The slot (or slot packages) is hashed and
the resulting hash indicates where the corresponding value is stored
through an associative array. Thus, searching for geometries in the
database with a condition on slots or slot packages comes to only one
hashing constant operation. This is why the execution time of these
queries is not directly linked to the size of the database, which allows
to be far more efficient than the most recent approaches [3].

3.3.5. Use of hashes for fitting part search
The use of hashes to search for candidate geometries for the re-

assembly is illustrated in the configuration of Fig. 4, and for the two slot
packages of 𝑔1 and 𝑔2 containing two slots each. This example is further
detailed in Fig. 7 that shows the computational path to find 𝑔2 of the
database to be reassembled with 𝑔1. Using the hashes 𝐾𝑠1 and 𝐾𝑠2 of the
slots, and the hash 𝐾1,2 of the relation between the two slots, the hash
𝐾𝑠𝑝1 and complementary hash 𝐾𝑠𝑝1 of the slot package are computed
and used to identify the right slot package and part in the database.

As the comparison of hashes is performed on the slot packages, once
the geometries identified, it is still needed to identify the slots to be
constrained together. To do this, an isomorphism is applied between the
two slot packages to link the joinable slots together. Once the mapping
is obtained, constraints can be added between the geometric elements
of the slots.

Finally, it can be noticed that there are quite few different slot
package keys when considering the adopted Autodesk Gallery Dataset
that indeed consists of only 850 different keys over 35,000 slots pack-
ages. Thus, the hash conflicts are not studied here considering the small
variety of slot packages obtained in the mechanical assemblies. How-
ever, this is not crucial, because if two different slot packages have
identical hashes, the assembly function described in Section 4.3 will not
find an isomorphism between the two slot packages, and the algorithm
will proceed without adding any constraints between the two slot
packages.

3.4. Constraint management and modification (Exploitation phase)

Before the resolution by the collision-free solver, modifiable param-
eters of the slots (e.g. radius of a hole or cylinder) may need to be
adjusted to match and enable a perfect fit without interference between
the underlying geometries. Indeed, this is because the function works
at the level of the unmodifiable parameters (e.g. orientation of the
cylinder or plane). This step is optional and if modifications are not per-
formed, then reassembled models whose modifiable parameters do not
match are disregarded. To keep the method valid, some assumptions
are made:

Fig. 8. Modification of a dead CAD model (left) using boolean operations (right), and
following the two assumptions as explained in Section 3.4.

1. Modifying a parameter of a slot does not propagate changes
to unmodifiable parameters of the geometry. It must also not
change the semantic, e.g. the semantic category of the geometry
must persist after the modification.

2. The modification function must return a correspondence map-
ping between the old and new faces of the modified geometry, in
order to be able to keep working on the related slots (persistent
naming problem).

In this paper, the modification of radius has been implemented
using boolean operations. It allows the solution space to be significantly
enlarged during reassembly. Indeed, without such a modification, the
search for parts in the database would be limited to parts with exactly
the same radius. A slot modification performed with our method is
shown in Fig. 8.

3.5. Collision-free resolution of 3D kinematic constraints (Exploitation
phase)

Once the kinematic constraints have been added and simplified
(Section 3.2), and once the geometric modifications of the interfaces
made (Section 3.4), the resolution can start while ensuring that the
geometries do not collide. To the best of our knowledge, there is
currently no CAD solver capable of solving kinematic constraints while
avoiding collisions between parts. To this aim, a new collision-free
kinematic CAD assembly solver has been developed based on the A2+
solver of Braun et al. [32].

3.5.1. Principle of the A2+ solver
The A2+ solver is a physics-based iterative algorithm that is the

most widely used in the open-source CAD community. To satisfy the
kinematic constraints, geometries are submitted to forces and moments,
thus inducing translations and rotations of the 𝑁𝑔 geometries 𝑔𝑘 ∈ 𝐺
of the assembly 𝑎 taking part in the resolution. At an iteration 𝑡, the
force and moment applied to a geometry 𝑔𝑘 are calculated considering
the contribution of each constraint 𝑐𝑖 ∈ 𝐶(𝑔𝑘), with 𝐶(𝑔𝑘) the set of
constraints in which 𝑔𝑘 is involved:

𝐹𝑔𝑘 (𝑡) =
∑

𝑐𝑖∈𝐶(𝑔𝑘)
𝐹𝑐𝑖→𝑔𝑘 (𝑡) (13)

