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Abstract

We propose a physically inspired stretching model for non-rigid
bodies with linear skeletons. Given an input model composed of
linear skeleton segments, it extract scaling matrices that can be di-
rectly used in skinning animation. The stretching model evaluates
stretching of the body cause by gravitational force and stretching
of the body caused by muscle contraction. Our model is based on
small deformation theory, which can be directly applied on cylin-
drical shapes. Since the input body may differ from a cylindrical
shape, it is decomposed into several cylindrical parts and stretching
factors are calculated for each part individually. Next, the body is
stretched along the skeleton based on the function derived from the
sum of skeleton curvature. Finally, a system for the visualization
of a particle-based simulation using linear blend skinning is created
and enhanced with out stretching model.
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1 Introduction

When visualization of the particle-based simulation is needed, the
simulation is performed and positions of all the particles can be vi-
sualized. This is good approach when the visualization is displayed
locally - on the same machine as the simulation is performed. The
situation changes, if we require to visualize the simulation remotely
- on a client machine. Due the bandwidth limits, we might not be
able to stream all the positions of particles during the simulation at
every time step. In that case, it is possible to lighten the bandwidth
using skinning animation for an approximation, instead of visualiz-
ing all the particles. In order to perform skinning animation, only
the positions from one time step with skinning data have to be trans-
ferred and later only skeleton transformations have to be transferred
at every time step during the animation.

However, classical skinning animations use matrices composed of
rotations and translations only. The simulated body may also ex-
hibits other changes in the shape, e.g. compression caused by grav-
itational force or muscle contractions. In our modification, stretch-
ing of the body caused by gravitational force and muscle contrac-
tion is performed. Since the amount of stretching is dependent on
local change in volume and curvature around each skeleton seg-
ment, the change of the volume is approximated using Shape Diam-
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eter Function (SDF) [Shapira et al. 2008] and change in curvature
is approximated by angle between neighboring skeleton segments.
The body is approximated by cylinders and gravitational force is
applied on the body using small deformation theory. Our stretching
model needs non-rigid body with a linear skeleton as an input. The
linear skeleton S is in this case a set of skeletal segments, where
each skeletal segment s is defined as a vertex pair (v;,v;), such
that v; € R3,Vj € R3. Next, the change of SDF of the body and
curvature of the skeleton is calculated across all the data sets from
the simulation. The measured data are then used for calculation of
parameters used to fit our stretching model into the dataset.

A related work to skinning techniques and physically-based simula-
tions is given in Section 2. Our elasticity inspired stretching model
is described in Section 3. In Section 4, an example of application
focused on visualization of physically-based particle simulation is
given. Finally, Sections 5 and 6 give a view on the results and limi-
tations of our model.

2 Related Work

Linear blend skinning and dual quaternion skinning [Magnenat-
Thalmann et al. 2004; Kavan et al. 2008; Kavan and Sorkine 2012;
Kim and Han 2014] are particularly widespread geometrical skin-
ning techniques. Both techniques are capable of capturing the rota-
tion of skeletal bones which makes them useful for reconstruction
of rigid motion of a non-rigid body. The transformations of ver-
tices at run time are a weighted sum of skeletal transformations.
The required weight can be created manually by artist or they can
be automatically generated [Jacobson et al. 2011]. However, the de-
sired non-rigid motion is not captured as these techniques represent
rotational and translational differences. Example based, physically
inspired or physically based techniques were developed in order to
capture the non-rigid transformations of soft bodies.

More complex geometrical methods try to reproduce physically
based deformations with heuristics. In [Jacobson and Sorkine
2011], authors have developed a method that supports stretching
and scaling of the mesh using skinning technique. The method sup-
ports stretching in the direction of each bone. Some methods [ Yang
and Zhang 2005b; Forstmann et al. 2007] try to reproduce non-rigid
transformations using anatomy-based heuristics. All above men-
tioned methods produce transformations which depend on the ani-
mation skeleton and predefined constrains. Therefore, they are not
suitable to replicate effects that are independent of skeletal trans-
formations.

