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Abstract

Stroke correspondence construction is a precondition for vectorized 2D animation inbetweening and remains a challenging
problem. This paper introduces the FTP-SC, a fuzzy topology preserving stroke correspondence technique, which is accurate
and provides the user more effective control on the correspondence result than previous matching approaches. The method
employs a two-stage scheme to progressively establish the stroke correspondence construction between the keyframes. In the
first stage, the stroke correspondences with high confidence are constructed by enforcing the preservation of the so-called
“fuzzy topology” which encodes intrinsic connectivity among the neighboring strokes. Starting with the high-confidence cor-
respondences, the second stage performs a greedy matching algorithm to generate a full correspondence between the strokes.
Experimental results show that the FTP-SC outperforms the existing approaches and can establish the stroke correspondence
with a reasonable amount of user interaction even for keyframes with large geometric and spatial variations between strokes.

CCS Concepts

eComputing methodologies — Animation; Parametric curve and surface models;

1. Introduction

The generation of inbetween frames that interpolate a given set
of key frames is a major component in the traditional 2D ani-
mation process [JT95, IBiA09]. In the production of a 2D fea-
ture animation, drawing the inbetween frames is both tedious and
time-consuming, requiring many hours of intensive labor by skilled
professionals. Therefore, automation of the inbetweening process
would not only allow the artist to concentrate on the more creative
work of drawing the key frames, but it would also effectively in-
crease productivity for 2D animation [BW76,Dur91].

However, automatic inbetweening has proven to be a formidable
task [Cat78, FBC*95]. This is in part because the geometric infor-
mation is inconsistent between the key frames, e.g., due to changing
occlusion, which makes it near impossible to automatically match
two successive key frames to each other, especially in cases of
complex motion and large topology variation [DRvdP15]. There-
fore, most recent work focuses on computer aided inbetweening
where the artists are kept into the loop and are allowed to guide
or edit the results [Kor02, WNS*10, Yan18]. The success of such
systems comes from automating as much as possible while effort-
lessly deferring to user control whenever needed. In these systems,
the core of automatic process consists of identifying a correspon-
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dence between the strokes of consecutive key frames, known as the
stroke correspondence construction problem, and interpolating the
positions of the corresponding strokes along predetermined paths,
known as the stroke interpolation problem.

Most of the existing computer aided inbetweening techniques
are mainly concerned with the stroke interpolation problem, and
several practical solutions to the problem have been proposed,
such as the logarithmic spiral trajectory in [WNS*10] and the
context-aware interpolation of [Yan18]. For the stroke correspon-
dence construction problem, topology ambiguities, i.e., a feature
may be drawn with different number of strokes between succes-
sive key frames or a part in some keyframe may disappear in the
next keyframe due to occlusion, make it infeasible to construct
a full stroke correspondence between the successive key frames
by using the fully automatic local or global optimization strate-
gies [NSC*11,BZBM™16].

In [LCY*11,YBS™12], a stroke reconstruction algorithm is pro-
posed to resolve the topology ambiguities. However, such algori-
thm often fails in practice, since it is akin to a difficult artificial
intelligence problem to infer the occluded parts from the key draw-
ings or to associate the stroke(s) that correspond to a common fea-
ture between the successive key frames. Experiments show that a
feasible solution to the stroke correspondence construction problem
would be to keep the artist into the loop [WNS* 10, Yan18,Lim18],
e.g., drawing occluded lines or merging/spliting the strokes, ulti-
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Figure 1: A simple case is used to show the problems of the
one-to-one stroke correspondence using the approaches proposed
in [WNS*10] and [Yanl8]. The correspondence result between
the left and right key frames is automatically constructed using
[Yani8], where the same color indicates a correspondence. On the
other hand, the gap and imprecise intersection in the key frames
make [WNS™ 10] unsuitable for this case.

mately making possible the one-to-one correspondence between
the strokes on two successive key frames. Furthermore, to make this
solution practical and efficient, an effective matching technique for
one-to-one stroke correspondence is necessary, such that the loop
could be automated as much as possible.

Intuitively, establishing the one-to-one stroke correspondence
between two keyframes with the same number of strokes seems
technically simple. However, we find that this problem could be
very challenging especially in the scenario of 2D character anima-
tions where complex and exaggerated motions are often involved,
such that large geometric and spatial variations between strokes are
common, e.g., two disjoined strokes may become intersected with
each other in the next keyframe. As a result, the existing techniques
either rely on time-consuming manual intervention [Ree81], or are
unstable and error-prone, making them difficult to use in practice.