𝛺⃗𝑔𝑘 (𝑡) =
∑

𝑐𝑖∈𝐶(𝑔𝑘)

‖

‖

‖

BBC(𝑔𝑘) − FAP(𝐹𝑐𝑖→𝑔𝑘 (𝑡))
‖

‖

‖

.𝐹𝑐𝑖→𝑔𝑘 (𝑡) (14)

where BBC() and FAP() functions return respectively the center of the
bounding box of a geometry and the application point of a force. More-
over, the force induced by a constraint on a geometry depends on its
type 𝑡𝑖 ∈ {T-PLANE, T-CYLINDER}:

𝐹𝑐𝑖→𝑔𝑘 (𝑡) =

{

𝑟𝑝(𝑐𝑖, 𝑔𝑘) − 𝑝1 if 𝑡𝑖 = T-CYLINDER
𝑝2 − 𝑟𝑝(𝑐𝑖, 𝑔𝑘) if 𝑡𝑖 = T-PLANE

(15)

where 𝑟𝑝(𝑐𝑖, 𝑔𝑘) and 𝑟𝑝(𝑐𝑖, 𝑔𝑘) are the reference points of the constraint
𝑐𝑖 on respectively 𝑔𝑘 and 𝑔𝑘, with 𝑔𝑘 the complementary geometry of 𝑔𝑘



Fig. 9. Forces applied on a screw to be mounted in a plate, and induced by axial and
planar constraints 𝑐𝑖1 and 𝑐𝑖2 at iteration 𝑡. Induced forces are in orange, and total force
and moment on the screw are in green (different scale for the sum). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

involved in 𝑐𝑖. Point 𝑝1 is the projection of the reference point 𝑟𝑝(𝑐𝑖, 𝑔𝑘)
onto the reference axis of 𝑔𝑘 defined by 𝑟𝑝(𝑐𝑖, 𝑔𝑘) and 𝑟𝑎(𝑐𝑖, 𝑔𝑘), and 𝑝2 is
the projection of the reference point 𝑟𝑝(𝑐𝑖, 𝑔𝑘) onto the reference plane
of 𝑔𝑘 defined by 𝑟𝑝(𝑐𝑖, 𝑔𝑘) and 𝑟𝑎(𝑐𝑖, 𝑔𝑘). This is illustrated in the example
of Fig. 9 that describes the forces applied to a geometry 𝑔𝑘 (a screw) to
be mounted in a complementary geometry 𝑔𝑘 (a plate with a hole). The
plate is considered as fixed in this example.

The new placement 𝑃𝑔𝑘 (𝑡 + 1) of each geometry 𝑔𝑘 is achieved
through a translation and rotation whose amplitude are directly com-
puted from the forces and moments:

𝑃𝑔𝑘 (𝑡 + 1) = 𝑃𝑔𝑘 (𝑡) +

{

𝑘𝐹 × 𝐹𝑔𝑘 (𝑡)

𝑘𝛺 × 𝛺⃗𝑔𝑘 (𝑡)

}

(16)

where the coefficients 𝑘𝐹 and 𝑘𝛺 weight the forces and moments
applied to the geometries to allow stabilizing the convergence during
the resolution. Their default values are set respectively to 0.5 and 0.1
in the FreeCAD A2+ workbench. Step after step, the amplitude of the
forces decreases until they vanish within a tolerance. More precisely,
the convergence is observed while following the evolution of the error
function:

Error(𝑡) = max
𝑔𝑘 ∈ 𝐺

𝑐𝑖 ∈ 𝐶(𝑔𝑘)

‖

‖

‖

𝐹𝑐𝑖→𝑔𝑘 (𝑡)
‖

‖

‖

(17)

Little perturbations are also applied so that the system does not
converge to an unstable equilibrium. Indeed, a force can induce a zero
moment when the direction of the force passes through the rotation
point of the geometry. Moreover, when the system is stable and the
error is non-zero, it means that the system is over-constrained, and
the resolution is not possible. The redundant constraint must then be
removed in order to solve the system. Here, if such an over-constrained
reassembly configuration arises, the configuration is simply disregarded
and the reassembly algorithm proceeds to the next step.

