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Figure 1: Overview of lattice-guided human motion deformation. (a) Input motion and obstacles. The obstacle (green sphere)
overlaps with the input motion. (b) A lattice is constructed so that it covers the input motion. (c) The lattice is deformed to
avoid intersection of the body and obstacles. The joint positions (red dots) of each frame pose are altered based on the lattice
deformation. (d) An output pose of the deformed motion is computed from the altered joint positions.

ABSTRACT

In this paper, we propose a lattice-guided human motion deforma-
tion method. Our key idea is to warp the motion space by apply-
ing an existing shape deformation technique to efficiently realize
motion deformation for collision avoidance. An input motion is
deformed based on the deformation of a lattice that covers the in-
put motion. The lattice is constructed so that it covers an input
motion, and it is deformed to avoid still or moving obstacles. The
constraints to deform the lattice are determined based on the inter-
sections between the vertices of the lattice that overlaps the char-
acter’s body during the input motion and the space—time volume
of the obstacles. Using these constraints, the lattice is deformed by
applying an as-rigid-as-possible shape deformation. The joint po-
sitions of each frame pose of the input motion are altered by the
lattice deformation and used to deform that frame pose. By intro-
ducing a lattice deformation, the constraints to deform a pose can
be efficiently obtained while keeping space—time consistency. We
evaluated our method using several motions and situations. The
results show the effectiveness of our approach.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full cita-
tion on the first page. Copyrights for components of this work owned by others than
the author(s) must be honored. Abstracting with credit is permitted. To copy other-
wise, or republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. Request permissions from permissions@acm.org.

MiG 17, November 8-10, 2017, Barcelona, Spain

© 2017 Copyright held by the owner/author(s). Publication rights licensed to Associ-
ation for Computing Machinery.

ACM ISBN 978-1-4503-5541-4/17/11...$15.00
https://doi.org/10.1145/3136457.3136475

CCS CONCEPTS

« Computing methodologies — Animation; Motion process-
ing; Mesh geometry models;

KEYWORDS

Human Motion Deformation, Collision Avoidance, Lattice, Shape
Deformation

ACM Reference Format:

Masaki Oshita. 2017. Lattice-Guided Human Motion Deformation for Col-
lision Avoidance. In Proceedings of MiG ’17. ACM, New York, NY, USA,
6 pages. https://doi.org/10.1145/3136457.3136475

1 INTRODUCTION

Motion deformation that adopts existing human motion data to
a new environment or situation is often required in both off-line
animation editing and on-line human motion synthesis. Motion
deformation for collision avoidance (i.e. deforming a motion to
avoid still or moving obstacles) is an especially difficult problem,
because an obstacle is a space-time volume and the constraints
needs to avoid them are not clear. Keeping consistency between
frames when deforming each frame pose is also an issue.

In this paper, we propose a lattice-guided human motion de-
formation method. Our key idea is to warp the motion space by
applying an existing shape deformation technique to efficiently
realize motion deformation for collision avoidance. An input mo-
tion is deformed based on the deformation of a lattice that covers
the input motion. An overview of our method is shown in Fig-
ure 1. The lattice is constructed so that it covers the input motion
and is deformed to avoid still or moving obstacles. The constraints
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to deform the lattice are determined by the intersections between
the vertices of lattice that overlap the character’s body during the
input motion and the space-time volume of the obstacles. Using
these constraints, the lattice is deformed by applying an as-rigid-
as-possible shape deformation [Alexa et al. 2000; Chao et al. 2010;
Sorkine and Alexa 2007]. The joint positions of each frame pose
of the input motion are altered according to the lattice deforma-
tion and used to deformed the frame pose. By introducing a lattice
deformation, the constraints to deform a pose can be efficiently ob-
tained while space-time consistency is maintained. We evaluated
our method using several motions and scenarios, and the results
show the effectiveness of our approach.

The remainder of this paper is organized as follows. Section 2
reviews related work and Section 3 provide an overview of our
method. Section 4 describes lattice construction and deformation.
Section 5 explains motion deformation and Section 6 presents the
experimental results and discussion. Finally, Section 7 concludes
this paper.

2 RELATED WORK

There are various methods for pose deformation. Inverse kine-
matics [Wei and Chai 2011; Zhao and Badler 1994] is one common
technique. There are several approaches to inverse kinematics such
as numerical, analytical, and data-driven methods. To apply in-
verse kinematics, the target position(s) of the end-effector(s) must
be specified. Inverse kinematics is often used for generating or de-
forming a reaching motion when the end-effector and target posi-
tion are specifically determined. However, this is not suitable for
collision avoidance because the specific constraints for the end-
effectors cannot be determined. Moreover, if inverse kinematics is
applied to each frame pose, the consistency between frame poses is
not guaranteed. Some path planning algorithms can be combined
with inverse kinematics for generating or deforming collision free
motions [Shapiro et al. 2007; Yamane et al. 2004]. However, such a
path planning algorithm must repeat local deformation to avoid
collisions, and it is difficult to deform the overall pose and motion
smoothly.