Figure 1 shows that even the state-of-the-art correspondence
techniques may fail in this simple case. For example, the system
of BetweenIT [WNS*10] builds the one-to-one stroke correspon-
dence upon the compatibility in the intersection and connectivity
between the strokes of the key frames. It needs to operate on very
clean drawings with well-connected strokes, because gaps and im-
precise intersections tend to cause incompatibility in the connectiv-
ity and intersection, as shown in Figure 1. Furthermore, BetweenIT
is also sensitive to the spatial variation between the strokes, since
such variation may destroy the compatibility in the strokes’ inter-
section and connectivity; thus, it is more suitable for tight pairs of
key frames, i.e., the involved motions are small or simple. Instead
of the connectivity-compatibility constraints, the CACAI [Yan18]
uses geometric shape of the strokes and their neighborhood infor-
mation to establish the one-to-one stroke correspondence between
the key frames. Obviously, this algorithm tends to generate mis-
matches when large geometric variations occur between the corre-
sponding strokes, as shown in Figure 1.

On the other hand, when mismatches occur, a straightforward
approach is to correct them one by one, as in [WNS*10]. However,
this tends to be tedious and somewhat laborious, since the num-
ber of strokes in the key frames is typically large and the strokes

may be very close to each other, which makes it hard to distinguish
them. The CACAI [Yan18] improves the user interaction by incor-
porating it into the matching process, such that a user correction
can have more control over the correspondence results. However,
we find that in practice such incorporation may become unstable,
e.g., a correction may introduce new mismatches, such that the user
correction cannot be performed in a moving-forward way which is
important in actual productions. A vivid example, corresponding to
Figure 1, is shown in the accompanying video.

In this paper, we present the FTP-SC, a fuzzy topology preserv-
ing stroke correspondence technique. The key observation is that
while the geometric shape and the spatial relationships between the
strokes may often vary between successive key frames, “intrinsic”
connectivity between the neighboring strokes is usually maintained
in many parts of the drawing, manifesting their visual features.
Throughout this paper, we use intrinsic connectivity to indicate the
(virtual) connectivity between the strokes that may not meet at end
points but can be considered to be connected at the feature level.
For example, this is the case in Figure 1, where most of the cor-
responding strokes have a very different geometric shape, but the
intrinsic connectivity between the horizontal stroke and the oth-
ers remains unchanged. Intuitively, the intrinsic connectivity is free
from the impact of the gaps and imprecise intersections between
the strokes, which is different from the geometric connectivity be-
tween the strokes.

The main implication of this observation is that it is possible to
design a robust and accurate algorithm for the stroke correspon-
dence construction between successive key frames. At the core of
our algorithm is a two-stage scheme where the high-confidence
stroke correspondences are derived in the first stage and are then
used in the second stage to guide the generation of a full correspon-
dence between the strokes. In order to exploit the characteristic that
the intrinsic connectivity tends to be maintained between the suc-
cessive key frames, we introduce the so-called “fuzzy topology”
which encodes the intrinsic connectivity among the neighboring
strokes. By enforcing the strict preservation of the fuzzy topology,
we are able to obtain the stroke correspondences with high confi-
dence. Furthermore, these high-confidence stroke correspondences
can be effectively employed to derive the correspondences between
the remaining strokes by using the neighborhood information.

The main contributions of this paper are:

e a simple but practical correspondence technique which uses
fuzzy topology to restrict the stroke association and thus is accu-
rate even when large geometric and spatial variations occur;

e an effective user correction scheme which exhibits user-friendly
‘moving forward’ property;

e a data-dependent stroke interpolation strategy which generates
natural inbetweening sequences for cases where locally large and
inconsistent motions are involved.

2. System Workflow

The FTP-SC focuses on vectorized 2D animation inbetweening,
where our prototype system is similar to the computer aided
inbetweening systems such as [Kor02], BetweenIT [WNS*10],
[Lim18], and CACAI [Yan18]. In the system, the artist draws the
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Figure 2: The occlusion between the strokes in (a) is automatically
handled by the system, as shown in (b).

clean drawings using strokes where a stroke, possibly with variable
width [SWT*05], is generated by vectorizing the pen’s trajectory as
the artist draws and is represented as a piecewise linear curve with
uniformly sampled points. The system does not set up constraints,
e.g., in the same drawing order, so that the artist can focus efforts
on the creative aspects when s/he draws the key frames.

Given a pair of successive key frames, called the initial and
the target key frame, respectively, the FTP-SC aims to construct a
one-to-one correspondence between the strokes of the key frames,
which serves as the basis for inbetweening and coloring in 2D
computer-assisted animation production [QSST*05,SDC09]. In the
following, we start by describing the two-stage FTP-SC technique
(Section 3) and then evaluate its effectiveness and practicality with
real production data (Section 5).