3.5.2. Collision forces calculation
To extend the capabilities of the solver and allow solutions to be

found where parts do not collide, in this paper, new collision forces
are added during the resolution. Basically, the idea is to move the con-
strained assembly to find a configuration that does not have colliding
geometries. It is therefore essential to first solve the constraints without
collision forces before adding them. Then, at each iteration 𝑡 a collision
force is calculated for each geometry 𝑔𝑘:

𝐹 𝑐𝑜𝑙𝑙
𝑔𝑘

(𝑡) =
∑

𝑔𝑖≠𝑘∈𝐺
𝐹 𝑐𝑜𝑙𝑙
𝑔𝑖→𝑔𝑘

(𝑡) (18)

The collision detection itself can be done by different methods. For
instance, extreme distance computation is commonly used in OpenCas-
cade to detect collisions, using notably the B-Rep Extrema method. Ray
tracing also uses collision detection to compute reflected light on B-
Rep models. However, it is highly optimized for the special case of
light, and not really adapted to detect a collision between two CAD
models. Today, a commonly used solution consists in computing the
intersection volume 𝑔𝑖𝑘 between the two geometries 𝑔𝑖 and 𝑔𝑘, and
this is the method that has been explored in this paper to compute
the collision forces between the geometries. Following the idea that
the more the geometries intersect, the more the volume Vol(𝑔𝑖𝑘) of
the intersection is, and the more the collision forces should be, the
following equations are defined:

𝐹 𝑐𝑜𝑙𝑙
𝑔𝑖→𝑔𝑘

(𝑡) = 𝑘𝐶 × Vol(𝑔𝑖𝑘) ×
BBC(𝑔𝑘) − BBC(𝑔𝑖𝑘)

‖

‖

BBC(𝑔𝑘) − BBC(𝑔𝑖𝑘)‖‖
(19)

where 𝑘𝐶 is a coefficient used to weight the amplitude of the collision
forces, and which has been empirically tuned to the value 2.0. The
direction of the collision force is defined by the unit vector going from
the center of the bounding box of 𝑔𝑖𝑘 to the center of the bounding box
of 𝑔𝑘. The application point of the force is the center of the bounding
box of the intersection volume:

FAP(𝐹 𝑐𝑜𝑙𝑙
𝑔𝑘

(𝑡)) = BBC(𝑔𝑖𝑘) (20)

These forces are added to the forces computed from the constraints
and explained in the previous subsection, and they are then treated in
the same way to calculate the overall forces and moments applied to
the geometries. This is visible from the pseudocode of the collision-free
solver as is described in algorithm 1.

Algorithm 1 Collision-free solver algorithm
Require: 𝑎,max𝑖𝑡𝑒𝑟, 𝜖
Ensure: 𝑎,Solved

𝑡 ← 0
Solved ← 𝑁𝑜𝑛𝑒
Run ← 𝑡𝑟𝑢𝑒
𝐹 𝑑𝑖𝑠𝑡(0) = 0⃗
while Run = 𝑡𝑟𝑢𝑒 do

for 𝑘 ← 1, 𝑁𝑔 do
𝐹𝑔𝑘 (𝑡) =

∑

𝑐𝑖∈𝐶(𝑔𝑘) 𝐹𝑐𝑖→𝑔𝑘 (𝑡) +
∑

𝑔𝑖≠𝑘∈𝐺 𝐹 𝑐𝑜𝑙𝑙
𝑔𝑖→𝑔𝑘

(𝑡) + 𝐹 𝑑𝑖𝑠𝑡(𝑡);

𝑃𝑔𝑘 (𝑡 + 1) = 𝑃𝑔𝑘 (𝑡) +

{

𝑘𝐹 × 𝐹𝑔𝑘 (𝑡)
𝑘𝛺 × 𝛺⃗𝑔𝑘 (𝑡)

}

Update geometry placement
end for
Compute Error
if Error(𝑡) ≤ 𝜖 then

Solved ← 𝑡𝑟𝑢𝑒 ⊳ The system is solved
Run ← 𝑓𝑎𝑙𝑠𝑒

end if
if 𝑡 ≥ max𝑖𝑡𝑒𝑟 then

Solved ← 𝑓𝑎𝑙𝑠𝑒 ⊳ The system cannot be solved
Run ← 𝑓𝑎𝑙𝑠𝑒

end if
if |Error(𝑡 − 1) − Error(𝑡)| ≤ 𝜖 and 𝑡 ≠ 0 then

𝐹 𝑑𝑖𝑠𝑡(𝑡 + 1) = 𝜖𝑝 ⊳ Random little perturbation
else

𝐹 𝑑𝑖𝑠𝑡(𝑡 + 1) = 0⃗
end if
𝑡 ← 𝑡 + 1

end while

The behavior of the collision-free kinematic solver is illustrated in
the example of Fig. 10 where a screw and a nut are to be assembled
to a plate (simplified example with a single plate for sake of clar-
ity). Basically, once assembled, there is no collision between the three



