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ABSTRACT

Over the last years, many progresses have been made in the field of virtual proto-
typing, pushed by the interest of industries and artisans. Especially in the context
of the textile industry, the digitizing of the prototyping stage offers the possibility
to validate the product design choices before committing to the market.

This paper presents a framework for the virtual prototyping of crocheted objects.
The core of the framework is an algorithm that is capable of generating the crochet-
ing patterns for a given object and the corresponding instructions. The instructions
are leveraged by the framework to visualize the 3D geometry of the object, and
can be also used to craft it. Compared to previous works, the proposed algorithm
combines a number of features (primarily, the use of parametric surfaces and the
support for short rows) that can reduce the distortions in crafted object shape while
also lowering computational cost; the algorithm is also able to consider material-
and style-related information.

The results of a comparison between the proposed algorithm and state-of-the-art
approaches showed improved performance in terms of similarity of the generated
shape with the target one, computation time, and appearance of the crafted object.

KEYWORDS
Virtual prototyping; Crocheting instruction generation algorithm; Short rows;
Digital crafting; Parametric design

1. Introduction

When dealing with product development, one of the most common applications of
computer graphics (CG) is virtual prototyping, i.e., the digitalization of the prototyp-
ing phase, aiming at validating a design before committing to making a physical object
(Lee 2001). Virtual prototyping is generally characterized by an iterative process (de-
picted in Fig. 1), which encompasses the modeling, simulation, and visualization of a
product to assess it under representative operating conditions, and refine its design
to possibly accommodate new needs. The process typically includes the production
of computer-generated geometrical shapes, which are tested for, e.g., appearance, me-
chanical properties or functioning (Wu, Shao, and Liu 2019; Choi and Cheung 2008).
The output of the above process can be additionally exploited to automatically pro-
duce also the instructions needed for crafting the object, either as a physical prototype
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Figure 1. A schematic representation of the virtual prototyping cycle.

or final product (McCann et al. 2016).

In the textile industry and, more specifically, for crafted objects, virtual prototyp-
ing allows to save time (Jimeno-Morenilla et al. 2021), as the geometry of the final
object can be visualized, e.g., to discuss materials, colors, and possible customer-
specific personalizations to be applied to it (Kaiser, Vogt, and Tilebein 2017) or to
simulate complex phenomena like yarn relaxation (the settlement of the sewed struc-
ture according to the existing forces between the single meshes) without the need to
make a physical prototype or before actually producing it (Rubio, Sanz, and Sebastidn
2005). Like other sectors (Feldmann and Christoph 2003; Carvalho Filho, Nunhes, and
Oliveira 2019; Leite et al. 2019; Dong et al. 2019; Baurmann and Taimina 2013; Zhao
et al. 2023; Zheng et al. 2021), the textile industry is facing an increasing interest
towards the development of novel methods able to improve the manufacturing process
(He et al. 2021).

As a matter of example, the work in (Jevsnik, Stjepanovi¢, and Rudolf 2017) investi-
gated the use of virtual prototyping to design garments for people with special needs.
In particular, the work presented tools and techniques to check the fit of garments
and provide indications regarding the mechanical properties of fabrics without the
need to have people physically present. The application proposed in (Vitali, D’Amico,
and Rizzi 2016), in turn, mainly focused on the collection of customers’ measures. It
proposed to use Virtual Reality simulation and consumer devices (i.e., Oculus Rift
DK2, Leap Motion Controller, and Microsoft Kinect v2) to let tailors perform the
measurements as they would do in the real world. The work in (Han, Wohn, and
Ahn 2021) presented a web application to support the students enrolled in fashion
university programs in the design of e-textiles, i.e., clothes embedded with electronic
devices. The results of a user study showed improvements in terms of perceived usabil-
ity and learning performance compared to traditional methods. As shown in works like
(de Oliveira Neto et al. 2020, 2021; Vigano et al. 2004), virtual prototyping could also
play a crucial role in supporting more efficient decision-making strategies, or reducing
the environmental impact. More examples, as well as trends and shortcomings of vir-
tual prototyping applied to the textile and fashion industry can be found in (Sayem
2020; Papahristou and Bilalis 2017; Cugini, Bordegoni, and Mana 2008)

Despite these advantages, many of the commercial tools available today to support
the textile industry provide only a limited set of functionalities for the virtual proto-
typing of crafted objects like, e.g., techniques for defining parametrically or modeling
its shape (Kapllani et al. 2022), for simulating its physics (Sperl et al. 2022), etc.; in
most of the cases, they require fine manipulations to be performed by human operators
with a deep understanding of crafting operations (Popescu et al. 2018).

Based on the above considerations, the goal of the present paper is to introduce



a framework supporting virtual prototyping in the textile industry focusing, in par-
ticular, on objects produced through crocheting. Crocheting is a crafting technique
based on the use of a single hook to realize the stitches, i.e., loops of yarn resulting
from one pass of the hook. The presented methodology, however, could be extended
also to the other major crafting technique, i.e., knitting, where fabrication proceeds
by transferring stitches between two needles (Guo et al. 2020).

The core of the framework is represented by an algorithm in charge of generating
the crocheting patterns and related instructions for the given shape. The output of
the algorithm can be exploited either to visualize a computer-generated 3D geometry
of the crocheted object or to produce a physical version of it. Like in (Capunaman,
Bingol, and Giirsoy 2017), it was chosen to represent the instructions in a human-
readable format. This conventional representation is crucial for sharing the crocheting
procedure with others who are not familiar with CAD tools (Capunaman, Bingol, and
Giirsoy 2017). The instructions can be used by a crafter to manually make a prototype,
or converted into a specific machinery language format for automated production.

The strength of the algorithm proposed in the present paper lies in the ability to
combine the following features.

First, like in (Popescu et al. 2018) and (Capunaman, Bingdl, and Giirsoy 2017),
the algorithm operates with parametric representations for computing the stitches. In
particular, the algorithm receives in input a so-called target shape and converts it to a
parametric surface from which it is possible to extract key information that facilitates
the processing steps. More specifically, the algorithm adopts a heliz progression for the
crocheting pattern, which is the natural way of manually crafting a 3D object (Wu,
Swan, and Yuksel 2019). This aspect is partially disregarded (or not considered at all)
in other works like (Igarashi, Igarashi, and Suzuki 2008a; Narayanan et al. 2018; Osinga
and Krauskopf 2004; Popescu et al. 2018; McCann et al. 2016), which are based on
a separate row progression, a technique that makes use of patterns in which the yarn
pieces are handled separately for each row. The use of the helix progression makes the
devised algorithm not applicable to surfaces for which is not possible to compute a UV
parametric representation; nevertheless, it avoids the need to rely on the non-realistic
assumption of the separate row progression, which can have a negative impact on the
quality of the crafted object (Wu, Swan, and Yuksel 2019).