Like [WNS*10, Yan18,Lim18], the artist is kept into the loop for
resolving topology ambiguities in the correspondence in order to
establish the one-to-one stroke correspondence between the initial
and target key frames. As shown in Figure 2, the artist is allowed
to draw the occluded lines quickly in a layering-like scheme, and
the system will automatically toggle their visibility by using the
occlusion handling tools described in [WNS*10] and [Yan18]. In
addition, simple operations of stroke merging and splitting are pro-
vided to adjust the number of strokes; in practice, usually only a
small number (< 6) of adjustments are necessary.

3. FTP-SC: Two-Stage Correspondence Construction

Let {S;} be the set of strokes in the initial key frame and {7} be
the set of strokes in the target key frame. A general approach to the
stroke correspondence construction between {S;} and {7}} is to
define a metric for measuring the matching degree between strokes
and, then, to find the corresponding strokes which have maximum
matching degree between each other. Formally speaking, it is equi-
valent to the following optimization problem:

arg max ZMD(S,-,Tj), [@))
{GAY )

where each (i, j) corresponds to a pair of corresponding strokes S;
and 7}, and MD(e) returns the matching degree between a pair of
strokes. However, in real 2D animation production, the geometric
shape and the spatial relationships between the strokes may often
vary between the successive key frames, especially in cases of com-
plex or exaggerated motions. Therefore, no metric is perfect for all
cases, i.e., a metric may work well in some situations but fails in
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Figure 3: The concept of —connectivity and fuzzy topology. For
clarity and simplicity, we represent a stroke by a line segment. (a)
With a threshold o = 5, the stroke S has the intrinsic connectivity
with the strokes S1, S», S3 and Sy, respectively, since us(Sy) =1,
us(S3) =2, us(Sa) =0, and ps, (S) = 4, all of them being less than
o, (b) The fuzzy topology of S is the ordered set {py,p2,p3,P4}
where p; is associated with the stroke S;, i =1,2,3,4.

others. Ultimately, we have to add various considerations into the
metric with respect to different cases, which will make the metric
very complex and quite difficult to maintain.

Our solution is to find certain common characteristics between
successive key frames which may not be general enough for all
strokes, but can be used to derive some correspondences with high
confidence. Based on this strategy, the key idea of the two-stage
FTP-SC technique is to generate the correspondences with high
confidence at first. Then, remaining correspondences are obtained
under the guidance of the high-confidence ones and, thus, are more
probably correct. An overview is shown in Figure 4 and the accom-
panying video.

3.1. Preliminary definitions

In order to exploit the common characteristics between successive
key frames that we have observed, we begin with the definitions of
intrinsic connectivity and fuzzy topology, as illustrated in Figure 3.

Definition 1 Let S be a stroke in the initial key frame. The intrinsic
connectivity between S and the other strokes in {S;} is character-
ized by a connectivity function which associates with each S; its
“grade of having the intrinsic connectivity with S,” ug(S;), in {S;}.

Intuitively, the function ug(S;) is similar to the membership
(characteristic) function in the concept of fuzzy sets [Zad65], and
describes how closely a stroke S; approaches to the stroke S. Since
the connectivity between the strokes is mainly manifested by their
endpoint connections, we compute ug(S;) as the minimum of dis-
tances from the end points of S; to the stroke S.

Then, given a threshold a,, for any pair of strokes S; and S in the
initial key frame, we say “there is the intrinsic connectivity with
respect to o between S; and S; when ys,(S;) < o or us,(S;) < @,
thus also called o.—connectivity”.

Definition 2 Let S be a stroke in the initial key frame. The fuzzy
topology of S is an ordered set of points Fs = {p1,p2,.--,Pks---}
which has the following properties:
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Figure 4: Top row: an overview of the two-stage correspondence construction where the stroke correspondences established at each stage
are indicated using the same non-black color; Bottom row: the greedy algorithm working for the stage one. At this stage, the SI-component
automatically detects an initial seed, i.e., the red strokes; Given a seed, the CD-component finds the unmatched strokes that have intrinsic
connectivity with the seed strokes, i.e., the blue strokes, and derives a list of candidate corresponding pairs between them if the seed strokes
have a compatible o.—topology; the SP-component selects one from all of the candidate corresponding pairs and establishes a correspon-
dence between the strokes in the pair, obtaining a new seed. Please see the accompanying video for a live example.

(a) Each p; is associated with a stroke in {S;} that has the
o—connectivity with S, and no two (p;)s correspond to the
same stroke,

(b) Let p; be associated with the stroke Sy. The point py is on S,
and is coincident with an endpoint of S when ug, (S) < a; or, is
the projection point of an endpoint of Sy to the stroke S when
ns(Sk) < o,

(c) The order of py in the set is determined by its position on §
when traversing the stroke from its beginning to the end.