Fig. 10. Examples of use of the collision-free solver on a bolted assembly using only
T-PLANE constraints: the top row corresponds to the initial configurations (a1 for b1
and b2, and a2 for b3), and the bottom row to the assemblies after resolution ((b1)
simple kinematic resolution, (b2) collision-free resolution, (b3) collision-free resolution
after a simple kinematic resolution).

parts. Thus, to see the difference, only T-PLANE constraints are speci-
fied between the screw and the plate on one side, and between the nut
and the plate on the other side. There is no T-CYLINDER constraint. The
left column (a1, b1) shows the result obtained using a simple and
fast kinematic resolution without collision detection. The solution is
obtained in 1.39s, but the geometries collide. The second column (a1,
b2) demonstrates the capabilities of the solver when the collision forces
are added. Even if no coaxiality constraints are defined, coaxiality is
reached and a non-colliding solution is obtained in 98.59 s. The third
column (a2, b3) shows the result obtained when combining a simple
resolution followed by a collision-free resolution. This last resolution is
a good tradeoff as it allows to reduce the computation time (1.39 s +
6.76 s), with a non-colliding solution, even if in this case, additional
coaxiality constraints should be added to get a well-constrained bolted
assembly.

3.6. Visual evaluation by CLIP (Evaluation phase)

The last step of the proposed reassembly framework consists in
assessing the overall quality of the generated models. Different metrics
could then be imagined to characterize for instance the usefulness, the
assemblability, the complexity, or the functioning of a CAD assem-
bly. However, this is highly dependent on the context in which the
model is to be used downstream, and this issue has not been considered
in this paper. Here, the focus is on assessing the visual appearance
of the geometries, comparing their degree of similarity with either
descriptors or reference models, using a CLIP-based metric [36]. This
is certainly less application-dependent than evaluating the level of
usefulness or the functioning of an assembly.

Basically, CLIP is a neural network that encodes images and text in
the same vector space. This makes it possible to measure the distance
between an image and a text that serves as a descriptor. For example,
encoding the word ‘cat’ and encoding a photo of a cat will produce
two latent vectors with a small distance between them. Here, these
distances can be useful for checking the visual consistency of generated
assemblies. The assessment process is described in Fig. 11. A reference
sentence is first transformed in a latent vector using CLIP, and the
same applies for 6 views of the 3D reassembled CAD model to be

Fig. 11. Example of CLIP-based similarity assessment between the CAD model of a
lamp (b), and a reference sentence (a). The comparison is performed according to 6
different views (c). The sentence and the 6 images are independently encoded using
CLIP (d), then the resulting latent vectors are compared using the cosine method
(e). The average of the 6 distances is finally used as a score to characterize the deviation
between the sentence and the reassembled CAD model.

Fig. 12. Example of a test assembly from Autodesk Gallery (a), its user-specified
linkage-graph as defined in the original dataset (b), and the one retrieved following
the approach proposed in this paper (c).

evaluated. Next, the vector of each image is compared with that of
the reference sentence, and the set of deviations is then average to
obtain an overall assessment of the distance between the CAD model
and the reference sentence. The lower the score, the better the reference
sentence characterizes well the considered CAD model. In this way,
automatically reassembled CAD models can easily be sorted, and more
distant models can be disregarded. This is illustrated in the results
section.

4. Results and discussion

Different experiments have been performed to validate the auto-
matic reassembly approach for database expansion and model reuse. All
of them have been carried out on an Intel® Core™ i9-11950H processor
at 2.60 GHz, with 32Go RAM and with disable GPU acceleration.

4.1. Comparing user-specified and automatically identified mating face
pairs

The first experiment aims at comparing the results obtained auto-
matically by the mating face identification algorithm proposed in this
paper, to the ones considered as specified by a designer. Importantly,
the user-specified linkage-graphs are directly available from the consid-
ered Autodesk Gallery dataset, and no particular study has been carried
out with real designers.