Second, the algorithm implements strategies aimed to fit as much as possible the
target shape based on the use of short rows, i.e., local increases in the number of rows
within the stitches (Popescu et al. 2018). Short rows complement the basic crocheting
patterns that contain only increase (widening) and decrease (narrowing) stitches. With
short rows, the single crochet approach, which is able to create only cylindrical shapes
since each knot of a level is connected with the corresponding knot of the upper level,
is enhanced to support the generation of curved and doubly curved shapes.

Third, the algorithm can receive in input the size of the thread and the tension
to be applied while crocheting, as well as the stylistic characteristics of the crafting,
which can influence the actual size and shape of the final object.

In order to validate the effectiveness of the devised algorithm, it was compared with
relevant state-of-the-art approaches by means of objective and subjective metrics. The
obtained results showed improved performance with respect to the references, as the
algorithm was capable to generally guarantee higher similarity to the target shape
and reduced stitch distortion in the generated geometries, lower computation time,
and better visual appearance of the crafted objects.



2. Related works

Nowadays, industries are more and more recognizing the value of developing novel
methods supported by computer technology to improve their processes. As a matter
of example, it is possible to mention the works in (Zhao et al. 2023; Zhao, Jia, and
Shao 2023), which proposed solutions based on machine learning for machinery fault
diagnosis. Other relevant examples of automatic methods applied to both industrial
and civilian applications are reported in (Zheng et al. 2021, 2022; Jin and Vai 2014).

Narrowing the field of interest to the textile industry, the literature offers several
solutions for the automatic generation of crocheting and knitting instructions and the
representation of the corresponding crafting patterns. Although the focus of this paper
is on crocheted objects, in the remaining of this section, both the crafting techniques
are discussed, since it is possible to fairly adapt crocheting instructions to knitting and
vice-versa, as suggested in (Guo et al. 2020). The review of the literature was carried
out by leveraging the Scopus and Web of Science databases. Works were selected
based on the relevance with the topic and the rigor of the adopted methodology. The
following keywords were used in refining the selection: crocheting, knitting, instruction
generation, short rows, parametric design, fabrication, digital craft.

A first example dates back to more than 25 years ago, when an approach lever-
aging mathematical formulas to describe the surface of the object to be crafted was
proposed (Hong et al. 1994). This approach, however, could only generate primitives
shapes, like cylinders, spheres, and boxes. A solution for free-form surfaces was pre-
sented in (Thomsen and Hicks 2008), where 3D shapes are translated into 2D knitting
patterns by unrolling the developable surfaces, i.e., smooth surfaces with zero Gaus-
sian curvature (Nelson et al. 2019). The drawback of this solution was that it could
not be adapted to non-developable surfaces.

To overcome the limitations regarding the representation of the surface to be crafted,
two different approaches have been devised. The first approach relies on the use of poly-
gon meshes to describe the geometry of polyhedral objects. When using this approach,
the input is represented by a collections of vertices, edges and faces. For instance, the
system described in (Igarashi, Igarashi, and Suzuki 2008a) is able to automatically
generate instructional diagrams to create a 3D knitted object starting from a triangu-
lated geometry. The system first samples the geometry surface with parallel winding
strips of constant width. Then, the samples are converted into a knitting pattern that
can be used for crafting the object. Another example is the system named “Knittty”
described in (Igarashi, Igarashi, and Suzuki 2008b). The system relies on sketching
interfaces that allow the users to define a 3D surface model. The generated model
is then leveraged by the system to automatically produce the knitting patterns and
present a 3D visualization of the corresponding shape that is reconstructed by applying
a physical simulation.

The second approach for representing the target shape is based on parametric sur-
faces. The advantage of this approach is that it facilitates the algorithmic steps reduc-
ing the need for human supervision. For instance, a parametric representation main-
tains information regarding the development direction of the surface, which could be
used as the crafting direction. With polygonal meshes, this information is missing, and
the algorithms leveraging such representation require a manual or semi-automatic la-
beling of the faces (e.g., in (Wu, Swan, and Yuksel 2019)) or the assignment of weights
to the vertices (e.g., in (Narayanan et al. 2018)) for guiding the process. Depending
on the target shape, these operations may not be always possible. An example of use
of parametric surfaces is given in (Osinga and Krauskopf 2004). This work reports the



mathematics behind the crocheting of the Lorenz manifold. The mathematical rep-
resentation is used to created a 3D mesh of the surface, which is then automatically
converted into the crocheting patterns for manual crafting.

When dealing with complex target shapes, the level of control on the crocheting
pattern becomes of fundamental importance. In this regard, short rows represent a key
contribution to the creation of bend or bulge shapes, as they can be used to push apart
adjacent courses (McCann et al. 2016). Support for short rows has been considered in
works like (Popescu et al. 2018), (McCann et al. 2016), and (Narayanan et al. 2018).
More specifically, in (Popescu et al. 2018), a system is proposed to generate 2D knitting
patterns for a given 3D geometry expressed as a parametric surface. Differently than
in previous studies, the courses generated by sampling the surface with the specified
loop height may include short rows. Like in (Yuksel et al. 2012) and (Igarashi, Igarashi,
and Suzuki 2008a), however, the system asks the user to specify the knitting direction
and the loop parameters to be used for crafting the object with a given machine. The
work in (McCann et al. 2016) presents a knitting design representation that offers the
possibility to easily manipulate the structure and the high-level structure of a knitted
object by leveraging generalized tubes and sheets that are connected each other at their
boundaries with glueing instructions. Short rows can be added to make the assembled
parts bend or bulge. A knitting assembly language is used to convert the above high-
level representation into low-level operations that can be used by industrial machines
to produce the objects. In (Narayanan et al. 2018), a system is illustrated that converts
3D meshes generated by common modeling software into instructions for a computer-
controlled knitting machine. Once the user has specified a start and end point on the
input geometry, the system incrementally generates a new mesh with a uniform edge
length. To this aim, it makes use of short rows. A tracing procedure is then run on the
generated mesh to create a knitting path and the corresponding instructions, which
are compatible with possible constraints set by the crafting machine.