Example-based methods [Mohr and Gleicher 2003a; Wang et al.
2007; Shi et al. 2008; Wang et al. 2013] create the final anima-
tion from a set of input frames. The resulting skinning algorithms
can deform models in real-time. Unfortunately, these methods are
mainly based on the input poses. Therefore, non-rigid deformation
not captured in the input set of frames cannot be reproduced and the
stretching parameters cannot be changed during the animation.

Physically based simulations can credibly reproduce secondary mo-
tions and skin response to external stimuli based on anatomical data
[Ng-Thow-Hing 2001; McAdams et al. 2011] or physical models
[Kim and Pollard 2011; Hahn et al. 2012; Tan et al. 2012]. The


http://crossmark.crossref.org/dialog/?doi=10.1145%2F2788539.2788545&domain=pdf&date_stamp=2015-04-22

(@)

(b)

© (d)

Figure 1: Non-rigid body gravitational compression. From left to right (a) non-rigid body is simulated; (b) rigid transformations are extracted
and used to deform the body, the body is shown from inside; (c) due to gravitational force F the body is deformed using extracted rigid
transformations as well as using our non-rigid stretching factors; (d) ground truth from physical simulation.

approaches are usually solved using finite elements method and are
computationally too expensive to be performed in real-time. While
the results of the animation could be performed offline, simulated
models would require to transfer all vertex data for each time step
of the simulation which might be impossible due to limited band-
width.

Physically based methods try to reproduce the effects of physical
simulations, while requiring only a fraction of time. For example
[Kavan and Sorkine 2012; Vaillant et al. 2014] proposed methods
witch try to emulate skin contact and muscle bulging which occurs
at joints of vertebrates. Above mentioned techniques have in com-
mon that they react to the motion of the underlying skeletal struc-
ture. Therefore, external stimuli such as compression of soft body
under gravitational compression are ignored.

3 Elasticity Inspired Stretching Model

The basic idea of our model is shown in Figure 1. During simula-
tion of non-rigid bodies (see Figure 1(a)) we can extract the rigid
movement as translations and rotations of an animation skeleton.
However, when we apply this transformations the resulting mesh
ignores non-rigid transformations caused by gravitational force F
(see Figure 1(b)) and muscle stretching. After applying our stretch-
ing factors (see Figure 1(c)) we can achieve a result which is much
closer to ground truth shown in Figure 1(d), without any additional
computational power needed on the client-side.

Rigid transformations constructed from rotational differences in an-
imation skeleton allow us to represent general movement of an an-
imated non-rigid body. However, the body undergoes transforma-
tions which also affect its width, height, and length. Width and
height of the body are primarily affected by gravitational pressure.
The length of the body is mainly affected by the contraction of its
muscles. We need to enhance skinning by transformations which
would approximate these physical effects occurring during the sim-
ulation. The calculated transformation factors should satisfy the
following criteria:

e The resulting skinning technique should perform in real-time.

e The factors influencing the skinning should be based on phys-
ical properties of the body.

Using our model we wish to replicate non-rigid material response
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to external forces, while maintaining the real-time performance of
geometrically-based skinning approaches. Our options for base
skinning techniques are limited to geometrically-based skinning
due to the performance requirement of alternative approaches.
Since we are not modifying the rigid motion of the body we have
based our method on linear blend skinning. Linear blend skinning
allows us to separate the rigid motion from the non-rigid transfor-
mations.