The automatic identification was carried out with a tolerance 𝜖𝑑 =
𝜖𝑟 = 1 mm to consider possible clearances between parts. Among the
results, the ones obtained on the example of Fig. 12 are representative
of most configurations encountered during this experiment. Indeed,
here, the proposed approach detects 24 kinematic joints (c), compared
to the 26 defined in the original assembly (c) from the dataset. Of the 24



Fig. 13. Face mate computation times as a function of the number of faces present in
the first 700 assemblies of the Autodesk Gallery Dataset.

constraints identified, 17 are strictly identical to the ones present in the
original assembly. The original assembly has 2 redundant cylindrical
mates and 2 redundant toroidal mates (pin joints), while 3 cylindri-
cal mates are missing. Actually, the toroidal mates in the original
assembly have been completely modeled by the proposed identification
algorithm thanks to the planar and cylindrical mates. Moreover, the
constraints resulting from the proposed identification algorithm always
refer to actual contacts between two faces of the model, conveying
a more physical meaning than a CAD modeler allows. Indeed, using
a CAD modeler, there are for instance no particular restrictions on
specifying constraints between two axes even if they are not attached to
material and surfaces in contact, thus creating purely virtual constraints
with respect to physical and technological considerations.

The performance of the automatic mating face identification algo-
rithm can also be analyzed through its capacity to efficiently detect
contacts in a large dataset. Fig. 13 depicts face mate computation times
as a function of the number of faces present in the assemblies of the
Autodesk Gallery dataset. The dot curve represent the theoretical com-
putation time 𝑂(𝑛2), without bounding box pre-filtering. Thus, although
the complexity of the algorithm is quadratic, this set of experiments
shows that the computation time is much lower in practice.

4.2. Part retrieval

The second experiment assesses the ability of the proposed approach
to search for parts in a reasonable time. Table 2 analyzes 4 different
queries tested on two databases containing 4 assemblies (total of 155
parts) and 12 assemblies (total of 1118 parts) respectively. The ‘Screw’
and ‘Unique part’ queries search for parts that can be assembled in the
same way as the provided parts. The ‘Unique part’ was chosen so that
no part is similar in the database, and just itself is retrieved. The ‘Screw
matching’ query searches for a part that has only the complementary
slot package of a screw. The ‘Planar slot part’ query searches for all
parts that have a planar slot. Each execution time is an average of
response times on 10 similar SQL queries. As a result, one can notice
that the response time increases with the size of the database. The
impact of database size is less when the query condition is on slots and
not on slot packages. This is correlated to the length of the key, which
contains 5 characters in the case of slots, and 32 characters in the case
of slot packages. Anyway, the execution times are very low compared to
the size of the database, and this allows a fast search for components to
be reassembled. Indeed, thanks to the developed encoding strategy, the
algorithm has no need to loop over all parts to find the matching ones,
unlike research strategies developed by Lupinetti et al. [11]. Thus, the
time complexity does not depend on the size of the database. Examples
of retrieved parts are shown in Fig. 14.

Table 2
Average execution times when querying the reassembly database.

Query
slotpackage

Time
(ms)

Parts
retrieved

Size
database

Screw part 37 7

155Screw matching 43 3
Unique part 44 1
Planar slot part 31 147

Screw part 180 144

1 118Screw matching 180 26
Unique part 180 1
Planar slot part 39 737

4.3. Automatic CAD assembly generation

The automatic generation of CAD assemblies is a very broad prob-
lem, and the way in which mechanical parts can be reassembled
together differs according to the final objective. To this aim, three
reassembly strategies (ReplacePart, TargetGraph and FillBetweenT-
woParts) have been imagined together with their algorithms, but other
ones could be set up. These algorithms call functions that are not
fully detailed in the paper, due to space limitation, but they are
based on elementary functions explained in Section 3.3. For example,
the function 𝐴𝑠𝑠𝑒𝑚𝑏𝑙𝑒(𝑠𝑝1, 𝑠𝑝2) performs an isomorphism between the
two complete graphs of slot packages 𝑠𝑝1 and 𝑠𝑝2. Moreover, for all
associations of slots, the modification is performed on the non-leader
slot(s). Finally, once the parts reassembled following a given strategy,
a simple kinematic resolution followed by the collision-free kinematic
resolution are done in order to find a collision-free configuration of the
assembly.