All the algorithms seen so far rely on a separate row progression that, as already
mentioned, has some important drawbacks. The literature proposes an alternative ap-
proach based on a helix progression. Although the considered crafting techniques make
it possible, in principle, to produce objects with either approach, the helix progression
presents a number of benefits. Separate row progression requires adding different-
looking stitches used as bridges between the rows or exposing the inner side of the
loops to the outside, thus causing aesthetic issues in the crafted object. The helix
progression, in turn, ensures a higher uniformity of the surface appearance, since the
stitching direction is maintained, there are no jumps between different loops, and each
stitch always has its outer side facing the outside of the object. Moreover, especially
in the case in which objects are manually crafted, the instructions generated with a
helix progression are usually easier to follow as they represent the natural way of man-
ually crafting a 3D object (Wu, Swan, and Yuksel 2019). A possible limitation of helix
progression is that, compared to separate row progression, can make the handling of
branched shapes more sophisticated.

In the literature, only a few attempts to use the helix progression have been made,
precisely in (Wu, Swan, and Yuksel 2019; Capunaman, Bingdl, and Giirsoy 2017). In
(Wu, Swan, and Yuksel 2019), however, the helix structure is generated only at the
end of the modeling process, and the algorithm relies on polygon meshes rather than
on parametric surfaces. The authors of (Capunaman, Bing6l, and Giirsoy 2017), in
turn, proposed an algorithm for generating a crocheting geometry leveraging the helix
progression since from the beginning of the computation process (like the work in (Wu,
Swan, and Yuksel 2019), it supports branches, although implementation details are



not described). Moreover, differently than in previous works, the algorithm receives
in input not only the target shape, but also additional crafting parameters. These
parameters are introduced to consider both determinate variables like, e.g., material
properties (yarn weight) and tool size (crochet hook), as well as indeterminate variables
accounting for the crafting process (like, e.g., the tension of the thread, grip of the
hand on the yarn, the stylistic characteristics of the crafter, etc.). In this way, the
flexibility of the approach is enhanced, supporting both industrial production and
manual crafting.

Considering the advantages associated with the approach adopted in (Capunaman,
Bingol, and Giirsoy 2017), this work was considered as a reference for the development
of the framework proposed in the present paper. Differently than in (Capunaman,
Bingol, and Giirsoy 2017), however, the devised algorithm also integrates the support
for short rows (as proposed in (Wu, Swan, and Yuksel 2019)) that, as said, are of
paramount importance to control the shape of crocheted objects. The assumption
behind the above choice is that their use can improve the similarity between the
target shape and the crafted object.

3. Proposed framework

As illustrated in the previous sections, the core of the devised framework is represented
by an algorithm that takes in input a target shape and several crafting parameters
and generates the corresponding crocheting instructions.

The algorithm was implemented by using the Rust programming language and
integrated as a script into the Godot Engine, a MIT-licensed graphics engine, to achieve
fast 3D visualization of the resulting geometry.

The algorithm operates with a parametric representation of the target shape and
is in charge of computing the actual placement and connection of the stitches. The
generated instructions are expressed in a human-readable format; they are leveraged
by the framework to produce the 3D geometry and preview it, but can also be used
to physically make the object.

Fig. 2 depicts the main steps of the algorithm, which are described in detail in
Sections 3.1-3.5. The visualization aspects are discussed in Section 3.6. The major
contribution with respect to the reference algorithm concerns the handling of vertices
to cope with short rows, though all the other steps were affected by the introduction
of this feature.

3.1. Initialization

During this step, the target shape provided in input — e.g., the cylinder considered
as an example in Fig. 2(a) — is represented by means of a parametric surface, in the
following referred to as S(u,v). More specifically, the target shape is divided into loops
(i.e., profiles of the control curve computed along the u direction) so that the minimum
geodesic distance between each row corresponds to the desired target stitch height. The
loops computed for the target shapes can be circles, ellipses, and curves composed of
concatenated non-planar segments. Thus, if the target shape has a linear control curve
like in the considered example, this operation converts it into a sequence of equidistant
circles (Fig. 2(b)). At present, the control curve is described by making use of Bezier
curves; in the future, however, the support for different parametric representations,
e.g., based on Non-Uniform Rational B-Splines (NURBS) could be added to increase
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Figure 2. Steps of the devised algorithm and intermediate outputs: (a) cylinder target shape considered as an
example for presenting the algorithm, (b) initialization and parametric representation of the target shape, (c)
reparametrization of the surface and definition of the helix progression, (d) graph construction and generation
of the stitches in the first row, (e) computation of vertex positions and generation of the stitches in the next
rows, and (f) conditions requiring the addition of more than one vertex over the base vertices.

flexibility. The target shape can be passed to the framework by providing directly the
parametric surface described by using the Rust programming language. Alternatively,
if the target shape is expressed as a polygonal mesh, a script running in an external 3D
modeling tool (Blender) is provided by the framework to convert it into the required
format. More specifically, after modeling or importing a polygonal mesh in Blender,
the script automatically computes the parametric surface S(u,v) of the mesh and
generates a text file that can be parsed to initialize the data structure used in the
Rust program. In the generation of the loops, the algorithm first samples the control
curve at desired steps (i.e., the target stitch height) to obtain a sequence of points.
Then, cross-sections are computed by estimating the intersection between the input
polygonal mesh and the planes that are orthogonal to the direction of the control curve
and contain one of the above mentioned points.

In case the control curve includes branches, a methodology to handle the construc-
tion of the parametric surface is needed. As said, the work in (Capunaman, Bingdl,
and Giirsoy 2017) did not provide implementation details about this aspect; therefore,
the present work proposes an hoc strategy. In particular, the algorithm identifies the
branch with the smaller curvature, by comparing the derivatives of the last segment
of the Bezier curve with the first segments of all the branches. The selected branch is
regarded as the continuation of the main branch in the construction of S(u,v), whereas
the remaining branches are considered as independent sub-shapes. At the end of the
algorithm, once the stitches have been computed for all the sub-shapes, a merging



process is activated to join them. Details regarding the merging will be provided in
Section 3.4.

