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Figure 1: With our animation interface, users can edit the shape and opacity of automatically generated silhouette curves
in a temporally consistent manner. In this case, a user changed the shape of the character’s hand lines through editing and
redrawing the curves to emphasize the movement. Towards the beginning and end frames, the user also added laugh lines

under the character’s eye and around the mouth. ©2023 Pixar

ABSTRACT

Linework on 3D animated characters is an important aspect of styl-
ized looks for films. We present CurveCrafter, a system allowing
animators to create new lines on 3D models and to edit the shape
and opacity of silhouette curves. Our tools allow users to draw, re-
draw, erase, edit and retime user created curves. Silhouette curves
can have their shape edited or reverted, and their opacity erased or
revealed. Our algorithm for propagating edits over tracked silhou-
ette curves ensures temporal consistency even as curves expand
and merge. Five professional animators used our system to animate
lines on three shots with different characters. Additionally, the ef-
fects lead from the short film Pete used our system to more easily
recreate edits on a film shot. CurveCrafter was able to successfully
enhance the resulting animations with additional linework.
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1 INTRODUCTION

When determining the look of a film, artists take into account
multiple elements including color, texture, and lines. Line work in
particular is important for defining the shape of characters and
scene elements and directing the viewer’s attention [14]. Multiple
recent 3D animated films incorporate lines into their style. In Pa-
perman, artists draw lines to define the silhouettes of characters as
well as internal features [23]. For Spiderman: Into the Spiderverse,
lines are used as detail elements for facial expressions and special
effects [35]. For painterly looks, lines are useful for clarifying edges
and directing the viewer’s gaze. The Mitchells vs The Machines and
The Bad Guys use colored silhouette lines to emphasize the charac-
ter’s clothing and hair [32, 34]. Pete adds black sketch lines around
characters to offset them from the watercolor background [33]. In
all of these examples, line work is integral to the final look and read
of the characters.

To create these styles, artists used a variety of systems which run
the gamut of 2D vs 3D and manual to automatic. In the 2D space
with more manual interventions, Paperman used Meander [42].
Lines are drawn in 2D for a frame and then moved between frames
using 3D motion data. In The Mitchells vs The Machines, silhouettes
lines are automatically detected in image space on the edges of
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characters and rendered in a thick marker style with their color
complementing the source location [15]. Another process is creating
lines directly on the 3D models. The lines in Spiderman were drawn
and rigged in 3D with the line locations initialized by machine
learning [38]. The Bad Guys used a combination of rigged lines
on characters, drawn lines on 3D sets, and image space detected
silhouettes [8, 9]. In Pete, the black outlines are detected in 3D space
on the models and then rendered using brush strokes which are
composited on top of the watercolor rendered backgrounds.

For all of these types of lines, they are either manually drawn or
automatically generated. When automatically generating lines on
3D models, the resulting curves may not be exactly what the artist
intended for that frame. As a result, a system is needed to allow
artists to add, edit or delete automatically generated 3D lines.

To investigate current workflows for fixing auto-generated lines
on multiple frames, we interviewed the effects lead on Pete about
their process (Figure 11). For each shot, 3D silhouette lines were
generated on the characters and props. However, this method re-
sults in artifacts where lines can sometimes appear and disappear
[10]. Since lines are individually generated at each frame, any fixes
on one frame need to be manually performed again on subsequent
frames. For fixes, the lines were brought into the Meander sys-
tem [42] where they were edited. About 70% of the shots in the
6 minutes and 30 second film had manual fixes to the lines. With
8,066 frames, 30 to 40% of those frames were manually edited. The
majority of those fixes (95%) were erasures and the remaining 5%
was a combination of an erase and draw to make a line consistent
across multiple frames. Most of the fixes were on the characters’
faces (nose and jawline) since small changes in facial lines affect
the expression the animator is trying to achieve.

We propose a novel UL CurveCrafter, which allows users to draw,
edit and erase new lines on 3D models. These lines are deformed
with the model and interpolated between frames. For silhouette
lines on characters, users can deform or erase the lines on one frame,
and the changes will be propagated to nearby frames. Our work-
flow improves the experience and reduces the tedium of manually
editing every frame to fix discrepancies in automatically generated
silhouette lines.

To validate our system, we conducted a user study with five
professional animators on three production shots. We also had the
effects lead on Pete use our system to recreate some of the edits
necessary for the final film. Our examples show comparisons of the
automatically generated silhouettes with the users’ edited versions.

Our contributions are:

o A Ul with tools allowing users to edit the shape and opacity
of 3D silhouette curves.

e An algorithm to propagate edits on silhouette curves be-
tween frames improving temporal consistency.

e An evaluation with five professional animators using our
system to create line edits on three shots.

e Comparison of our system to Meander [42] using a shot from
the short film Pete.

In the following sections, we will discuss related work and the
challenges of editing automatically generated silhouette curves.
After describing our Ul and how it is implemented, we will share
the findings from the user study and the animated results that were
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created. Finally, we use a shot from the short film Pete to compare
our UI to Meander [42] and discuss some limitations and areas for
future improvement.

2 RELATED WORK

We discuss previous work on sketch based interfaces, line editing
interfaces, silhouette generation, and inbetweening.

2.1 Sketch Based Interfaces

Sketch based interfaces with interactions in 3D fall into two main
categories: those that focus on AR/VR and those that work with 3D
modeling. When sketching in AR, users can utilize a combination of
2D, 3D and mixed reality techniques [3, 31, 44]. For using sketching
to build 3D models, some works are tailored towards novices [4, 28]
while others focus more on interaction techniques involving pen
and hand motions [29]. Most implementations convert 2D drawn
strokes to 3D curves or geometry [19, 24, 41, 45]. Additionally in
sketch based interfaces, there is a strong desire to stylize the strokes
that are created on 3D models [11, 12, 26].

