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Fig. 1. We introduce CAD2Sketch to synthesize concept sketches directly from CAD sequences. Our work focuses on reducing the domain gap between
freehand concept sketches and synthetically generated ones. We achieve this by focusing on generating intermediate lines (i.e., scaffold and auxiliary
construction lines used by artists to reduce errors in ‘sighting’ perspective effects) and by recreating drawing style to reflect importance of lines. Here we show
three real-world sketches and three synthetic sketches generated with our approach. Can you tell them apart? (See Section 5 for answers.)

Concept sketches are ubiquitous in industrial design, as they allow designers
to quickly depict imaginary 3D objects. To construct their sketches with
accurate perspective, designers rely on longstanding drawing techniques,
including the use of auxiliary construction lines to identify midpoints of
perspective planes, to align points vertically and horizontally, and to project
planar curves from one perspective plane to another. We present a method
to synthesize such construction lines from CAD sequences. Importantly,
our method balances the presence of construction lines with overall clutter,
such that the resulting sketch is both well-constructed and readable, as
professional designers are trained to do. In addition to generating sketches
that are visually similar to real ones, we apply our method to synthesize
a large quantity of paired sketches and normal maps, and show that the
resulting dataset can be used to train a neural network to infer normals from
concept sketches. 1

CCSConcepts: •Computingmethodologies→Non-photorealistic ren-
dering; Parametric curve and surface models.

1Code and data available at https://ns.inria.fr/d3/cad2sketch/
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1 INTRODUCTION
Industrial designers routinely imagine 3D shapes, and use freehand
concept sketching to crystallize their mental visions and commu-
nicate them to collaborators and clients. Concept sketches often
contain a large number of construction lines that designers draw to
achieve accurate perspective. Early lines represent abstract shape
primitives (cuboids, cylinders) that are easy to draw, and that pro-
vide anchors to trace finer shape details. Intermediate construction
lines also help designers achieve proper alignments and propor-
tions, for instance by locating the midpoint of perspective planes.
Unfortunately, existing work in non-photorealistic rendering (NPR)
focused on reproducing feature lines of 3D models [Bénard and
Hertzmann 2019] and largely ignored the challenge of reproducing
the construction sequences that designers follow to draw such lines,
and that greatly contribute to the unique visual style of concept
sketches.

In addition to their aesthetic appeal, concept sketches are drawn
to communicate 3D information, and as such form a valuable in-
put for sketch-based modeling systems that hold the promise of
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accelerating the transition from freehand sketching to computer-
aided design (CAD). But recovering 3D information from concept
sketches is very challenging due to the inherent ambiguity of sparse
line drawings. As with many ill-posed visual computing tasks, deep
neural networks o�er a promising solution to map 2D drawings to
3D information after being trained on large datasets of paired draw-
ings and 3D shapes [Zhong et al. 2020a]. But due to the scarcity of
real-world sketches, existing methods resort to synthetic drawings
generated from 3D models for training. Unfortunately, thedomain
gapbetween synthetic and real data prevents these neural networks
to generalize well to real concept sketches [Gryaditskaya et al. 2019].

Motivated by applications in NPR and in sketch-based modeling,
we propose an algorithm to synthesize human-like concept sketches
from CAD models. Figure 1 showcases several sketches generated
with our method, which are di�cult to distinguish from real sketches
drawn by professional designers.

A key insight behind our approach is that concept sketching often
serves as a preliminary step to CAD modeling, to the point where
many similarities exist between the two work�ows [Henry 2012].
We distill and leverage these similarities to convert CAD models
into synthetic concept sketches. Working with CAD models brings
multiple advantages compared to 3D meshes: not only the boundary
representation of a CAD model captures precise feature lines of
the shape, the underlyingsequence of CAD operationsprovides the
entire creation history of the shape, which follows similar steps as
the ones followed by designers when sketching. CAD sequences
also encode additional information about design intent in the form
of constraints on alignment and proportion between parts of the
shape, which we exploit to generate the corresponding construction
lines. Furthermore, several large datasets of CAD sequences recently
became available [Koch et al. 2019; Willis et al. 2021], along with
libraries to parse such data [Wu et al. 2021], making the generation
of synthetic sketches from such data timely.