Besides the target shape, the algorithm receives in input additional parameters.
These parameters are included to consider the determinate variables (the physical
properties of the thread and the tool size) and indeterminate variables (the effects of
the crafter or the crafting process) defined in (Capunaman, Bing6l, and Giirsoy 2017).
Differently than determinate variables, indeterminate variables cannot be quantified
or standardized a priori, since they can, e.g., vary from person to person, from time
to time, etc. To determine suitable values for these variables, it is possible to consider
that they influence the width and height of the stitches. Hence, it is reasonable to
compute the dimensions of the stitch to indirectly obtain the above information. To
this aim, the approach proposed in (Capunaman, Bingél, and Giirsoy 2017) based on
a 10-by-10-stitch swatch is adopted. This approach requires to make a physical object
which contains 10 (horizontal) x 10 (vertical) stitches. The width and height of the
crafted object are measured to retrieve the size of the single stitch and the distance
between the rows. The computed stitch dimensions (in the following referred to as W)
are then passed in input to the algorithm.

3.2. Reparametrization and graph construction

Once the rows are computed, the system applies a reparametrization S(u,v) — S(7,v)
of the surface. Through this operation, the coordinate u is converted to 7, which
indicates the number of the row a point on the surface belongs to. Given an arbitrary
point S(79,v0), S(70 + 1,v9) represents the corresponding point in the next row. By
adopting this representation, it is possible to easily reconstruct the helix progression
of S(u,v). As said, the helix progression was chosen to improve the quality of the
results, as it represents the natural way of crafting objects (thus, it eases the job for
a manual crafter), and can increase the uniformity of their surface appearance (Wu,
Swan, and Yuksel 2019). The helix progression H(7) is computed by means of the
following equation:

H(t) = S(r, frac(T)) (1)

where frac(r) is the function which returns the fractional part of 7. The result of this
step is illustrated in Fig. 2(c).

Once the helix progression is available, the algorithm determines the number of
required stitches by dividing the overall length of the helix support by the width of
the desired stitch. This operation is performed only for 0 < 7 < 1 (i.e., the first row
of the helix progression), as shown in Fig. 2(d).

The positions of the bottom vertices of each added stitch (the gray circles in
Fig. 2(d)) are recorded into a directed graph G = (N, A), where N is the set of
nodes (representing the vertices of the stitches) and A is the set of arcs that describe
how nodes (representing the edges of the stitches) are connected. Fig. 3 shows the
relationship between vertices/edges of the stitches and nodes/arcs of the graph. In
Fig. 2(d), different colors have been used for the arcs, in order to distinguish the wale
direction (blue), i.e., arcs connecting nodes in the vertical direction, from the course
direction (orange), i.e., arcs that creates the horizontal connections. The vertices in
the first row are connected to each other with course edges.
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Figure 3. Graph representation used by the algorithm: nodes (gray circles), arcs (blue and orange arrows)
and stitches (defined by vertices and edges). Each vertex and edge that composes the stitches of the object
being created is represented by a node and arc in the graph, respectively.

3.3. Computation of vertex positions

After the initialization of the first row, the algorithm is executed on the remaining of
the surface with the goal of calculating the positions of the vertices in the next rows.
In order to connect the new vertices, wale type edges and short rows are introduced.

The algorithm is designed to use a moving window approach. The moving window
can be regarded as a block that receives in input a sequence of vertices and outputs
the vertices of the next row. The vertices currently processed by the moving window
on top of which the new vertices are added are called base vertices (Fig. 2(e)).

The size of the window is customizable: in the experiments, a window size equal to
six (vertices) was used, as it was found to produce the best results.

After the generation of every new vertex, the window is shifted forward by one
position, discarding the oldest vertex and adding the next vertex found in the course
direction. The moving window is implemented as an array of linked lists, which forms
a growable bidimensional matrix. More specifically, each element in the window is
identified by two indices. The first index selects the base vertex to which one or more
vertices can be connected using the wale type edges. The second index addresses the
nodes in the wale direction on top of each base vertex. At each step, more than one
vertex can be generated on top of each base vertex, depending on the surface.

The number of needed vertices in the wale direction is computed by dividing the
geodesic distance between the vertex itself and the target helix position on top of it.
The result is rounded down to an integer odd number in order to maintain a valid
structure. In the target shape of the considered example, the height of the stitch
already fits the desired height (the cylinder does not contain any radius variation or
curvature in the direction of the control curve). For this reason, a single vertex is added
on top of each base vertex. For more complex shapes, e.g., containing large variations
of the control curve, it may be necessary to add more vertices to reach the next row,
as shown in Fig. 2(f).

Once the number of vertices on top of each base vertex has been determined, the
algorithm defines the way in which vertices have to be connected to the adjacent
vertices by choosing the type of stitches to use. To this aim, the geodesic distance
from a given added vertex to the previous one in the course direction is calculated,
as shown by the red segments in Fig. 4(a), Fig. 4(c), and Fig. 4(e). Depending on
such distance, the course edge connecting the vertices is either maintained (Fig. 4(b)),
joined (Fig. 4(d)), or split (Fig. 4(f)), leading respectively to a single crochet stitch,
an increase stitch (needed to widen the fabric), or a decrease stitch (needed to narrow
it). The vertices supporting the insertion of increase or decrease stitches are added to
the graph and connected to the existing structure through course and wale edges.

It may happen that the number of vertices added on top of two consecutive base
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Figure 4. Computing the type of stitch for connecting the added vertices: (a) precondition for a single crochet
stitch, (b) single crochet stitch, (c) precondition for an increase stitch, (d) increase stitch, (e) precondition for
a decrease stitch, and (f) decrease stitch.
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Figure 5. Short rows: (a), (c) scenarios that could require the introduction of a short row to level the different
number of vertices on top of two consecutive base vertices, and (c), (d) results of the proposed algorithm.

vertices is different, as exemplified by the blue vertices in Fig. 5(a) and Fig. 5(c).
When the difference is an odd number, like in Fig. 5(a), the algorithm forces the
introduction/removal of vertices with the aim to obtain differences equal to zero or
to an even number: for instance, in Fig. 5(b), the red vertices are removed to obtain
a difference equal to zero. In the case of differences equal to an even number like in
Fig. 5(c), the algorithm introduces short rows, as shown in Fig. 5(d) (red edges).
The use of short rows plays a crucial role to preserve the similarity between the
target shape and the crafted object, as it allows to reduce the skew among stitches.
The goal of an algorithm like the proposed one should be to limit the skew as much as
possible, since stitches that present large skew values will be stretched in the physical
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Figure 6. Comparing (a) calculated, and (b) crafted structure in case of large skew.

object (losing their target position) due to the tensile and elastic forces of the thread.
As a matter of example, Fig. 6 shows the resulting effect in the crafted object when
the stitches present large skew values (the arrow in the figure indicates the direction of
the tensile and elastic forces acting on the thread). Comparing Fig. 6(a) and Fig 6(b)
it is possible to observe that the intended shape is not preserved in the object due to
large skew.

