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Fig. 1. Parsing freehand drawings into CAD programs. In this example, the user simply draws the final shape of the hammer and the anvil (a, strokes
colored by drawing order as red → yellow). From this input, Free2CAD produces a corresponding set of CAD commands (c), thus freeing the user from having
to mentally parse how to construct the shape with valid CAD operations. At the core of our system is a deep sequence-to-sequence neural network that
automatically segments the input drawing into groups of strokes (b), each group representing a part of the shape that can be produced by a unique CAD
command. Our system sequentially processes each groups to recognize and fit the corresponding CAD commands, yielding a CAD program which, when
executed, produces a 3D shape that is faithful to the input drawing (d).

CAD modeling, despite being the industry-standard, remains restricted to
usage by skilled practitioners due to two key barriers. First, the user must be
able to mentally parse a final shape into a valid sequence of supported CAD
commands; and second, the user must be sufficiently conversant with CAD
software packages to be able to execute the corresponding CAD commands.
As a step towards addressing both these challenges, we present Free2CAD
wherein the user can simply sketch the final shape and our system parses the
input strokes into a sequence of commands expressed in a simplified CAD
language. When executed, these commands reproduce the sketched object.
Technically, we cast sketch-based CAD modeling as a sequence-to-sequence
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translation problem, for which we leverage the powerful Transformers neu-
ral network architecture. Given the sequence of pen strokes as input, we
introduce the new task of grouping strokes that correspond to individual
CAD operations. We combine stroke grouping with geometric fitting of
the operation parameters, such that intermediate groups are geometrically
corrected before being reused, as context, for subsequent steps in the se-
quence inference. Although trained on synthetically-generated data, we
demonstrate that Free2CAD generalizes to sketches created from real-world
CAD models as well as to sketches drawn by novice users.

Code and data are at https://github.com/Enigma-li/Free2CAD.
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1 INTRODUCTION
Computer-Aided-Design (CAD) is the industry standard for creating
3D shapes, but its inherent complexity has so far restricted its usage
to a small elite group of expert users. CAD teachers have long
identified two major challenges that prevent effective use of CAD
software by novices [Bhavnani et al. 1999; Chester 2006]. First, users
need to mentally decompose the shape they wish to model into a
succession of geometric operations supported by CAD software – a
skill referred to as strategic knowledge. Second, users need to find
how to execute each operation within the software interface – a skill
referred to as command knowledge. In this paper, we make a step
towards addressing these two challenges by proposing Free2CAD, a
sketch-basedmodeling system that turns a complete drawing of a 3D
shape into a sequence of CAD operations reproducing the sketched
object. We demonstrate the feasibility of such as system by focusing
on a simplified CAD language of positive and negative extrusions,
which is sufficiently expressive to create CAD models of moderate
complexity from novice drawings as illustrated in Figures 1.
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Fig. 2. Drawing order. Pilot study to assess variations in drawing order
across eight different users when asked to draw a CAD model. We use the
classical autumn color coding (i.e., red → yellow) to visualize the stroke
drawing order. Users, with varying expertise, demonstrate different drawing
patterns. Less skilled users draw from left to right (D1 and D3) or front to
back (D2), while more skilled users (D4 to D8) draw the object part-by-part.

In order to assess drawing strategies of novice users, we first
conducted a pilot study (see Figure 2). When asked to draw a target
3D shape, different users adopted different strategies. Some users (D4
to D8) drew the shape as a sequence of simple primitives – starting
with a box and then subtracting a cylinder and a prism – as is
expected by prior interactive systems for constructing CAD models
with sketching gestures [Jorge et al. 2003; Zeleznik et al. 1996] or
step-by-step sketching [Li et al. 2020; Nishida et al. 2016]. However,
other users (D1 to D3) drew directly the outline of the entire shape
and its details, from left to right, top to bottom, starting to draw new
parts before completing the other parts. We designed Free2CAD
to be robust to these different drawing permutations, effectively
freeing users from the burden of strategically constructing their
drawings as sequences of clearly separated steps.
Our system takes as input a single perspective drawing of the

envisioned 3D shape, represented as a sequence of pen strokes
drawn within our user interface in a known camera view. Inspired
by the cognitive process of expert CADmodelers, our system groups
the pen strokes into parts that can be produced by individual CAD
operations, and recognizes which operation should be executed for

each part. Since ordering the operations is an ambiguous task, we
assume that users draw the shape from coarse-to-fine, such that
the first stroke of each group appears before the first strokes of
subsequent groups. Yet, we allow the groups of strokes to overlap
in time to accommodate the different drawing orders observed in
our pilot study.
Grouping pen strokes into CAD operations raises novel chal-

lenges compared to traditional sketch segmentation [Yang et al.
2021]. First, in contrast to semantic segmentation where each class
has a fixed number of labels, the drawings we need to segment are
composed of an arbitrary number of groups. Second, the CAD oper-
ation depicted by a group of strokes should apply to the (contextual)
geometry produced by preceding operations, which introduces an
implicit sequential dependence between the groups. To tackle these
challenges, we propose a tailored sequence-to-sequence neural net-
work architecture capable of processing variable numbers of groups,
and of segmenting one group of strokes at a time, conditioned on
the groups that have been already segmented. Importantly, our al-
gorithm interleaves stroke grouping, CAD operation recognition,
and operation execution, such that each of these steps benefits from
contextual feedback on what has been constructed so far.
In the absence of a dataset of aligned, real-world drawing and

CAD modeling sequences, we train our system by generating a
large amount of synthetic CAD sequences that we render in the
style of a line drawing. This synthetic data provides us with ground
truth group labels to train our stroke grouping module. However, de-
spite reaching reasonable grouping accuracy, this module inevitably
introduces prediction errors at test time, which propagate to sub-
sequent groups when the model is executed in an auto-regressive
fashion. Various strategies have been proposed in the literature on
sequential architectures to deal with this so-called exposure bias
[Mihaylova and Martins 2019], such as mixing ground truth labels
with predicted labels during training to teach the model to recover
from mistakes. We use the unique geometric setting of our prob-
lem to propose a novel solution to this challenge. Specifically, we
leverage the fitting procedure to identify strokes that have been
mislabeled within a group, and use this information to correct the
grouping information before executing the model to predict the next
group. By interleaving grouping prediction and geometric fitting,
our design effectively injects 3D information within the grouping
task, achieving higher accuracy than its naive counterpart.
We evaluate our system on user-drawn sketches, as well as on

drawings generated from publicly available CAD sequences [Willis
et al. 2021]. In both cases, Free2CAD can successfully convert a
drawing to a sequence of ordered CAD operations (see Figure 1).
Note that in both cases we test our system on out-of-training data,
thereby evaluating the generalization behavior of Free2CAD.

In summary, we introduce the following contributions.
• A novel neural network architecture for stroke grouping.
This sequential architecture supports an arbitrary number
of strokes and an arbitrary number of groups, sequentially
producing one group at a time.

• An interleaved segmentation and geometric fitting scheme
that leverages inferred 3D geometry to improve (subsequent)
grouping of strokes that represent CAD operations.
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