4.3.1. ReplacePart strategy
The ReplacePart strategy aims at replacing a part on any source

assembly in any way possible while considering all available slot pack-
ages. This scenario aims to extend existing assembly databases, to
create large ones ready for machine learning-based applications, for
example. For the time being, as the proposed approach does not di-
rectly consider semantic information, the original database must be
composed of assemblies that are roughly similar, so that the replaced
parts do not have major semantic differences. Algorithm 2 details the
different steps. The inputs are the source assemblies and the part to be
replaced. A slot package is first created from the released slots in the
assembly, and a search for parts with a complementary slot package is
done. The found geometries are then imported and assembled one by
one to explore the whole solution space. When needed, modifications
are performed using the operators described in Section 3.4.

Algorithm 2 ReplacePart strategy
Require: 𝑎, 𝑘 ⊳ Assembly 𝑎 and part index to be replaced 𝑘
Ensure: 𝑎

𝑁𝐶𝐺 ← Non-constrained geometries
Delete(𝑔𝑘)
Delete(𝑁𝐶𝐺)
𝑠𝑝1 ← Empty SlotPackage
for 𝑖, 𝑗 ← Av_slots(𝑎) do ⊳ 𝑠, 𝑔 indexes of available slots in 𝑎

Add_slot(𝑠𝑖𝑗 , 𝑠𝑝1) ⊳ Add a slot in a sp
end for
𝐺 ← 𝑔𝑖 ∈ 𝑁𝑑𝑏

𝑔 | 𝐾𝑠𝑝𝑔𝑖
= 𝐾𝑠𝑝1

𝑔𝑘 ← 𝑔 ∈ 𝐺 ⊳ Choice can be random or guided
Import(𝑔𝑘)
Assemble(𝑠𝑝1, 𝑠𝑝𝑔𝑘 )

This strategy has been validated on the example of desk lamps
whose bases and shaders have been replaced, and slot packages have



Fig. 14. Retrieved parts when using different slot packages and keys as queries, with all the retrieved parts coming from the same steam engine assembly database.

Fig. 15. Sample of 45 assemblies generated with ReplacePart strategy from 5 desk lamp input assemblies, while replacing the shaders and the bases.

been modified to fit (Fig. 15). The initial database contains 15 parts
and 5 lamp assemblies, and 125 assemblies were generated. The import
time of the source assembly is 1.2 s, while the time of each iteration is
2.5 s on average. Clearly, this is nothing like what a user could do. The
iteration time is mostly determined by the collision-free kinematic
resolution time, which can be time-consuming in some cases. The
Fig. 15 shows a sample of the results obtained, while the complete
dataset (125 assembled lamps) is available at the following URL: https:
//doi.org/10.5281/zenodo.7628235. No semantic information is taken
into account during the reassembly process. The lamp example works
well because the original database contains only desk lamps, i.e. similar
models that can interestingly be combined. This strategy is particularly
efficient with its automatic shape modification capabilities, as the
five original lamps do not exactly have similar interfaces, and this is
particularly useful for extending databases to be used for instance in
machine learning-based applications.

Results are then compared with different metrics using CLIP algo-
rithm [36] to assess the visual appearance of four of the generated
assemblies (Table 3 with lamps #1 to #4). Basically, CLIP algorithm
computes the distance between two features encoded from images or
text (Section 3.6). Thus, two comparisons are here performed:

• First, the visual appearance of an assembly is assessed while
averaging the CLIP values obtained when comparing multiple
screenshots of the 3D model from 6 viewpoints to a sentence

Table 3
Comparison of CAD models of lamps automatically generated with ReplacePart strat-
egy: using CLIP and a sentence as reference (row 1), using CLIP and images of lamp
#3 as a reference (row 2).

ID #1 #2 #3 #4

Images

CLIP wrt ‘‘Lamp’’ 0.0325 0.0295 0.0316 0.0313
CLIP wrt #3 0.1190 0.1187 0.0 0.0781

characterizing it, e.g. ‘‘A CAD model of a lamp’’ in the present
case. The lower the score, the closer the latent vector of the image
is to the latent vector of the text, and the more visually similar
the models are. The results (Table 3, row 1) show a very high
proximity between the 4 lamps, but lamp #1 remains the most
distant from the sentence, which could allow it to be disqualified
during reassembly. Indeed, the shader has been replaced by a part
whose slots match, but whose semantic is completely different.