The transformation applied by linear blend skinning on a rigid body
can be decomposed into translations and rotations. Assuming that
v; is position of vertex i at rest pose, w; ; is the influence of j-th
bone on vertex i, m is the number of bones, and T 7 and R; are the
translation and rotation translation vectors of j-th bone, new vertex
position v'; can be computed as:

m
vi= Zwi’j(RjV,'-i-Tj). (@€))]

j=0

We can extend this equation by adding an additional scale matrix
S; for each bone. This matrix will represent the elastic response of
the body to external and internal stimuli and the updated equation
will look as follows:
m
V/,'= ZW,’J(RJ‘SJ'V,'+TJ'), 2)
j=0

Note that skinning matrices affect associated vertices uniformly.
Therefore, it is not possible to change the position of each vertex
individually.

Gravitational force acting on the surface of non-rigid body pro-
duces an elastic transformation. The transformation stretches the
surface of the body and depends on its internal structure. We would
like to compute the stretching factor of the surface of the body
caused by this elastic transformation. Solution of such a problem
is formidable so we seek to simplify the problem in order to find
an approximate solution. Applying small deformations theory and
formulas developed for Young’s modulus enables us to calculate the
change in size of a material under compression. Therefore, we use
the following assumption about the body under study to be able to
use theory developed for small elastic deformations:

1. Material of the body is homogeneous and isotropic.

2. The body exhibits only small deformations, therefore we can
calculate the deformations assuming linear elastic material re-
sponse.



3. The body has cylindrical shape with length / equal to the
length of the body and width w equal to the width of the body.

4. The body is supported from the top and stretched by its own
weight.

These assumptions allow us to use Hooke’s law and Young’s mod-
ulus for compression calculations of a cylindrical body under uni-
form pressure. Using linear elasticity theory we can change the
problem from gravitational compression to gravitational stretch-
ing. The calculated displacement and stretching factor will have
the same value and differ only in sign. Solution to this problem is
only a rough approximation of the originally desired result. How-
ever, taking into account the properties of animation matrices it is
adequate for our purposes.

Now, we wish to reformulate our original problem. Determine the
change in width Aw of a cylindrical body supported from the top
and stretched by its own weight. A visual representation of the
problem is shown in Figure 2. The desired stretching factor is a ratio
of Aw of the cylindrical body to its original width w. Gravitational
force F acting on the body has the same direction as negative y axis.

The magnitude of the force is ||F|| = ||mg||, where m is the mass of
the body and g = (0, ¢,0) is the gravitational acceleration. We can
express the components of F as F, = —mg, F, = F, = 0.
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Figure 2: Non-rigid body simplified as a cylindrical body supported
from the top and stretched by its own weight. The dimensions of
the cylinder are derived from the length / and width w of the body.
Gravitational force F acts on the body in the direction of negative
y axis. One cross-section of area A(y) is marked as a red rectangle.
The width of the cross-section is given by d.

Using the definition of Young’s modulus we can formulate the for-
mula for computation of Aw.

Fw

Aw= 2
A(y)E

3

where Fj is the force acting on the body, w is width of the cylinder,
E is Young’s modulus and A(y) is the cross-sectional area through
which the force is applied. Function A(y) is changing along the
body of the cylinder. In Figure 2 we can see a cross section of the
cylindrical body. With increasing values of y the width of the cross
section A(y) is getting smaller. From the definition of a circle and
each value of y we can calculate the width of the cross-section d

asd =2+/r? —y2, where r=0. 5w Therefore, we can express the
=21\/r2 —y2.

Since the values of Aw change along the width of the cylinder we
can integrate them to calculate the desired value of Aw for the whole
cylindrical body. The base of the cylindrical body is axially sym-
metric so we can calculate the integral for half of the body and

cross section area as A
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multiply the result by 2. From the definition of Young’s modulus
and calculation of width for each cross-section we get:

Y (- . B
0 2EI\/r? fyz.
Which can be reduced to:
/ [arcsm (y)} ' . 5)
~El 2z 32 " El
Finally, after evaluating the integral the equation reduces to:
Kr _ mgm

M=En T ER ©

The compression factor can then be simply calculated as the ratio
of Aw and the original width of the body w. Having calculated the
compression factor of the body under pressure we can use it in a
scaling matrix to transform the whole non-rigid body. The body
preserves its volume, therefore on one hand the compression fac-
tor is used to compress the body in direction of gravitation, on the
other hand it is used to stretch the body in direction perpendicular
to gravitation and its animation skeleton.