Once short rows have been computed, it is necessary to limit the presence of small
and frequent short rows (i.e., numerous short row endings followed by short row begin-
nings). These conditions can introduce visual stretches that would worsen the visual
appearance of the crafted object. In order to avoid small short rows, those containing
a small number of elements are discarded, as proposed in (Narayanan et al. 2018). The
number of minimum stitches that a short row should contain is a parameter of the
algorithm. In the experiments, it was set to four, as this value proved to be capable
of providing the best results. The other objective of limiting the presence of short row
endings which are followed by short row beginnings is addressed through a mechanism
based on a double threshold. An activation threshold is used to determine whether a
short row should be introduced or not, whereas a tolerance threshold is used to control
the sensibility of the algorithm. When the activation threshold identifies close vertices
which are possible candidates for generating two separate short rows, the algorithm
operates as follows: if the height of all the in-between vertices found between the two
vertices that satisfied the activation threshold is under the tolerance value, a single
short row is created by merging the two consecutive short rows; otherwise, the two
short rows are maintained only if their lengths satisfy the first criterion, hence they
can be removed if they are too short or maintained if they contain enough vertices.
Fig. 7 provides two examples showing how the mechanism based on the double thresh-
old works. The outer vertices in blue trigger the insertion of two very close short rows.
In the first case (Fig. 7(a)), all the in-between vertices (orange vertices) respect the
tolerance value: thus, the two short rows are merged. Conversely, in the second case
(Fig. 7(b)), it is not possible to merge the two short rows since some of the in-between
vertices do not respect the tolerance. The two short rows triggered by the blue vertices
are removed since they only contain a limited number of vertices that do not satisfy
the first criterion.

3.4. Branches support

As described in Section 3.1, when the control curve contains branches, the original
target shape is subdivided into a number of sub-shapes. An example is depicted in
Fig. 8(a) and Fig. 8(b). The algorithm considers each sub-shape independently, and
the steps seen so far are executed in parallel for all the sub-shapes. Once the posi-
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Figure 7. Activation threshold and tolerance: examples of conditions for (a) generating or (b) discarding a
short row.
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Figure 8. Steps of the devised algorithm to handle branches: (a) original target shape, (b) sub-shapes, and
(c) interlocking mapping to join the sub-shapes.

tions of the vertices have been computed for all the sub-shapes, they are merged to
reassemble the original target shape. To merge the sub-shapes, the algorithm identi-
fies the vertices in the main shape (the red ones in Fig. 8(c)) that are closest to the
vertices belonging to the first row of the sub-shape to be merged (the blue vertices
in Fig. 8(c)). The identified stitches are marked with a placeholder to indicate that
they will have to be used as a bridge for connecting the two shapes. In the instructions
generation process, the placeholder is replaced with the corresponding stitch type, and
interlocking instructions are added.

3.5. Instructions generation

Once the graph has been obtained, it is navigated in order to generate the crocheting
instructions. Starting from the first vertices in the first row and following the helix
progression, the graph is explored with the aim of recognizing and reconstructing the
sequence of stitch types. More specifically, by comparing the lengths of the edges
connecting vertices in both the wale and course directions, the algorithm identifies
the types of stitches needed (single crochet, increase, or decrease). The output of
this step is a text-based file containing the crocheting instructions in the form of a
conventional, human-readable description. The file presents the instructions starting
from the first stitch in the first row and ending at the last stitch in the last row. The
text-based instructions report the number of stitches in a row, as well as the position
in which increases, decreases and short rows are needed. Stitches are identified by the
conventional acronyms: sc (single crochet), inc (increase), dec (decrease). The short
rows are represented by means of the symbols — and <, which indicate the change of
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the sewing direction. In order to simplify the readability of the instructions, consecutive
stitches of the same type are aggregated. Moreover, instructions are reported per row,
to help the artisans who may manually craft the object by providing them with possible
reference points (i.e., bookmarks) that can be used after an error to recover the work.
Like in (Capunaman, Bingdl, and Giirsoy 2017), it was chosen to adopt a format
that crafters are usually familiar with. Nevertheless, custom scripts could be easily
developed to convert the output of the algorithm into machine-readable instructions
enabling automated manufacturing.

3.6. Visualization

For the purpose of visualization, stitches are represented as tiles (as proposed in (Guo
et al. 2020)). In each tile, it is possible to represent the yarn as a series of parametric
curves each specified by a number of control points contained in the unit cube. To
accommodate the concatenation of adjacent stitches, the control points of the curves
are transformed by applying a trilinear interpolation aimed at positioning the tiles
in their target positions and scaling them to fit the assigned area. The parametric
curves used to define all the stitch types are multiple Bézier curves modeled by means
of a graphics suite. The vertices of the unit cube that defines a tile are leveraged as
control points for lattice-based deformations. The starting and ending control points of
each yarn curve are automatically moved to maintain the derivative direction between
contiguous tiles.

Once the 3D geometry is generated, the algorithm provides two alternative repre-
sentations, named wire-frame and realistic mode. Fig. 9 shows the supported visual-
izations. The former aims at creating a visualization that highlights the structure and
the composition of stitches. The latter represents an aesthetically faithful visualization
of the final object.

The implementation of the above algorithm into Godot Engine eases possible inte-
gration efforts and supports future extensions. For instance, by leveraging the func-
tionalities of Godot Engine, it is possible to export the 3D mesh of the generated
objects in a standard .stl format for further processing in external graphics suites.
A direct integration with software supporting photorealistic rendering could also be
easily pursued.

4. Experimental evaluation

As mentioned, the work in (Capunaman, Bing6l, and Giirsoy 2017) was considered
as a reference for the design and development of the proposed algorithm. Both the
algorithms receive in input the desired width and height for the stitches, and generate
crocheting instructions by working on a parametric surface and leveraging the helix
progression. The reference algorithm, however, does not support short rows. Hence,
a comparison was first performed with the aim to assess the benefits associated with
the introduction of this feature. As said, no implementation details were provided in
the reference algorithm about the methodology adopted to handle branches; for this
reason, in the evaluation, the strategy proposed in the present paper was used to
generate the instructions with both the algorithms.