Space—time optimization is an approach for motion synthesis
[Gleicher 1998; Liu and Popovic 2002; Witkin and Kass 1988]. It
can be used to deform a motion in order to minimize an objective
function while meeting some constraints. Although it is possible to
define an objective function for collision avoidance, because the di-
mensionality of human motion is very high, there is no guarantee
that a plausible motion can be generated. Moreover, this approach
incurs high computational costs and cannot generate an output
motion within a reasonable time.

Motion warping [Witkin and Popovi¢ 1995] is a fundamental
technique for motion editing and is widely used. However, it is usu-
ally applied in joint space. Motion warping in 3-dimensional space
is not straightforward. It is possible to deform an end-effector tra-
jectory in 3-dimensional space and use it with inverse kinematics
[Lee and Shin 1999]. Warping a full-body pose in 3-dimensional
space is not common and is the novelty of our approach.

Combining computational geometry with character animation
is an interesting approach. Shape deformation is commonly used to
deform a character’s geometry given skeleton poses for rendering.
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However, this type of geometric deformation does not influence
character pose or motion. Ho et al. [2010] introduced an interac-
tion mesh to maintain the relationship between two characters or
between a character and the environment. Al-ashqar et al. [2013]
introduced a relationship descriptor to maintain the relationship
between a character and the environment. These methods are suit-
able for maintaining a distance from the environment including
still obstacles. However, they are not suitable for collision avoid-
ance for moving objects. Iwamoto et al. [2015] introduced a multi-
layer lattice model for the physical simulation of secondary skin
deformation.

Generating avoidance motion for given moving obstacles is a
challenging problem and various approaches have been developed
[Oshita and Masaoka 2011; Wampler et al. 2010; Zordan et al. 2007].
Most previous methods take a data-driven approach and find an
appropriate motion from a collection of motions based on given
obstacles. However, these data-driven approaches require a large
number of motions to handle arbitrary obstacles in general. By
combining a motion deformation method with such a data-driven
approach, more appropriate avoidance motions can be generated.

3 OVERVIEW

This section provides an overview of our method. Our method con-
sists of three steps: lattice construction, lattice deformation, and
motion deformation.

Given an input motion and still or moving obstacles, our method
deforms the input motion to avoid the obstacles and generates an
output motion. Our method deforms each frame pose of the input
motion. The duration of the motion does not change. In addition,
our method maintains the foot-contact constraints of the input mo-
tion. This constraint is introduced to avoid simply translating the
whole motion to avoid obstacles. Instead, the character is expected
to avoid the obstacles by deforming the frame poses during the
motion while keeping the foot-contact constraints. Depending on
the obstacles, it may not be possible to avoid all of them. In such
case, our method generates an output motion where the character
tries to avoid the obstacles but eventually collides with them. We
consider this to be a reasonable output.

A human character model is represented as an articulated figure.
A pose is represented by the position and orientation of the root
(the pelvis) and joint rotations. A motion is represented by a series
of poses. In our experiments, a character model with 18 joints is
used.

Each still or moving obstacle is a space—time volume. They can
be represented in any way as long as collision detection and pene-
tration depth can be computed. In our implementation, the obsta-
cles are represented by a set of spheres. The size of each sphere can
be either be a constant or time-varying function. A moving obsta-
cle is additionally represented by the trajectory of the sphere.

Basically, our method deforms a single character motion. It can
be applied to deform multiple characters’ motions that interact
with each other. For example, our method can calculate the avoid-
ance motion of one character in response to an attack motion of
another character. In this case, only the avoiding character’s mo-
tion is deformed and the attacking character’s motion is treated as
the motion of a moving obstacle. Deforming multiple characters’
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(c) deformed lattice and constraints

Figure 2: Lattice deformation. Constraints for penetration avoidance are visualized by the green segments.

motions together is more complicated. It can be done by repeating
small deformations of each character’s motion. However, such an
application is outside of the scope of this paper.

4 LATTICE CONSTRUCTION AND
DEFORMATION

4.1 Lattice Construction

A lattice is constructed so that it covers the entire input motion.
Using the joint positions of all frame poses of the input motion,
we determine the axis-aligned minimum bounding box. A lattice
is generated by dividing the bounding box at a specific size. In our
experiment, the size of each cell is 0.1 X 0.1 X 0.1m.