• Second, the similarity between two assemblies can be character-
ized. A reference assembly must then be defined. Here, assem-
bly #3 is the reference. The evaluation can then be visual by

https://doi.org/10.5281/zenodo.7628235
https://doi.org/10.5281/zenodo.7628235
https://doi.org/10.5281/zenodo.7628235


CLIP (i.e. average of the distances between the latent vectors
of the 6 views). The results (Table 3, row 2) does not allow to
differentiate the assemblies #1 and #2 significantly compared to
the reference assembly #3. This is normal because the analysis
does not include a semantic analysis, but only a geometric one.

4.3.2. TargetGraph strategy
The TargetGraph strategy aims to construct multiple assemblies

conforming to an input linkage graph. This strategy can be particularly
useful at the start of the design phase to quickly draft CAD assembly
models associated with a given linkage graph. It can also be used to sup-
port the innovation process, generating multiple alternative solutions
that meet the same requirements in terms of relationships between the
parts involved.

Algorithm 3 TargetGraph strategy
Require: 𝑎 ⊳ Source assembly
Ensure: 𝑎
for 𝑖 ← 1, 𝑁𝑔 do

𝐺 ← 𝑔𝑘∀𝑘 ∈ [1, 𝑁𝑑𝑏
𝑔 ] | 𝐾𝑠𝑝𝑔𝑖

= 𝐾𝑠𝑝𝑔𝑘
𝑔𝑑𝑏 ← 𝑔 ∈ 𝐺 ⊳ Choice can be random or guided
Import(𝑔𝑑𝑏) in 𝑎

end for
for 𝑐𝑘,𝑖,𝑗 ∈ 𝑎 do

map ← isomorphism(𝑠𝑝𝑔𝑖 , 𝑠𝑝𝑔𝑗 )
for 𝑠1, 𝑠2 ∈ 𝑚𝑎𝑝 do

Assemble(𝑠1, 𝑠2)
end for

end for

Algorithm 3 first searches for corresponding geometries in the
database with the same general slot packages as the source geome-
tries. In a second step, all geometries are constrained to each other
following the linkage graph of the source assembly. An isomorphism
must first be performed between the two slot packages of the source
part and the part found in the database. This isomorphism allows to
find a mapping of the slots which must be assembled. If no assembly
error is returned, the final assembly has the same linkage graph as the
source assembly.

Fig. 16 shows an example of the use of this strategy on a mechanical
assembly to be achieved. The target linkage graph is specified for each
interface to be completed, where in the gray nodes of the graphs rep-
resent the two tubes to be assembled. The graph on the left represents
a screw-plate-nut assembly, while the one on the right contains an ad-
ditional washer. Alternative solutions are then automatically retrieved
from the database (composed of screws, nuts and washers) for each
target graph, and a sample of three bolted solutions is proposed for each
graph. A final solution is chosen to assemble the two tubes. The leader
slots are defined here on the gray geometry slots, so the added com-
ponents are automatically modified to fit the original interfaces. Here,
linkage graphs are user-specified and correspond to classical ways of
assembling parts with bolted solutions. Following this strategy, many
alternative configurations can be tested and evaluated before choosing
the final one, and this is much appreciated to optimize the considered
design. The sources and generated CAD assemblies are available at the
following URL: https://doi.org/10.5281/zenodo.7628235.

4.3.3. FillBetweenTwoParts strategy
This strategy aims to find and assemble a part to connect two given

parts. This can be of interest to reuse existing parts, or for standard-
ization purposes. The algorithm 4 presents the different steps. It takes
as argument the two geometries to be connected, as well as their
slot packages. Geometries that can connect these two parts are then
searched in the database, and assembled to connect the two input parts.

Fig. 16. Example of solutions obtained from the TargetGraph strategy. An assembly of
two tubes to be bolted is used as input (a), and target linkage graphs are provided (b1
for screw-nut and b2 for screw-washer-nut). Possible solutions are generated for each
graph (c1, c2). One of these solutions has been finally chosen, and the added parts are
automatically modified to fit inside (d).