Furthermore, in the proposed algorithm, short rows were implemented following the
approach pursued in (Wu, Swan, and Yuksel 2019). This work focuses on knitting, did
not use a parametric representation for the target surface, and did not exploit the helix
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(a)

Figure 9. Supported visualization modes: (a) wire-frame, and (b) realistic.

progression. To analyze the impact of these features, the evaluation further considered
also this work.

4.1. Target shapes

Fig. 10 shows the target shapes selected for the evaluation. The experiments considered
two parametric surfaces already used in (Capunaman, Bingdl, and Giirsoy 2017), in
order to make the results comparable with those obtained in the reference work. In the
following, they will be referred to as Shape A (Fig. 10(a)) and Shape B (Fig. 10(b)).
Shape A is nearly cylindrical, with small asymmetric radius variations, whereas Shape
B shows large and asymmetrically increases in the surface radius. Both the surfaces
keep the control curve direction constant. These shapes have been selected to confirm
the ability of the proposed algorithm to model asymmetric variations of the surface,
which was also the goal of the reference work. A custom Blender script was used to
convert, the surfaces from the Rhinoceros format adopted in the reference algorithm
to the format used by the proposed algorithm (i.e, the parametric surface S(u,v)
composed of stacked loops along the u direction).

In addition, two more surfaces, i.e., Shape C and Shape D, were considered to
highlight the benefits associated with the use of the proposed algorithm. Both the
shapes present a variation in the direction of the control curve, which is small in the
former (Fig. 10(c)) and more accentuated in the latter (Fig. 10(d)).

Finally, the surface referred to Shape E was taken into account to study the perfor-
mance of the considered algorithms on branches. This shape was previously used in
(Wu, Swan, and Yuksel 2019), and is freely available at https://github.com/textiles-
lab/autoknit-tests/tree/master /models.

4.2. Metrics

The algorithms have been compared in both objective and subjective terms.

The objective evaluation leveraged the metrics reported below.

i) Length error (Narayanan et al. 2018). This metric is computed for the i-th edge
(with ¢ € [1, E] and E equal to the number of edges) as:

PA; — PB;|| -1
length error; = H l H (2)

14



Yal,

Figure 10. Target shapes considered in the experiments.

(a) (b)

Figure 11. Computing length error for wale and course edges.

where PA; and PB; are the two vertices that delimit the edge under analysis, whereas
[ is the target length (i.e., the desired length of the edge). The metric is used both
on the wale and course edges. Fig. 11 shows the position of PA; and PB; in the
two cases. The metric assumes positive/negative values when the generated edges are
longer /shorter than expected.

ii) Skew (EngMorph 2019): The skew for the j-th stitch (with j € [1, 5] and S equal
to the number of stitches) is computed as:

skew; = |cos(a)| (3)

where « is the angle between the middle segments shows in Fig. 12. The metric
defined in (EngMorph 2019) was adopted since it supports both quadrilateral and
triangular faces, i.e, the tiles in the 3D geometry to which a stitches are mapped to.

The metric provides an indication of the skew that could be observed in the object
when it is physically produced. Besides being important for the quality assessment of
3D meshes (it is used, e.g., in existing computer graphics software such as (CUBIT
2019)), the metric plays an important role in the analysis of virtual prototypes. In
fact, as said, the stitches that present large skew will be stretched due to the tensile
and elastic forces of the thread.

iii) Computation time (Narayanan et al. 2018): This metric takes into account the
time required by the algorithm to compute the crocheting instructions. Computation
time represents a critical performance indicator since, in the considered context, virtual
prototyping can be regarded as an iterative process that encompasses changing the
parameters and observing the result several times before actually reaching the intended
design.

As anticipated, given a target shape, it is possible to adjust the input parameters
that define the width and height of the stitches, thus creating different versions of the
same shape. Each version differs in the number of vertices, as the smaller the size of
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Figure 12. Computing the skew for (a) quadrilateral, and (b) triangular faces in the 3D geometry stitches
are mapped to.

the stitches, the more the vertices generated. For this reason, the objective metrics
presented above were evaluated considering three different values of W, namely Wy =
0.25cm, W1 = 0.20cm, and Wy = 0.15cm.

The subjective evaluation, in turn, was based on a visual comparison of the physical
objects crafted by following the crocheting instructions generated by the algorithm in
(Capunaman, Bing6l, and Giirsoy 2017) and the proposed one; visual comparison with
(Wu, Swan, and Yuksel 2019) was not considered, since it adopts a different technique
to craft the objects.

4.3. FExperimental setup

Experiments were conducted by using an AMD Ryzen 9 3900X 12-Core Processor
(2.2GHz), 32GB RAM, and a GNU/Linux operating system (Ubuntu 20.04 LTS).
The machine was characterized by an x86_64 architecture and presented the following
levels of cache: 384KiB (L1), 6MiB (L2), and 64MiB (L3).

As for the reference work, it was chosen to re-implement the algorithm by follow-
ing the detailed description in (Capunaman, Bingdl, and Giirsoy 2017). For what it
concerns the work in (Wu, Swan, and Yuksel 2019), it was possible to leverage the
implementation available at https://github.com/textiles-lab/autoknit.

5. Results and discussion

Fig. 13 shows the results obtained for the different shapes by running the three al-
gorithms, i.e., (Capunaman, Bing6l, and Giirsoy 2017) (left), proposed (center), and
(Wu, Swan, and Yuksel 2019) (right).

5.1. Length error

Regarding the length error, data are reported as percentages in Table 1. It can be
noticed that the proposed algorithm outperformed both (Capunaman, Bingdl, and
Giirsoy 2017) and (Wu, Swan, and Yuksel 2019), as the average values were lower than
the two algorithms for all the considered shapes. The standard deviations suggest that,
except for Shape A, the proposed algorithm was also able to generate more frequently
stitches with the desired size than the others. Large differences were observed for Shape
B, C, D, and E. These results indicate that the three algorithms behave in a similar
manner when nearly cylindrical shapes with small asymmetric radius variations are
considered (like for Shape A). Conversely, the advantages of the proposed algorithm in
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Figure 13. Objects generated by three algorithms: (a), (d), (g), (j), (m) algorithm in (Capunaman, Bingol,
and Giirsoy 2017) (left), (b), (e), (h), (k), (n) proposed algorithm (center), and (c), (f), (i), (1), (o) algorithm in
(Wu, Swan, and Yuksel 2019) (right). The different colors are due to the fact that, for the first two algorithms,
a common base implementation in Rust was leveraged; for the last algorithm, the implementation provided by
the authors was used.

terms of length error become more evident when the shapes are characterized by large
and asymmetrically increases in the surface radius (Shape B), as well as variations in
the control curve (Shapes C and D). Differences became again less evident in Shape
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Table 1. Objective results for the length error metric (percentages) obtained by the three
algorithms for the considered shapes; the lower the better.