Note that (a) means when multiple (p;)s correspond to a same
stroke, only the one with smallest grade is chosen. Since the fuzzy
topology of a stroke is dependent on its —connectivity with other
strokes, we also call it “a—topology”. Both of these concepts can
be straightforwardly applied to the strokes of the target key frame.

3.2. A greedy algorithm for two-stage correspondence

In the two-stage FTP-SC technique, a greedy matching algorithm
is employed in each stage to find the correspondences between the
strokes of the key frames. The algorithm consists of three basic
components: seed initializing (SI), candidate deriving (CD), and
seed picking (SP), and can be described as follows:

An overview of the greedy matching algorithm is shown in the
bottom row of Figure 4. In the two-stage FTP-SC technique, the
SP-component remains fixed, while the concrete implementations
of the SI-component and the CD-component differ between stage
one and stage two.

Matching degree. In the greedy matching algorithm, we need
to measure the matching degree between two strokes. Many ex-
isting metrics can be used for this purpose such as the differ-
ences in area and arc-length [WNS*10], visually-based composi-
tion [Yan18], shape context [SKKO03], or perceptually-based met-

Algorithm 1: Greedy Matching Algorithm

1 h: a heap of storing the candidate pairs of corresponding
strokes, which is keyed on matching degree between the strokes

2 Perform SI-component to obtain one or multiple pairs of corre-
sponding strokes, {(S;,7})}, as the initial seed(s);

3 For each initial seed, i.e., a pair of corresponding strokes, CD-
component is performed to derive from it a list of candidate
stroke pairs which are pushed into the heap #;

4 while / is not empty do

5 // Perform SP-component:
6 Pop from the heap & the candidate stroke pair with maxi-
mum matching degree;
7 if the strokes in the candidate pair are yet unmatched then
8 A correspondence is constructed between the strokes in
the pair, leading to a new seed;
9 Perform CD-component to derive from the new seed a
list of candidate stroke pairs which are pushed into the
heap h.
10 end
11 end

ric [LWZ*04]. In our implementation, we use the similarity trans-
formation to align two strokes and, then, measure their matching
degree as the shape difference between them. Such a measure is
usually robust and accurate and the computation is fast since it has
an analytical form [CG97, YF09].

(© 2018 The Author(s)
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3.3. Stage one: fuzzy topology preservation

In this stage, we restrict the correspondence between the strokes
by preserving their fuzzy topology, such that the correspondences
with high confidence are obtained (see Figure 4). This can be done
by performing the greedy matching algorithm proposed in Section
3.2. In its SI-component, each of strokes in the initial key frame
is matched to each of strokes in the target key frame, where the
pair with maximum matching degree is chosen as the initial seed.
Then, in the CD-component, we realize the constraint of the fuzzy
topology preservation as follows.

Given a seed, i.e., a pair of corresponding strokes (S;,7}), the
CD-component is performed to derive from it a list of candi-
date stroke pairs. Note that the directions of strokes S; and T
are made consistent by aligning their vertices (see Section 4). Let
Fs, = {p1,p2,---, Pk, ---} be the a—topology of the stroke §; and
Fr, = {41,492, ..,4x,-..} be the a—topology of the stroke 7;. We
say strokes §; and 7} have a compatible a.—topology if and only if
Fy, and Fr; are in one-to-one correspondence, i.e., Fs, and Fr; have
the same number of elements. In practice, the value of a is depen-
dent on the resolution and the size of the drawings. Our solution is
to pre-define an initial value of & and then decrease o = ot — 1 until
o = 0 or when Fy, and Fr; are compatible in fuzzy topology with
respect to current o In our experiments, we use o0 = 5 as the ini-
tial value for all examples and find that it works well for imprecise
placement of strokes such as gaps and imperfect intersections.

In order to strictly preserve the local fuzzy topology of the
strokes S; and Tj, the CD-component derives the candidate stroke
pairs for S; and T; only when Fs, and Fr, are compatible in
a—topology. To do so, we successively pick out each element py
from Fy, and its counterpart g from Fr;, and then create a candidate
stroke pair by matching the stroke associated with py to the stroke
associated with g;. An illustration is given in Figure 5.

3.4. Stage two: neighborhood competition

In this stage, the greedy matching algorithm is performed once
again to generate a full correspondence between the strokes, as
shown in Figure 4. In its SI-component, the initial seeds are ob-
tained from the high-confidence correspondences that are generat-
ed in stage one. Given a seed, i.e., a pair of corresponding strokes
(Si,T;), the CD-component will use their neighborhood informa-
tion to derive a list of candidate stroke pairs in the following way.