The calculated compression factor is adequate for the center of the
body since the width of the body is similar to the width of the cylin-
der. However, the tips of the body can be considerably thinner. The
calculated factor then causes much higher deformation than is de-
sired. In order to correct for the differences in width of the body we
calculate the compression factor for each skeletal segment. Compu-
tation of new body measurements for each segment is performed as
follows. The length of each skeleton segment is measured. Young’s
modulus is constant for the material. Width of each segment is mea-
sured as average value of Shape Diameter Function [Shapira et al.
2008]. Finally, the weight of the cylinder is proportional to the vol-
ume of the segment. This way we get the compression factor for
each bone. From this compression factor we can reconstruct the
corresponding scaling matrix S; of each bone. In Figure 3(a) we
can see a non-rigid body with its animation skeleton consisting of
7 segments. The body is then approximated with cylinders result is
shown in Figure 3(b).

(b)

Figure 3: Non-rigid body represented as cylinders. (a) a non-rigid
body with animation skeleton consisting of 7 segments; (b) cylin-
drical approximation of the non-rigid body.

During the simulation, the muscles of the non-rigid body are con-
tracting and twisting the body. When the muscles are contracted the
body shortens. It is desired to replicate this effect as the body short-
ens significantly. The stretching factor from twisting is calculated
directly from simulation data. Each time the muscles contract and



twist the body, its total curvature along the skeleton increases. Hav-
ing calculated the rotation between segments of the skeletal struc-
ture we can estimate the curvature of the body k as a sum of all the
rotations applied on the skeletal structure:

K:Z{AVIVZV3\(VI,V2) €S, (va,v3) €S}, @

where S is a set of skeletal segments, each skeletal segment s is
defined as a vertex pair (v;,v;) such that v; € R3,vj eR3. We
then investigate the length of the body in relation to the total cur-
vature Kk of its animation skeleton. A function ¥ representing the
mapping from the total curvature k to the length of the body is
extracted. During animation we calculate the curvature of the ani-
mation skeleton and the length of the body using the pre-calculated
function. Finally, the stretching factor is computed as the ratio of
the expected length of the body to the original length of the body

as:
b4
StretchingFactor = ﬁ (8

4 Stretching Application

We have used our stretching model in a system for data transfer
compression and visualization of particle simulation in OpenWorm
project. The input for the system are positions of particles in differ-
ent time steps during the whole simulation and membrane connec-
tivity of the cuticle particles (see Figure 4). Skinning weights and
indices for the cuticle mesh are computed from bind pose in zero
time step (Section 4.2). A skeleton is extracted from the cuticle each
time step of the simulation (Section 4.1). Transformation changes
between skeletons extracted at each time step are computed. The
transformations are then post-processed and enhanced by our elas-
ticity inspired stretching model. In the end, the simulation is visu-
alized using skinning animation.

Figure 4: Particle simulation of C. elegans nematode in Sybernetic
environment.

4.1 Skeleton Extraction

There are a lot of automatic skeleton extraction methods in the field.
For example Au et al. [Au et al. 2008] or Aujay et al. [Aujay et al.

2007] can automatically extract a skeleton from a mesh with arbi-
trary topological branching. Methods as Cao et al. [Cao et al. 2010]
or Sharf et al. [Sharf et al. 2007] can operate even on point clouds.
However, all of these methods are computationally too expensive
to be performed every time step of the simulation. The method by
Shapira et al. [Shapira et al. 2008] extracts the skeleton by shift-
ing model vertices by half of Shape Diameter Function (SDF) val-
ues in inward normal direction. Finally, curves are fitted into the
shifted point clouds while minimizing least squares error and the
final skeleton is constructed.