Algorithm 4 FillBetweenTwoParts strategy
Require: 𝑎, 𝑠𝑝1, 𝑠𝑝2 ⊳ Empty assembly and two sp to fill
Ensure: a

Import(𝑔1)
Import(𝑔2)
𝐺 ← 𝑘 ∈ [1, 𝑁𝑑𝑏

𝑔 ] | ∃𝑠𝑝𝑖, 𝑠𝑝𝑗 | 𝑆𝑖 ∈ 𝑔𝑘, 𝑆𝑗 ∈ 𝑔𝑘, 𝐾𝑠𝑝𝑖 = 𝐾𝑠𝑝1 , 𝐾𝑠𝑝𝑗 =

𝐾𝑠𝑝2
for 𝑚 ← 𝐺 do

Import(𝑔𝑚)
Assemble(𝑠𝑝𝑔𝑚𝑖 , 𝑠𝑝1)
Assemble(𝑠𝑝𝑔𝑚𝑗 , 𝑠𝑝2)

end for

Fig. 18 shows samples of assemblies generated following the Fill-
BetweenTwoParts strategy and using purple and brown parts as input
parts. The original CAD assembly model is the assembly (a). The
database contains a lamp and a steam engine in order to diversify
the model reuse. The iterations are fast (<1 s) and the import of the
original assembly is almost instantaneous. Here, many parts allow the

https://doi.org/10.5281/zenodo.7628235


Fig. 17. Focus on configuration b8 of Fig. 18: the retrieved part (a) is modified to fit in
the new slots (b), and then assembled in the original assembly. Multiple configurations
are shown (c) to demonstrate how to exploit the newly created kinematic constraints
between the parts.

assembly of the rod and the servo-motor, but many have other func-
tionalities, e.g plates or bases. The dimensions of the new assembled
part (in yellow) are automatically modified to fit with cylinders from
the servo-motor and rod, and the assembly itself is also updated. This
is illustrated on Figs. 17a and 17b. This is particularly interesting to
test alternative design solutions, with possible reuse of shapes. When
the part is replaced, the functioning of the assembly is not checked,
and a final verification of the mechanism must be carried out. This
is done manually as shown on Figs. 17c. This method greatly facil-
itates the search for mechanical parts for reuse purposed in multipe
configurations. All the sources and generated models are available at
the following URL: https://doi.org/10.5281/zenodo.7628235.

5. Conclusion and future work

This paper has introduced a new framework for reassembling CAD
models using a part-by-part interface-based identification algorithm
that is capable of characterizing each part according to the assembly
slots and interfaces it offers. To allow fast search of parts in the
database, the slots are hashed, and the generated keys are used to
easily identify parts candidate for the reassembly. Several reassembly
strategies have also been proposed to validate the interest of the
approach in various scenarios, including expanding a database to create
multiple labeled assemblies from a few, or creating assemblies from a
graph, or connecting existing parts in an assembly for model reuse or
standardization purposed. During the reassembly steps, the geometry
of the slots can be automatically modified to adjust their dimensions,
in order to ensure a perfect fit and to avoid interference at the level of
the interfaces. A collision-free kinematic solver has also been developed
to automatically generate visually consistent assemblies. The generated
CAD assemblies are thus well-constrained, with collision-free parts,
and they are ready-to-use for downstream applications. The resulting
database can also be further expanded while modifying the relative
positions/orientations of the assembled parts. Such an automatic re-
assembly process is particularly innovative, and it clearly paves the way
for smart assembly procedures.

Fig. 18. Generated assemblies with FillBetweenTwoParts strategy using purple and
brown parts as inputs. The original assembly model (a) is automatically assembled to
the retrieved parts whose dimensions have been modified to fit (b1 to b8).

Regarding the future works, four main improvements are already
thought. First, some steps of the proposed reassembling strategy require
to deal with good quality models. This is for instance the case for
the collision-free solver that requires the parts to be watertight to be
able to compute the intersection volumes between colliding parts. This
is an assumption in this work, but also a strength of the proposed
approach, as the huge batch of newly created models can inherit of this
good quality. In the future, it will be interesting to imagine alternative
solutions to be able to tackle a larger set of configurations where CAD
parts and assemblies are not perfect. Second, more types of constraints
should be managed to enrich the capacity of the method to detect
additional kinematic constraints. Also, the filtering of the generated
assemblies according to their functional characteristics (e.g. mechanical
ones) is to be considered. The method can also be extended to treat
sub-assemblies, that are indeed essential when generating semantically
consistent assemblies. Finally, the modification functions should be
expanded to enlarge the capacity of the method in generating a larger
range of admissible solutions from dead CAD models, and to allow more
parts to be reused.
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