For each stroke, we obtain its neighborhood information from
k strokes that are nearest to it, where the distance between two
strokes is defined as the minimum vertex distance between them.
Let N(S;) and N(T;) be the strokes in the neighborhood of §; and
T;, respectively. With respect to S;, we extract the relative position
information for each stroke in N(S;) as follows. First, the princi-
pal component analysis [Sh114] is applied to the vertex positions of
Si, obtaining a major eigenvector u whose direction manifests the
main orientation of the stroke S;. Then, a local coordinate system is
formed as: L = (o,u,ul), where o is the barycenter of S; and L is
a 2D operation such that (x,y) = (—y,x). Finally, for each stroke
in N(S;), its barycenter is transformed into the local system L and,
then, its relative position information with respect to S; is deter-
mined by the vector which is from o to the transformed barycenter

(© 2018 The Author(s)
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Figure 5: Fuzzy topology preservation is realized by the CD-
component in stage one. The red strokes are a pair of correspond-
ing strokes and {p1, p2,p3} and {q1,q2,q3} are their a—topology
which are compatible. The CD creates three candidate pairs by
matching each Sy, which is associated to py, to the stroke Ty, which
is associated to qy, where k = 1,2,3. Note that in this special case
q» and q3 are coincident so we need to re-determine their order
in the a—topology. We achieve this by using the matching degree
between the strokes, e.g., Sy is matched to T, but not to T3, because
the matching degree between Sy and T, is higher.

- T

(a)

Figure 6: Extraction of neighborhood information. (a) A target
stroke (the red one) and its neighborhood (the blue ones: Ty, T>,T3)
where the stroke barycenters are shown in circular dots and a local
coordinate system is derived from the red stroke; (b) The relative
position information of T\ (or Ta, T3) with respect to the red stroke
is represented by the vector by (or b, b3).

in L. Similarly, the relative position information with respect to 7
can be extracted for each stroke in N(T}), as shown in Figure 6.

Given a stroke in N(S;) and a stroke in N(7}), assuming their
relative positions with respect to S; (or 7}) are described by the vec-
tors a and b, respectively, we consider their relative positions to be
similar when @(a,b) < 6, where ©(e, @) returns the angle between
two vectors. To derive the candidate stroke pairs, we associate each
stroke of N(S;) to each stroke of N(Tj) if they have similar rela-
tive positions with respect to S; (or 7). In our experiments, we use
k=6 and 6 = ¥ for all examples.

3.5. Additional details

The general algorithm of the two-stage FTP-SC technique is given
so far, but we still need to consider several issues in practice.

User intervention. While the two-stage FTP-SC technique
is able to effectively improve the robustness and accuracy of the
stroke correspondence construction, mismatches may still occur in
practice. For example, when the geometric shape of the correspond-
ing strokes differ significantly between the initial and target frames,
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Figure 7: An inbetweening with large and inconsistent motions. (a, d) The initial and target key frames; (b, c) Interpolation result att = 0.5
where the context mesh at this interpolating time is shown in purple line. In (b), the edge connections of the context mesh are derived using
the approach of [Yanl8], while the invalid edge connections are removed in (c) by using our data-dependent strategy. Note that in (c) four
edge connections between the left arm and lower skirt are not removed under the threshold D, since the motions of the left arm and the lower
skirt are visually consistent (see the live example in the accompanying video).

the SI-component in the stage one may detect a wrong correspon-
dence as its initial seed, possibly leading to a poor correspondence
accuracy, as shown in the example ‘A’ of Figure 11. Fortunately,
the FTP-SC technique enables us to incorporate the user correc-
tion in an easy way, i.e., simply replacing the initial seed in the
SI-component of stage one with the user-specified one(s). Such in-
corporation makes the user intervention very efficient, since it al-
lows one user correction to have more influence and control over
the correspondence results. As shown in our experiments, such us-
er correction scheme also exhibits user-friendly ‘moving forward’
property which is important in actual productions.

Extensibility. Note that the proposed two-stage FTP-SC tech-
nique is independent of the practical implementations of the stage
one and stage two. The new strategies can be easily incorporated
into the two-stage scheme in a ‘plug-in’ and ‘plug-out’ manner.
For example, if the key frames correspond to very clean drawings
and have similar spatial relationships between the strokes, the strat-
egy of [IWNS*10] can be employed in the stage one to generate the
stroke correspondences with high confidence, instead of the fuzzy
topology preservation. In the stage two, when the spatial distribu-
tion of the strokes is uniform in the key frames, we can also obtain
the neighborhood information of a stroke from the strokes whose
distance to the stroke is within a threshold.