Shape (Capunaman, Bingol, Proposed (Wu, Swan, and

and Giirsoy 2017) Yuksel 2019)

Shape A M = 4.2% M = -1.9% M = -4.72%
SD = 0.069 SD = 0.074 SD = 0.098

Shape B M = 14.9% M = -3.3% M = -29.94%
SD = 0.419 SD = 0.176 SD = 0.263

Shape C M = 17.6% M = -2.9% M = -7.93%
SD = 0.249 SD = 0.101 SD = 0.142

Shape D M = 8.8% M = -1.5% M = -37.63%
SD = 0.193 SD = 0.083 SD = 0.318

Shape E M = 8.9% M = -4.9% M = -9.89%
SD = 0.384 SD = 0.119 SD = 0.240

E, which presents a combination of nearly cylindrical shapes and large variations in
the control curve.

In order to analyze the behaviour of the three algorithms depending on the stitch
size, the length error was computed for the three different values of W (i.e., Wy_3).
For the sake of readability, in Fig. 14(a) absolute values are shown. It worth observing
that values remain almost constant over the values of W for all the algorithms. This
result suggests that the metric is not influenced by the number of vertices generated
by the algorithm.

5.2. Skew

Similarly to what was observed for the length error, the proposed algorithm was found
to be characterized by lower values of skew than both (Capunaman, Bing6l, and Giirsoy
2017) and (Wu, Swan, and Yuksel 2019) for Shapes A, D, and E, as reported in Table 2
(like for the length error, percentages are tabulated). For the other two shapes, it is pos-
sible to notice that, even though the proposed algorithm outperformed (Capunaman,
Bingol, and Giirsoy 2017), (Wu, Swan, and Yuksel 2019) was the best algorithm among
the three.

Considering values collected for the proposed algorithm and (Capunaman, Bingol,
and Giirsoy 2017), it can be noticed that marked differences were observed only for
Shape A. Comparing these results with the previous ones, a complementary behavior
can be observed for these two algorithms. In fact, a smaller difference in terms of error
length (observed for Shape A) corresponds to a large difference for what it concerns
the skew, and vice-versa. This aspect seems to indicate that a higher fidelity to the
desired stitch size (obtained for small values of the length error) is paid with objects
that present a larger value of skew. As said, the algorithm in (Wu, Swan, and Yuksel
2019) obtained the best results for Shapes B and C. This finding suggests that, for
these kinds of shapes, the use of short rows and separate row progression can reduce
the skew.

Regarding the behaviour of the skew metric as a function of W (Fig. 14(b)), it
appears that values remain again almost constant for all the algorithms. This outcome
indicates that the metric is not influenced by the number of vertices generated by the
algorithm.
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Figure 14. Representation of the (a) length error and (b) skew as a function of W.

Table 2. Objective results for the skew metric (percentages) obtained by the three algo-
rithms for the considered shapes.

Shape (Capunaman, Bingdl, Proposed (Wu, Swan, and
and Giirsoy 2017) Yuksel 2019)
Shape A M = 22.4% M = 9.7% M = 10.90
SD = 0.160 SD = 0.084 SD = 0.121

Shape B M = 19.8% M= 17.7% M = 13.06%
SD = 0.138 SD = 0.149 SD = 0.142

Shape C M = 17.3% M = 14.9% M = 13.26%
SD = 0.116 SD = 0.146 SD = 0.137
Shape D M = 12.6% M = 10.1% M = 12.97%
SD = 0.115 SD = 0.089 SD = 0.140
Shape E M = 14.0% M = 11.6% M = 14.70%
SD = 0.144 SD = 0.171 SD = 0.151

5.3. Computation time

Table 3 shows the behavior of the computation time as a function of W for the con-
sidered shapes. The performance of (Capunaman, Bingdl, and Giirsoy 2017) and the
proposed algorithms was almost comparable for a small number of generated ver-
tices (W = W5). However, as the number of generated vertices increases (approaching
W = Wy ), the reference algorithm becomes slower than the proposed one. This is
due to the linking mechanism between vertices in adjacent rows, as the reference al-
gorithm checks, for each vertex, which of the vertices in the next row is closest to
it. The optimization of this part of the algorithm is mentioned among future works
by the authors of (Capunaman, Bing6l, and Giirsoy 2017). Conversely, the proposed
algorithm adopts a moving window with a fixed, finite size, which reduces the number
of operations to be executed at each step. As a result, a linear trend can be observed
for this metric, which highlights the scalability of the devised approach.

For what it concerns the third algorithm included in the comparison, it can be
noticed that it represents the slowest solution among the three. The observed results
are in line with data reported in (Wu, Swan, and Yuksel 2019). More specifically,
as stated by the authors, the slowest stages of their pipeline regard hand knitting,
simulating yarn-level and relaxation, and mesh-based relaxation. For the experiments,
the time associated to the first stages was not considered since they are executed only
for visualization purposes. Therefore, the time accounted in the evaluation was mainly
related to mesh-based relaxation that, as reported in (Wu, Shao, and Liu 2019), could
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Table 3. Objective results for the computation time obtained by the three algorithms for the considered
shapes.

Shape Size [cm] (Capunaman, Bingol, Proposed [ms] (Wu, Swan, and
and Gursoy 2017) [ms] Yuksel 2019) [s]
Shape A 0.25 117 67 3.13
0.20 231 106 5.77
0.15 559 183 15.03
Shape B 0.25 50 20 4.25
0.20 96 30 9.08
0.15 241 55 23.83
Shape C 0.25 17 12 4.36
0.20 39 19 10.43
0.15 82 38 27.06
Shape D 0.25 33 39 3.39
0.20 63 64 6.66
0.15 153 119 18.19
Shape E 0.25 91 58 5.51
0.20 180 93 12.21
0.15 437 163 30.05

take several seconds up to about a minute depending on the complexity of the mesh.