The cuticle of C. elegans has a very simple topology without
branching. Therefore, we have used skeleton extraction algorithm
based on SDF [Shapira et al. 2008]. More detailed description of
our skeleton extraction algorithm is out of the scope of this paper.
However, a different method for skeleton extraction could be used.

4.2 Skinning Data Extraction

Different approaches can be used for computation of skinning data.
Existing approaches can be divided into two main groups - ap-
proaches computing skinning weights from one input pose and
example-based approaches that fit skinning weights to more input
poses. From one input mesh only, the skinning weights can be cal-
culated from angles between bones and vertices [Yang and Zhang
2005a] or from Euclidian distances [Yang and Zhang 2006]. More
precise results can be obtained from more input poses. In [Mohr and
Gleicher 2003b; Kavan et al. 2010; Le and Deng 2012; James and
Twigg 2005] authors used least squares optimization to compute
skinning weights that minimize a predefined function. These meth-
ods are either based on finding rigid regions in the models or require
extensive iterative optimization. Therefore, mentioned methods are
not suitable for our problem.

Therefore, we use skinning weights based on inverse geodesic dis-
tance. We have chosen to use geodesic distance based skinning
weights, because they work well even in the extreme case, when
the worm is extremely twisted and there are no rigid segments at
all. More detailed description of the skinning weights extraction
algorithm is out of the scope of this paper.

4.3 Stretching of the Worm

After extracting the skinning data and rotational differences be-
tween animation skeletons the rigid motion of C. elegans nematode
can be reconstructed. In order to credibly reconstruct the non-rigid
elastic transformations we have implemented our model as part of
the animation extraction pipeline. Skinning matrices are updated
using calculated compression and stretching factors. Final physi-
cally inspired matrices are then send to the client-side in place of
the original rigid matrices. Thanks to this approach the visualiza-
tion can run in real-time on the client-side.

In OpenWorm project the simulation point cloud is divided into 30
segments corresponding to the animation bones. For each segment
our model is used to calculate the compression factors. For exam-
ple using Equation 6, physical measures for C. elegans nematode
from Table 1, and gravitational acceleration g equal to 9.81m/s we
calculated that Aw of the cylindrical body is equal to 1.022 x 10~2
mm. This corresponds to increase of size by 12.3%.

The change in length is depending on the curvature is shown in
Figure 5. The rate of curvature to the length can be linearly approx-
imated with function ¥(x) = —10.191k + 306.03, where y(k) is



Measurement Abbreviation Value
Length | 0.88mm
Width w 0.085mm
Mass m 2ug
Young’s modulus E 3770Pa

Table 1: Measurements of C. elegans nematode from [McCulloch
and Gems 2003] and [Sznitman et al. 2010].

the length of the cuticle and x is total curvature. This function ap-
proximates measured data with correlation coefficient R = 0.9761.
Knowing the curvature of the worm the stretching factor is calcu-
lated using the ratio between worm’s expected length and worm’s
length at rest pose.
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Figure 5: Chart showing worm’s mean length for measured curva-
ture of worm’s animation skeleton.

5 Results

In this section we present results of our stretching model when ap-
plied on a concrete problem. The evaluation of the system concerns
the data compression ratio achieved in the application and final
skinning animation error evaluation with and without our stretch-
ing model.

5.1 Skinning Error Evaluation

The quality of lossy compression algorithms is evaluated according
to an error measure. Mathematical error measures such as mean
square error (MSE) are usually used to evaluate the precision of
the algorithm according to a global difference. Meanwhile, the per-
ceptual error measures take human visual system into account and
tolerate imperceptible errors. The data from the simulation of C.
elegans are processed by our algorithm and sent directly to the end
user for visualization. No further processing on the data is applied.
Therefore, both kinds of error measure can be used and the choice
of error measure depends on the data.