4. Generating Inbetweening Sequences

In order to generate the inbetweening sequences between the initial
and target key frames, vertex correspondence between each pair of
corresponding strokes is necessary. A straightforward approach is
to align the vertices of the strokes using the proportional arc-length
principle, as adopted in [WNS™10]. Many more complex and ele-
gant algorithms have also been proposed [SG92,CEBY97,SKKO03].
We use the feature-based approach introduced in [LWZ*04, YF09],
where salient points (endpoints and curvature extrema) are detect-

ed on the strokes and then associated by the dynamic programming
technique. This approach can guarantee that the visually salient fea-
tures are associated between the strokes. It is also very fast, since it
operates on the salient points whose number is much less than the
number of the strokes’ vertices.

4.1. Data-dependent stroke interpolation strategy

For the generation of inbetweening sequences, we use the context-
aware technique [Yan18] to interpolate the corresponding strokes
between the key frames. This technique preserves the structure be-
tween the strokes and is able to incorporate the logarithmic spiral
trajectory [WNS™10] by specifying the path points. For brevity, we
will only recall the core idea of the approach and refer the reader
to [Yan18]. The core idea is to build a pair of the so-called compat-
ible context meshes to represent the spatial structure between the
strokes of the initial and target key frames. A context mesh con-
sists of vertices and edge connections between vertices, as shown
in Figure 7. During interpolation, it is the edge connections that
take the responsibility of preserving the spatial structure between
the strokes.

In practice, we find that the edge connections may introduce un-
acceptable distortions when locally large and inconsistent motions
are involved. An example is shown in Figure 7, where the motion
of the girl’s arms is large and is obviously inconsistent with that of
her hair; however, the edge connections between the arms and hair
will tie them together during the interpolation, ultimately leading to
distortions, as shown in 7(b). In our solution, we detect such edge
connection by analyzing its vertex motion. For an edge connection,
let (p1, p2) and (q1,g2) be its vertex positions in the initial and tar-
get key frames, respectively. Then, the displacements for the two
vertices of the edge connection are: ¢g; — p; and g — p», denoted
as d; and dj, respectively. We denote DIF as the difference be-
tween the two displacements and measure it by: DIF =|| d; —d> ||.

(© 2018 The Author(s)
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Figure 8: Correspondence result of a simple case where the auto-
matically detected initial (red) seed is in the dashed circles.

Given a threshold D, we consider an edge connection to be invalid
when DIF > D, and remove it from the compatible context meshes,
as shown in Figure 7(c).

However, it is difficult to pre-define a default value for the thresh-
old D. If the D is too small, it may remove the desired connec-
tions; on the other side, the invalid connections may not be detect-
ed when the D is too large. To tackle this problem, we propose a
data-dependent strategy to determine D. Given a pair of compatible
context meshes, let {DIF|,DIF,,...,DIF,...} be the set of dis-
placement differences between vertices of their edge connections. It
is reasonable to assume that these vertex displacement differences
follow a normal distribution. We compute the mean and standard
deviation of the data set, and denote them as u and G, respective-
ly. Since the locally large and inconsistent motions are usually few,
the invalid edge connections would correspond to a small probabil-
ity event, i.e., the number of DIFj, that is greater than D is small.
Therefore, we can determine D as: D = u+ 36. In experiments, we
find that this strategy works very well for the detection of invalid
edge connections, as shown in Figure 7(c).

5. Results

In this section, we present the results of experiments with the two-
stage FTP-SC technique. Our goal is to evaluate the effectiveness
of the proposed technique against practical requirements, including
accuracy, user interaction, stability, and efficiency. All experiments
were run on a 3.6GHz Intel Core(TM)i7 processor (32GB RAM)
with single thread. The proposed technique is very fast. For exam-
ples shown in the paper, the time for stroke correspondence is about
12 ~ 49 ms, while the interpolation rate is about 90 ~ 322 FPS.

Accuracy: In this experiment, we tested the FTP-SC on exam-
ples of different complexity. To evaluate the accuracy, the FTP-SC,
except specifically stated, was run automatically without user in-
tervention. We start with easy cases where the strokes are similar
in both geometric shape and spatial relationships. Figures 4 and 8
show the correspondence results. In these cases, all of the source
strokes are correctly matched to their corresponding target ones. It
shows that it is sufficient for the FTP-SC to use the information on
fuzzy topology, geometric shape and neighborhood to construct a
full stroke correspondence. In Figure 9, the input data are harder
than the previous ones because the geometric shape changes sig-
nificantly between some of the corresponding strokes. we can see
that all of the corresponding strokes are matched to each other even
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Figure 9: Correspondence results of key frames with large geo-
metric variation where the initial seed is shown in red thick line.

Figure 10: Correspondence results of key frames with large spatial
variation. At each row, the left and middle are the automatically-
generated result. In top row, the right shows the correct result
where one user correction is sufficient. Moreover, as shown in the
right of the bottom row, when one user correction is applied on the
girl’s left leg, i.e., the strokes in green thick line, all of the mis-
matches on the girl’s lower body are corrected. Note that the user
corrections are shown in thick line.

when some of them have very different shape, e.g., the strokes on
the lower body, which shows that the two-stage FTP-SC can effec-
tively accommodate the geometric variations.