However, while auxiliary construction lines are critical to position
feature lines accurately in freehand drawings, they also introduce
signi�cant clutter if employed systematically. This is why design-
ers introduce construction lines with parsimony, deciding as they
construct their sketch whether a line is necessary to achieve an ac-
curate and legible depiction of the shape. We formulate this decision
problem as a binary optimization. Starting with an overcomplete
set of lines generated from CAD operations, our algorithm selects
which lines to keep such that the resulting drawing sequence trades
construction quality with sketch readability. We also observe that de-
signers reduce visual clutter by varying the opacity of their strokes,
using faint strokes for construction lines and darker strokes for the
�nal feature lines. We reproduce this style in the last step of our
method by copying the shape and opacity of strokes taken from
real-world sketches.

In a study with design teachers, our synthetic sketches were
judged to be of similar quality as real sketches. As an application,
we show that including stylized construction lines in synthetic
training data improves the performance of a normal predictor when
tested on synthetic as well as on real sketches. We will release our
source code and data to ease reproduction of our method.

2 RELATED WORK
Our work is motivated by data-driven methods for sketch-based
modeling, and is inspired by NPR algorithms that seek to render
3D shapes as line drawings. We discuss relevant work in these
two domains, and refer readers to recent surveys for more general
discussions [Bénard and Hertzmann 2019; Bonnici et al. 2019].

Sketch-based modeling.Recovering 3D information from line draw-
ings is an ill-posed task for which deep learning allowed signi�cant
progress over the past few years. By training deep learning mod-
els on large datasets of paired drawings and 3D shapes, several
methods succeeded in predicting depth, normal maps, voxel grids,
3D meshes, parametric shapes [Delanoy et al. 2018; Guillard et al.
2021; Huang et al. 2016; Li et al. 2020, 2018; Lun et al. 2017; Nishida
et al. 2016; Su et al. 2018; Zhong et al. 2020a,b]. Because real-world
drawings are costly to collect in large quantities, these methods
rely on NPR algorithms to generate synthetic line drawings from
3D models. Zhang et al. [2021] alleviate the need for paired data by
using di�erentiable rendering to compare their 3D reconstruction
to the input sketch, but their rendering algorithm only extracts the
silhouette of the object. While the synthetic drawings produced by
existing NPR systems form a reasonable proxy for drawings created
by novices [Wang et al. 2021], the recent study by Gryaditskaya et
al. [2019] reveals that they lack many of the lines that professional
designers draw to construct accurate perspective drawings from
imagination, and that a normal predictor trained with synthetic
lines fails to interpret professional concept sketches.

On the other hand, construction lines have been exploited with
success by algorithms based on geometric optimization, as they pro-
vide strong visual cues of parallelism and orthogonality that help
lift 2D strokes to 3D [Gryaditskaya et al. 2020; Schmidt et al. 2009b].
Our work is most related to the algorithm by Hähnlein et al. [2022],
who leverage properties of concept sketches to reconstruct draw-
ings of symmetric shapes, which they formulate as an assignment
problem. While we target the di�erent task ofgeneratingsketches,
we designed our method to reproduce several of the properties they
identi�ed, and we take inspiration from their formulation to de�ne
some of the terms in our score function.

Gryaditskaya et al. [2019] provide a detailed taxonomy of con-
struction lines, along with an analysis of their usage in a dataset
of over 400 industrial design sketches. We augment their study by
highlighting similarities between concept sketching principles and
CAD modeling operations. The similarities between concept sketch-
ing and CAD also inspired theSketch2CADmodeling system by Li
et al. [2020]. However,Sketch2CADtargets novice users and was
trained on synthetic drawings free of construction lines.

Non-photorealistic rendering (NPR).We developed our approach
by following a popular methodology in NPR, where domain-speci�c
principles are �rst derived from textbooks and artworks, and are
then implemented as algorithms [Agrawala et al. 2011]. Representa-
tive instances of this methodology include early work on pen-and-
ink [Winkenbach and Salesin 1994], cutaways [Li et al. 2007], and
other technical illustrations [Mitra et al. 2010]. We contribute to this
family of work by focusing on concept sketches (Section 3), which

ACM Trans. Graph., Vol. 41, No. 6, Article 279. Publication date: December 2022.