The original non compressed cuticle from the simulation is com-
posed of point cloud and its triangulation. Our algorithm extracts
data required for skinning animation of the worm’s cuticle. Be-
cause of this, the error between original and skinned cuticle should
be calculated based on the discrepancy of two animated meshes.
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One such error measure is STED [Vasa and Skala 2011] which
measures the spatial and temporal error of an animation sequence.
When comparing the original simulation with our skinning simula-
tion we measured STED error of 0.784, which is acceptable error
for visualization of animation according to [Vé4sa and Skala 2011].

While perceptual error measures are adequate to measure the sim-
ilarity of the animation it is still interesting to measure global er-
ror measures such as MSE. Low MSE error values would indicate
that our system produces models similar to the original simulation.
MSE error also better evaluates the differences between classical
skinning matrices and our physically inspired skinning matrices.
The measured MSE was 24 and 10 for traditional and physically
inspired matrices, respectively. The low values for physically in-
spired matrices indicates that further post processing effects could
be implemented directly on the client which would lighten servers
computation.

5.2 Skinning Animation Supporting Stretching

(a)

(b)

Figure 6: Results on skinning of the cuticle, red is the cuticle from
the simulation, green is cuticle from the skinning. Sequence cap-
tures every 200 time steps of the simulation. Comparison of the
simulation data with (a) standard rotation based linear blend skin-
ning, (b) our modified skinning with stretching.

We present both results of skinning animation, classical approach
and our physically inspired skinning. In classical approach, the bind
pose is skinned by rotational matrices only, therefore the skinned



cuticle is longer and thinner than the cuticle from simulation. In our
physically inspired skinning with stretching matrices, the cuticle is
stretched and the resulting skinned cuticle has almost the same size
as the simulated one. Comparison of both skinned meshes can be
seen in Figure 6.

5.3 Compression of Data Transfer

The resulting data are transferred to the client where a GPU skin-
ning algorithm is used to deform the cuticle of C. elegans at each
time step of the simulation. Transfer of data for one frame of orig-
inal simulation needs 68340 bytes (5695 x 3 x 4 bytes), one frame
for normal skinning needs 496 bytes (31 x 4 x 4 bytes), therefore
we have achieved compression ratio of 1:138.

6 Limitations

First limitation of our stretching algorithm is that it is only working
on non-rigid bodies with linear animation skeletons. We can work
around this limitation by looking at limbs of articulated characters
separately. Each limb has a linear animation skeleton. Therefore,
our algorithm can create corresponding cylindrical representation
and calculate stretching factor for each limb separately.

Second limitation is that our algorithm was developed for inverte-
brates. Vertebrates, such as snakes or eels, have supporting skele-
tal structure in their ribcage which inhibits elastic transformations
caused by gravitational force. We can work around this limitation
by supplying individual values of elastic moduli for each animation
skeleton segment, such that regions supported by ribs will exhibit
only minimal compression due to gravitational loading when com-
pared to regions not supported by ribs.

The last limitation of our algorithm is that it uses linear blend skin-
ning. While this requirement was necessary in order to achieve
real-time performance it is limiting for us, because scaling is ap-
plied uniformly to all vertices associated with a bone. Therefore,
effects such as collision detection which could reproduce contact
of the body with ground are not possible.

7 Conclusion

We have developed a physically inspired model which can repro-
duce non-rigid body transformations such as compression under
gravitational force and stretching of the body caused by muscle
contraction. The model can be used for various living organisms,
e.g. worms, nematodes, etc. With minor modifications our model
can be also used on vertebrates, e.g. snakes, eels, etc. and limbs
of articulated models, e.g. humanoids. Our second contribution is
the application of our model to a practical problem of point cloud
simulation compression. The model is used as a part of our cus-
tom automatic pipeline for OpenWorm project which enables us to
achieve high compression ratio while maintaining minimal perceiv-
able error.
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