Figure 10 shows results of particularly hard case where large ge-
ometric and spatial variations between strokes occur. The example
in the top row is relatively simple because the number of the strokes
is small (20 strokes at each keyframe). For this example, 4 mis-
matches are generated (80% accuracy) and only one user-correction
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Table 1: Statistical information of User Testing

Fig. 11 #Mismatch Number of user corrections
’ (Accuracy) | User 1 2 3 4 5
A 31 (0%) 2 3 2 3 1
B 37 (81%) 7 8 8 7 8
C 33 (76%) 8 13112 (12 | 11
D 4.(93%) 2 2 2 2 2

is needed for a fully correct correspondence. In the bottom row,
the key frames have many large shape changes and spatial varia-
tions, and thus are more challenging for the correspondence algori-
thm. For this case, the automatic FTP-SC generates 31 mismatches
(58% accuracy) and the fully correct correspondence result can be
obtained with 9 user corrections, as shown in Figure 13.

Comparison. It is very difficult for the state-of-the-art tech-
niques of [WNS*10, Yan18] to handle all of the cases mentioned
above. For example, it is impossible for the approach of [WNS*10]
to construct the stroke correspondences in Figure 10, since the spa-
tial relationships between the strokes have a significant change such
that the stroke intersection and connectivity between the keyframes
are totally incompatible in some portions. In addition, due to the
large shape variation in Figure 9 and at the bottom row of Figure
10, the approach of [ Yan18] is unsuitable for these cases, as demon-
strated in the following experiment.

User Interaction and Stability: In 2D animation, complex and
exaggerated motions tend to cause large geometric or spatial varia-
tions, such that mismatches are unavoidable for the automatic cor-
respondence algorithms. Therefore, user intervention is necessary.
Our FTP-SC technique provides an efficient user correction scheme
and exhibits user-friendly ‘moving forward’ property which is im-
portant in actual productions. In this experiment, we evaluate these
properties for the FTP-SC technique by conducting the following
user study.

Stage I: User Testing. We invited 5 users, 3 men and 2 women,
to evaluate the user interaction of the FTP-SC. One of the partici-
pants is an animator and the others are graduate students. Each of
participants was given 4 examples which have different complexity,
as shown in Figure 11. For each example, mismatches occur in the
first automatic run of the FTP-SC due to the geometric and spatial
variations, as shown in the second column of Table 1. Then, each
user was asked to correct the results using the FTP-SC where the
current mismatch information after each user correction would be
recorded by the system. Table 1 lists the total number of user cor-
rections which are made by each participant in order to achieve a
fully correct correspondence result for each example. The dynam-
ic mismatch information after each user correction is illustrated in
Figure 12. We can conclude that though the process of user inter-
action may change with the different user correction behavior and
example complexity, the FTP-SC generally enables the user to cor-
rect mismatches in an efficient and ‘moving forward’ way.

Stage 11: Comparison. To further verify that the FTP-SC is more
accurate and allows a more effective user interaction, we carried
out a second stage of the user study. We gave the animator two ex-
amples of different complexity, i.e., that of Figure 9 and the bottom

User 1 —— User 1 —e—

2 —— 2 ——
30 3 | =
4 —a— 4 ——

5 —w— ™ —~_ 5 —u—

o 0
01 2 3 4 5 6 7 8 9 10 M 12213 0 1 2

Figure 12: User Testing: dynamic mismatch information of each
example during the user interaction process of each participant.
For each chart, the x-axis represents the number of user correc-
tions, while the y-axis shows the number of mismatches in the cur-
rent correspondence result.

FTP Correspondence —e—
CA

FIP Correspondence —e—
CAl A

cAl

0
0 2 3 4 s & 1 8 9 012345678 91011121314151617 181920212223

Figure 13: Comparison between the FTP-SC and the correspon-
dence approach of the CACAI [Yanl8]. The left chart corresponds
to the example in Figure 9 and the right chart corresponds to the
example at the bottom row of Figure 10, where x-y axis is the same
as in Figure 12. Note that the curve of FTP-SC in the left chart cor-
responds to a point at (0,0) since no mismatch occurs in FTP-SC
for this example.

row of Figure 10, and ask him to establish the stroke correspon-
dence using the correspondence method of the CACAI [Yan18] and
the FTP-SC, respectively. The dynamic correspondence informa-
tion is shown in Figure 13. It is shown that with the FTP-SC the
animator needs 0 and 9 user corrections respectively to establish
the correspondence for the given examples, while he needs 9 and 23
user corrections respectively by using the approach of [Yan18]. Ad-
ditionally, it is also shown that the user interaction in the approach
of [Yan18] may often ‘turn back’ but not ‘move forward’, i.e., a
user correction may introduce the new mismatches, as illustrated
in the left chart of Figure 13. Therefore, we can conclude that the
FTP-SC is more accurate and stable than the method of [Yan18],
and thus is more efficient and easy to use in practice.