CAD2Sketch: Generating Concept Sketches from CAD Sequencesˆ 279:3

(a) Input CAD sequence (b) Generated lines (c) Selected lines (d) Stylized lines

Fig. 2. Overview. Our method takes as input a sequence of CAD operations, as common in history-based CAD modeling (a). We first generate a set of
design-inspired construction lines for each operation (b). We then reduce clu�er by selecting a subset of the lines, such that the resulting drawing balances
construction quality with readability (c). Finally, we stylize the lines by copying stroke shapes and opacity from a dataset of real design drawings (d).

despite being ubiquitous in industrial design, cannot be faithfully
reproduced by existing NPR methods.

A number of algorithms have been proposed to extract and stylize
lines from 3D surfaces, such as contours and creases [Bénard and
Hertzmann 2019; DeCarlo et al. 2003; Grabli et al. 2004, 2010; Hertz-
mann and Zorin 2000; Judd et al. 2007; Ohtake et al. 2004]. Yet, many
of the construction lines mentioned above do not lie on 3D surfaces,
but rather on imaginary geometric primitives that surround the
surface of interest. Recent methods based on deep learning using
paired [Liu et al. 2021, 2020] or unpaired [Chan et al. 2022] train-
ing data share the same limitation: they reproduce well surface
contours and creases that convey local surface discontinuities, but
they do not model construction lines that convey more global shape
abstractions, alignments and proportions (Figure 18).

Closer to our goal is the work by Hennessey et al. [2016], who
generate sketching tutorials by approximating a segmented 3D mesh
with geometric primitives, and by adjusting these primitives such
that they exhibit easy-to-construct proportions. Segmented meshes
are also used by Liu et al. [2014] to simulate observational drawing
techniques of organic shapes. In contrast, we take as input CAD se-
quences that already contain intermediate geometric primitives, and
we leverage the common visual vocabulary of CAD modeling and
concept sketching to convert CAD operations into sketching steps
not covered by Hennessey et al. [2016]. Our work also relates to the
algorithms proposed by Schmidt et al. [2007] and Gori et al. [2017],
who take inspiration from sketching techniques to depict smooth
surfaces using planar sections and other curvature-aligned curves.
But these methods do not consider the intermediate constructions
lines that characterize concept sketches in industrial design.

3 PRINCIPLES OF CONCEPT SKETCHING
In industrial design, artists typically use freehand drawings during
early exploration phases and switch to analytical CAD models in a
later prototyping phase. In what follows, we use the termconcept
sketchesto refer to freehand perspective drawings, while we reserve
the termpro�les to refer to the parametric 2D shapes that designers
create in CAD software to form 3D shapes via extrusion, revolution,
or lofting. We adapt this terminology to avoid confusion with the

term CAD sketchesthat is sometimes used instead ofpro�les in the
CAD community [Willis et al. 2021].

To bridge the domain gap between synthetically-rendered CAD
sequences and artist-drawn concept sketches, we studied the design
work�ow as documented in sketching guidebooks [Eissen and Steur
2008, 2011; Henry 2012; Hlavács 2014; Robertson and Bertling 2013]
and as recorded in datasets of concept sketches [Gryaditskaya et al.
2019] and CAD models [Koch et al. 2019]. The similarities and dif-
ferences between the two mediums result in unique characteristics
of concept sketches and CAD models, both in terms of content and
style. On the one hand, important principles of concept sketching
relate to common CAD operations [Henry 2012]. On the other hand,
while artists are trained to use auxiliaryconstruction linesto create
perspectively-correct sketches in freehand, such lines are redundant
in current CAD work�ow, where perspective projection is exact by
construction due to analytical handling of the camera projection.
We thus need to synthesize these lines to mimic freehand sketching.

(a) Midpoint (b) Alignments (c) Anchoring

Fig. 3. Freehand drawing in perspective. Tracing diagonals of a per-
spective plane allows to locate its midpoint (a). The rectangle can then
be divided into halves by tracing a vertical or horizontal line through the
midpoint. Vertical and horizontal lines also help align points in perspec-
tive (b). When multiple construction lines intersect, they result in salient
intersections of high valence through which new lines can be anchored (c).
Drawing sequence from [Gryaditskaya et al. 2020].
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