4.2 Collision Detection and Constraints

This step determines the constraints for each vertex of the lat-
tice based on the intersection between the vertices of the lattice
that overlaps the character’s body during the input motion and the
space—time volume of the obstacles. Not all vertices of the lattice
need to avoid the obstacles. Only the vertices at which the charac-
ter’s body and obstacle both occur should be moved to avoid the
intersection.

First, a time-varying probability function is computed for each
vertex of the lattice. When the vertex overlaps any part of the char-
acter’s body, the probability becomes 1.0. Otherwise, the probabil-
ity is 0.0. The time-varying probability functions for all vertices
are determined based on the frame poses of the input motion.

Second, the overlap between the vertices and obstacles are checked
for all frames. Because we use spheres to represent obstacles, as ex-
plained in Section 3, the overlap between the obstacles and vertices
is easily checked.

Third, for the vertices that overlap the obstacles, the spatial con-
straints needed to move to a target position for penetration avoid-

ance are determined. Determining such target positions is not straight-

forward. If the vertices are simply moved to the nearest point on
the surface of the overlapping obstacle, even though these vertices
could avoid overlapping with the obstacle, the lattice still overlaps
with the obstacle. To avoid this kind of situation, a group of ver-
tices that overlap with the same obstacle should move in the same
direction to deform the lattice. For this purpose, we move the ver-
tices toward the center of the input motion. The center of motion ¢
is computed from all frame poses in advance. Each vertex is moved
in direction

di =C—Vj, (1)
where v; is the i-th initial vertex position. The distance to the near-
est surface in direction d; is computed to determine the target po-
sitions of the vertices. When a vertex overlaps with obstacles in
multiple frames, the target position is computed for each frame
and the target potion that is farthest from the initial vertex posi-
tion is used as the spatial constraint. An example of the constraints
for penetration avoidance is shown in Figure 2 (b).

4.3 Fixing Constraints

As explained in Section 3, our method maintains the foot-contact
constraints of the input motion. To satisfy this constraint, the bot-
tom of the lattice is fixed to the ground. Without these constraints,
the whole lattice would simply be translated to avoid obstacles
and the input motion would not be deformed. Therefore, fixing
constraints are necessary. The fixing constraints are given to all
vertices that contact the ground. Our method can handle uneven
ground as well.

4.4 Lattice Shape Deformation

Based on the constraints on the vertices of the lattice, the lattice
is deformed so that the shape of original lattice is maintained as
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(a) joint positions of input motion

(b) translated joint positions
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(c) deformed pose

Figure 3: Translation of joint positions. (a) Initial joint positions are represented by blue dots. (b) Translated joint positions
are represented by red dots. (c) Deformed pose based on the translated joint positions.

much as possible while satisfying the constraints. To realize such a

5.2 Pose Deformation

deformation, we employ an as-rigid-as-possible deformation [Alexa et al. The frame pose is deformed to satisfy translated positions p/. As

2000; Chao et al. 2010; Sorkine and Alexa 2007]. Essentially, this
deformation preserves the energy for each triangle shape,

EM) =Y ar . wi|(xi-x) - (xi-x) @

teT ijet

where T is a set of triangles in mesh M, a; is the area of triangle ¢,
and {i, j} is a pair of vertices. In addition, x; and x] are the positions
of the i-th vertex before and after deformation, respectively. The
energy is measured by the sum of the norm of the edge vector
changes. We used the libigl software library [Jacobson et al. 2016]
for our implementation.

5 MOTION DEFORMATION

Motion deformation is realized by deforming each frame pose in-
dependently. Because the pose constraints are determined based
on the lattice deformation, the space-time consistency of the con-
straints and deformed poses is guaranteed. To deform a pose, the
joint positions are translated based on a lattice deformation and
the pose is determined based on the altered joint positions.

5.1 Translation of Joint Positions

The positions of the root (pelvis) and all joints are translated based
on the initial and deformed lattices so that their local positions
within the lattices are preserved. First, joint positions p; are com-
puted using forward kinematics from the frame pose. Second, their
local positions are determined from the initial lattice. The local po-
sition contains the cell that contains position ¢; and the barycen-
tric coordinate position within cell b;. Third, translated positions
p; are obtained based on the deformed lattice, ¢;, and b;. An ex-
ample of translation of joint positions is shown in Figures 3(a) and

(b).

each joint point is translated according to the lattice deformation,
the body length constraints between connecting joints may be bro-
ken. In practice, the body length errors do not become very large
because we use as-rigid-as-possible shape deformation. However,
the deformation still causes some errors. Our method handles these
errors and determines a stable output pose.

The root orientation and rotations of all joints are calculated to
satisfy the constraints as much as possible. Each rotation is deter-
mined from the root to the end-effector joints independently.