Efficiency and System Evaluation: As stated in Section 2, we
embed the FTP-SC technique into a computer-aided inbetweening
prototype system. An inbetweening result is demonstrated in Figure
14, and more results are shown in the accompanying video.

(© 2018 The Author(s)
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Y

Figure 11: Examples used in the user testing. For each example, the automatically-generated result is shown. Note that the FTP-SC detects
a wrong correspondence as the initial seed for the example ‘A’, i.e., the red thick strokes, leading to a poor accuracy (0%).

Table 2: Efficiency Gain

Figure #Inb. Strk  Interactions  %Eff. Gain
8 (Cloth) 220 10 96
10 (Hand) 300 16 95
14 (Gunman) 414 39 91

In actual productions, it has been proven that the practical solu-
tion to the stroke correspondence construction problem would be
to keep the artist into the loop [WNS*10, Yan18, Lim18]. Though
drawing the occluded lines or merging/splitting strokes will induce
some extra workload in the key frames, there is still significant ef-
ficiency gain. It comes from that (a) from the animators’ feedback
it is convenient and easy for them to draw the occluded parts in
the key frames if necessary, (b) the operation of the stroke merg-
ing/splitting is simple, with just a mouse click, and (c) the sys-
tem automates as much as possible, e.g., it automatically toggles
the visibility of the occluded parts by using the occlusion han-
dling tools. Using our prototype system, the inbetweening exam-
ples shown in the paper and the accompanying video, which are
from real production, were completed in roughly from 6 to 43 min-
utes, not including the drawing time of the key frames. However,
the hand-drawn version of the corresponding inbetween frames in
real production took approximately from 90 minutes to 16 hours.

In Table 2, we provide a quantitative measure of efficiency gain
of using the system. In the system, the user interaction is not on-
ly used in the FTP-SC but also used for adjusting the number of
strokes and handling occlusion. We assume that each user interac-

(© 2018 The Author(s)
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tion has the same workload as drawing a stroke though it is typi-
cally much easier than drawing a precise stroke in the final frame.
Then, a rough measure of efficiency gain can be taken as one mi-
nus the ratio between the interaction count and the total number of
strokes in the inbetween frames.

6. Conclusion and Discussion

In this paper, we have presented the FTP-SC, a fuzzy-topology p-
reserving correspondence technique for the stroke correspondence
construction between a pair of key frames. A novel two-stage
scheme is designed to progressively construct the stroke correspon-
dences. This scheme allows us to control and guarantee the corre-
spondence quality by strictly preserving the so-called fuzzy topol-
ogy of the strokes in the first stage. A full stroke correspondence,
more probably correct, is thus able to be generated in the second
stage under the guidance of the results from the first stage. Our
method also supports the easy and effective incorporation of the
user involvement. Both results and user studies indicate that the
FTP-SC is accurate and efficient even for the keyframes with large
geometric and spatial variations between the strokes. Furthermore,
a data-dependent stroke interpolation strategy has been proposed
which generates natural inbetweening sequences for cases where
the locally large and inconsistent motions are involved.

Limitations and future work. When the initial seeds are far
away from the other strokes, the FTP-SC may not detect enough
high-confidence correspondences by preserving the fuzzy topolo-
gy; thanks to the effective user interaction the high-confidence cor-
respondences can be increased by manually specifying more seeds.
The FTP-SC may fail in the very complex key frames, as shown
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Figure 14: An inbetweeing result where the occlusion between the strokes is automatically handled by the system.

Figure 15: A failure case where the correspondence result after 11
user corrections is shown. For this case, it’s impossible to establish
the correspondence with a reasonable amount of user interaction.

in Figure 15. In this example, the key frames have a large num-
ber of strokes where it is even difficult for a human to determine
which strokes should be associated with each other between some
portions of the key frames, due to the significantly changing ge-
ometric shape and spatial relationships between the strokes. One
possible solution to such complex cases is to manually decompose
the key frames into several relatively simple parts and then establish
the stroke correspondence between each pair of the corresponding
parts. Moreover, in the current system, we let the user split/merge
strokes to eliminate the difference of the strokes’ number between
the corresponding features. To further reduce the user interaction,
(semi-)automatically performing this task is one direction of the
future work. To reach this goal, it seems necessary to segment the
strokes into small pieces, and then to analyze and match the strokes
on the basis of their sub-segments.
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