2.2 Line Editing Interfaces

One of the most popular programs for editing lines is Adobe II-
lustrator which includes a range of functionality for drawing, ma-
nipulating and erasing vector line drawings [2]. However, these
operations are designed to perfect a single image and do not offer
techniques for multiple frames.

Examples of 2D animation systems include ToonBoom’s Har-
mony, TVPaint, and Disney’s Meander. Harmony and TVPaint allow
for a full suite of tools from drawing and editing lines to keyframing,
stroke matching and inbetweening [17, 40]. Meander is a hybrid
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Figure 2: Interface for the curve editing system. (a) The 3D
viewer. (b) The pose editor. (c) Menu to create silhouette
curves. (d) In order from left to right: Draw Tool, Erase Tool,
Reveal Tool, Edit Tool, Revert Edit Tool, Retiming Tool. ©2023
Pixar
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of a 2D animation system with 3D inpu2]. Artist-drawn curves 3 EDITING AUTO-GENERATED CURVES:
from a starting frame are advected to subsequent frames using a CHALLENGES

vector eld calculated from the motion of underlying 3D models.
Then, the artist can choose curves on subsequent frames to edit and
X. Because curves are advected and edited on subsequent frames,
there is a direct correspondence between curves on di erent frames
enabling matches for inbetweening.

In 3D software, Blender has implemented the Grease pencil ob-
ject which allows users to draw and edit 3D curveH.[Ways to
expand the Grease Pencil structure to allow for inbetweening have
also been exploredd. Other 3D drawing systems include Dream-
works' Squiggles which allows static curves to be drawn on 3D
models [8, 9].

Our system works with 3D curves and allows for interactivity
when drawing and editing curves. It also incorporates inbetweening,
and propagates edits between frames for automatically generated
silhouette curves. For the interpolation of silhouette curve edits, we
are unaware of previous work in academia or industry that solves
this problem.

When interpolating or propagating lines edits between frames, a
critical component is stroke correspondences across frames. Stroke
matching can be solved in a variety of ways. For strokes drawn at
one frame and edited at others, there is an inherent correspondence.
This method is the one that we use for matching. For strokes drawn
at di erent frames, some algorithms attempt stroke matching but
this process usually requires the changes in stroke shape to be
minimal [43. For curves automatically generated from 3D models,
the curves are advected based on mesh movements in order to
create correspondences between frames [7].

When adding linework to animation, it is very labor intensive
for artists to manually draw all the silhouette and accent lines on
a 3D character. Computing those lines automatically saves artists
e ort but traditionally limits the ability for control.

One challenge of editing automatically generated curves is their
frame density. These curves are calculated and keyframed at ev-
ery frame during the animation. In other systems, the curve are
sparsely populated only on keyframes with intermediate frames
2.3 Silhouette Generation interpolated. For our application of auto-generated curves, only

Before editing, silhouette curves must be detected over 3D objects. €dits and erasures have sparse keyframes whereas the curves being

Some techniques generate these curves from a 2D rasterized imageManipulated are keyed at every frame. .
based on edge ltersd, 20, 25 27. Other techniques use the 3D Due to these constraints, we propose a novel Ul system which
geometry as input to create 3D curveg]{ A survey by Bénard enables artists to edit automatically generated silhouette curves.
and Hertzmann provides a more in depth discussion of di erent

silhouette generation methods [10].
4 USER INTERFACE

2.4 Inbetweening Our system expands on Ul elements native to traditional 3D ani-
mation software. We incorporate a pose sheet to display and edit
keyframes and a 3D viewer to display 3D models and curves (Figure
2). The pose sheet shows the keyframes of di erent edits and curves,
allowing the viewer to delete or retime curve animations (Figure
2b). The 3D viewer enables the user to manipulate the viewing
angle and contains multiple prede ned camera positions (Figure
2a). The options for interacting with curves on a model are located
at the top of the viewer. Under th€reatemenu, one option allows
users to enable editing on a selected model (Figure 2c). The other
option automatically creates silhouette curves for the model and
viewer's camera position given the current frame range. A title bar
contains the tools for editing the curves (Figure 2d). Theaw
Tool allows users to create curves, or replace a curve by redrawing
its shape (Figure 3a and 4a), while tRease Tool removes curves
(Figure 4c and 5e). THedit Tool enables a manipulative widget,
similar to the one available in Meande#f), for editing the shape
and position of the curves. Arcs on the side allow for rotation while
the bounding box controls transformation and scaling. Clicking di-
rectly on the curve introduces a knot which enables more controlled
deformations (Figure 4b and 5b).

To edit automatically generated silhouette curves, two additional
tools are introduced. With th&Reveal Tool, any invisible curve
parts are shown with a pink line so they are easily detectable to be
brushed over and revealed (Figure 5f). To undo a deformation of a
curve, the user brushes over the curve with tRevert Edit Tool

Figure 3: (a) Drawing a new curve with (b) the default projec- which slowly pushes the curve shape back to the original silhouette
tion or (c) projection to the surface. ©2023 Pixar curve (Figure 5d).

Inbetweening is a challenging problem with two parts, stroke match-
ing and interpolation. An early work by Reeves compares three
di erent algorithms for inbetweening B§. Kort et aluses stroke
chains for matching and artistic control of the interpolation timing
[30d. A more speci ¢ case of similar keyframes was explored by
Whited et al[43. If using vector graphics, Dalsteiat alintroduce

a new data structure to support merging, splitting, appearing and
disappearing of strokeslffl. For cases that are slightly more com-
plicated than only 2D, Riverst alexplore inbetweening in the 2.5D
space [37].
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