When the joint is connected to one joint (e.g., the arm and leg
joints), the joint rotation is computed to satisfy the position of the
connecting joints. The rotations of the i-th joint r; is computed by

r; = (p; — pi) X (pj — pi), (3)
where j is the connecting joint, p; and p; are the current positions,
and p;. is the target position of the j-th joint. In addition, r; is a
rotation vector whose direction represents the rotation axis and
whose length represents the rotation angle. Joint rotation matrix
R; is computed from r;.

When the joint is connected to three joints (e.g., the pelvis and
chest joint), the rotation is computed to satisfy the positions of the

three connecting joints. The rotations of i-th joint R; are computed
by

Vi = Pj~Di 4)

vi = pi-pi ®)
-1

R, = (V]'-v,'cv;) (VijVl> (6)

where j, k, and [ are three connecting joints and R; is a 3x3 rotation
matrix. Because rotation matrix R; may become irregular, it must
be normalized so that each column vector becomes 1.0 in length
and is perpendicular to the others.
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Using the above algorithm, all joint rotations are computed de-
terministically. As mentioned above, the constraints may not be
satisfied. Although it is possible to introduce an optimization pro-
cess and repeat small deformations until the errors of the joint po-
sitions are minimized, we did not take such an approach because
it makes the deformed poses nondeterministic and may break the
consistency between frame poses.

6 EXPERIMENTS AND DISCUSSION

We evaluated our method using motion capture clips and manually
specified obstacles. Some results are shown in Figure 4 and the ac-
companying video. We successfully generated deformed motions
that avoid stationary or moving obstacles.

The average execution times were measured on a standard desk-
top computer with an Intel Core i7-6700 3.4 GHz CPU. The lat-
tice deformation process took 1.025, 0.484, and 0.607 s in the cases
of Figure 4 top, middle, and bottom, respectively. The lattice sizes
were 7 X 29 X 19, 10 X 10 X 18, and 9 X 14 X 18, respectively. The
pose deformation process per frame took 0.00012 s on average and
0.00038 s at most.

There are several limitations of our current method that can
be observed in the results. Because the motion space is deformed
before the motion deformation and the lattice itself does not an-
imate during motion, when the character’s body passes the same
point on the lattice more than once, unnecessary avoidance move-
ment can be generated. For example, in our results for twisting and
punching motions, when the character moves back to the initial
pose after twisting and punching, unnecessary avoidance move-
ment is generated. This problem can be solved by animating the
lattice shape during motion. However, this solution could be com-
putationally inefficient and make the deformed motions unstable.

As discussed in Section 5.2, because the joint positions are al-
tered based on a lattice deformation, the constraints of the char-
acter’s skeleton such as body lengths and possible range of joint
rotation are not maintained. In our results, changes in the distances
between joints (body lengths) did not become a problem. The de-
formed poses are successfully computed by our method. However,
the possible range of joint rotation is not always satisfied and un-
feasible poses sometimes appear. This problem can be solved by
introducing limitations to the joint rotation during pose defor-
mation. However, the deformed poses may not satisfy the joint
positions and cannot avoid obstacles. Moreover, when a pose is
substantially deformed, the balance of the character might not be
maintained. Basically, our method is intended to deform original
poses a little to avoid obstacles. When a large deformation is re-
quired for collision avoidance, motion deformation is not suitable
and the motion must be changed to another motion to handle the
obstacles.

Our method is limited to 3-dimensional space and does not de-
form motion in the time domain. Because the duration of motion
does not change, when a large pose deformation occurs, the char-
acter may move very quickly. When avoiding a moving obstacle,
control of the motion timing is important, although it is not con-
sidered by our current method.
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The cell size could be an important parameter in our method.
As mentioned in Section 4, we used 0.1 X 0.1 X 0.1 m in our exper-
iments. When the cell size is too large, the constraints for collision
avoidance are not determined properly and the deformed motion
penetrates obstacles. When the cell size is too small, the shape de-
formation still works properly. However, the computational cost
increases. In our experiments, as the lattice sizes are relatively
small, the shape deformation (as-rigid-as-possible deformation) is
completed quickly (in less than one second) and the whole process
for motion deformation runs in real time.

7 CONCLUSION

In this paper, we proposed a lattice-guided method for human mo-
tion deformation. Our key idea is to warp the motion space by ap-
plying an existing shape deformation technique to realize motion
deformation for collision avoidance efficiently. By introducing a
lattice deformation, the constraints needed to deform a pose can be
efficiently obtained while maintaining space-time consistency. Al-
though the current method has several limitations, we believe that
our approach is novel and promising. Our future work includes
extending our method to solve these limitations.
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