5.4. Visual comparison

Fig. 15 shows the manually crafted objects obtained by following the crocheting in-
structions generated by the proposed algorithms and (Capunaman, Bingol, and Giirsoy
2017) for the considered shapes. As said, the algorithm in (Wu, Swan, and Yuksel 2019)
was not considered for the comparison, as it relies on a different crafting technique
and the visual comparison of the stitches would be biased.

All the objects were aligned for the shooting. The inner parts of the objects were
filled in with soft material, in order to preserve the volume and highlight the shapes of
the crafted objects. Moreover, for Shapes B, D, and E, the objects were hung up using
a transparent thread, in order for them not to collapse during the shooting (though
making sure not the alter the shape resulting from the crafting).

Considering Shape A (Fig. 15(a)), the visual comparison highlights the presence of
some irregularities in the bottom part of the object obtained with the algorithm in
(Capunaman, Bingol, and Giirsoy 2017) that are missing in the other object. These
issues are due to the connection between a part of the object characterized by a
small skew with another that presents larger values. Another aspect revealed by the
comparison of the two objects is the higher fidelity of the overall curvature in the
object obtained with the proposed algorithm. It can easily observed that, as for all the
shapes, the starting point for crocheting the two objects is the same (the right bottom
corner, in this case). With the reference algorithm, however, the larger skew distorted
the crafted object making it assume a different shape.

For what it concerns Shape B (Fig. 15(b)), it is possible to note that the smaller
values of the length error metric observed with the proposed algorithm translate in
the possibility to better follow the marked asymmetrical changes of the surface. This
aspect is particularly evident in the bottom part of the shape, where the proposed
algorithm was able to preserve both the steep (on the left side) and smooth (on the
right side) increase of the surface radius.

The ability of the proposed algorithm to make the final object maintain the intended
curvature and the key role played, in this respect, by the inclusion of short rows, is
confirmed by Shape C (Fig. 15(c)). Due to the forces acting in fabric relaxation, the
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Figure 15. Outlines of the target shapes (left), and crafted objects produced by using the crocheting instruc-
tions generated by the reference (center) and proposed algorithm (right).
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object obtained with the algorithm in (Capunaman, Bingdl, and Giirsoy 2017) ap-
proximates a truncated cone, whereas the object created with the proposed algorithm
follows the target shape more closely thanks to short rows, which allow the shape to
bend naturally.

The results obtained on Shape D (Fig. 15(d)) highlight the even higher importance of
short rows for shapes with marked curvatures. It can be easily seen that the possibility
to use short rows where appropriate allowed the proposed algorithm to follow the
original control curve better than the one in (Capunaman, Bing6l, and Giirsoy 2017),
producing an object much more similar to the target shape. With the algorithm in
(Capunaman, Bingol, and Giirsoy 2017), fabric relaxation forced the structure of the
shape to stiffen, as for Shape C.

Moving to Shape E (Fig. 15(e)) and focusing first on the straight part of the object,
the visual comparison does not show significant differences between the two algorithms,
as the shape is nearly cylindrical and does not present relevant irregularities on its
surface. The branch on the right, in turn, shows a marked curvature; thus, outcomes
similar to those mentioned for Shapes C and D are obtained. In particular, it is possible
to notice the difficulties of the algorithm in (Capunaman, Bingdl, and Giirsoy 2017)
to follow the curvature due to the lack of short rows and the forces acting in fabric
relaxation, which do not allow the branch to follow the original shape.

6. Conclusions and future work

The present paper proposes a framework for the virtual prototyping of crocheted ob-
jects. The core of the reported work is the design and development of an algorithm
that is able to convert a target shape into the corresponding crocheting instructions.
The output of the algorithm can be used to physically make the object or to visualize
a 3D computer-generated geometrical reconstruction for it. Like other state-of-the-art
works, the proposed algorithm is based on the helix progression and considers ad-
ditional parameters regarding the thread size and the stylistic characteristics of the
crafting process. Additionally, the algorithm supports the use of short rows, which are
crucial for improving the quality of the final object. Experiments aimed at compar-
ing the proposed algorithm with state-of-the-art techniques in (Capunaman, Bingél,
and Giirsoy 2017) and (Wu, Swan, and Yuksel 2019)) generally showed its improved
performance in terms of error length, skew, computation time, and visual appearance.

These results represent significant advancements in the process of validating the
design of crocheted objects before moving to production, and make the proposed
framework an effective tool that could support industrial processes from different per-
spectives. For instance, the improvements in terms of error length, skew, and visual
appearance would enable a better analysis in the decision-making process, since the
generated virtual prototypes are more similar to the final products. Moreover, the
reduced computation time would allow to shorten the above process or to generate a
larger number of possible alternatives to be evaluated in the same amount of time.
These outcomes would translate into economic advantages, as already observed in dif-
ferent industries (Gomes et al. 2020; de Oliveira Neto and de Sousa 2014; Oliveira Neto
et al. 2014). Besides its applicability in the industry for improving the virtual proto-
typing stages, the framework and the generated instructions could also be leveraged
by artisans, as well as by hobbyists, to craft objects manually (e.g., the Amigurumi,
small, stuffed, and stylized creatures traditional of Japanese art that can be realized
using both the crocheting and knitting techniques.

22



Despite the promising results, the framework currently presents also some limi-
tations. For instance, a graphics user interface could be integrated in the proposed
framework to let the users interact in a more natural way with the generated surfaces.
The virtual prototyping functionalities of the framework could be enhanced, e.g., by
providing authoring tools to generate the object surfaces, or to apply changes whose
effects can be visualized in real time. Another limitation regards the lack of physics
simulation, which could prevent the users from visualizing the effects that forces (e.g.,
gravity) or different design choices (e.g., alternative materials) would have on the
structural rigidity of the object. In addition, industrial crocheting machines could in-
troduce some constraints regarding, e.g., the types of stitches supported; at present,
it is not possible to instruct the algorithm on these constraints.

Incorporating the above features in the proposed framework could represent inter-
esting directions for future research. Additional experiments could be also performed,
e.g., to assess performance based on subjective evaluations, to analyze the usability of
the framework, etc. Finally, tools for exporting the generated instructions to formats
supported by industrial crocheting machines like, e.g., “Knitout” .k (McCann 2017)
and “k-code” .kc, or to exchange formats such as XML (Zaharieva-Stoyanova and
Bozov 2017) could be also integrated in the framework.
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