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Abstract

Unlike two, four, six, and eight legged animals, Myriapoda—i.e.,
centipedes, millipedes, etc.—have been largely overlooked in the
computer graphics literature. We present an artificial life frame-
work for modeling these arthropods and animating their locomo-
tive behavior over regular or irregular surfaces in real time with
compelling physical and biological realism. Our hybrid approach
combines kinematic and dynamic simulation, as well as a decen-
tralized, distributed leg control system whose emergent behavior is
suitable for animating simulated myriapoda of different morpholo-
gies with the characteristically vivid leg wave patterns of their bi-
ological counterparts. The simulated creature’s antennae sense its
virtual environment and the sensory information guides its adaptive
behaviors, including obstacle avoidance and foraging.
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Figure 2: Different simulated myriapoda forming the letters SCA.

1 Introduction

Many movies and games can make use of loathsome creatures such
as spiders and centipedes to rouse the viewer.! Entomophobia ther-
apy can also take advantage of lifelike animations of such creatures.
Motion capture techniques are difficult to apply to multi-legged
arthropods such as centipedes [Gibson et al. 2007]. It is a daunting
task to manually rig a realistic 3D centipede model such that it can
locomote over an irregular surface, since at least two requirements
must be met, (i) the physical realism of the deformable body and leg
contacts—the legs must land precisely on the surface—and (ii) the
natural appearance of the distinctive leg wave pattern. Advanced

IFor example, the Indiana Jones, Harry Potter, The Mummy, Metro
2033, and Diablo III series of games and motion pictures.



simulation techniques are therefore desirable for the realistic syn-
thesis of the locomotion patterns of such creatures.

In biology, the centipede is but one of the 13,000 identified species
that form the Myriapoda subphylum of arthropods. Their primary
characteristic is that they have tens or even hundreds of legs dis-
tributed over an elongated, segmented body structure, plus a pair of
sensory antennae on the frontmost segments [Ruppert et al. 2003].
During its locomotion, the wave pattern of a myriapod’s legs can
steadily move the entire body over highly irregular surfaces. If
in the legged animal kingdom we compare four-legged animals to
cars, then myriapoda are like trains. Because of their unusual struc-
ture and unique locomotion systems, they are an interesting subject
both for robotics [Hoffman and Wood 2011] and graphics research.

To tackle the task of synthesizing realistic animations of myriapoda
as well as to gain a better understanding of how to coordinate hun-
dreds of legs, we take a bottom-up, artificial life approach (see, e.g.,
[Terzopoulos 1999]) to synthesizing autonomous virtual myriapod
creatures. Our work makes three major contributions:

1. We devise a novel biomechanical body structure suitable for
myriapoda, which comprises both rigid and deformable seg-
ments, thus ensuring ease of control through the rigid com-
ponents while emulating the deformable nature of myriapod
bodies by applying a fast, robust elasticity simulation method.

2. We develop a biologically plausible decentralized and dis-
tributed leg control system that is suitable for different myr-
iapod morphologies and enables our simulated creatures to
locomote over arbitrary surfaces with an emergent, naturally
wave-like ambulatory gait (see Figs. 1, 2, and 13)

3. To achieve realistic real-time animation of myriapoda, we de-
velop a hybrid simulation method that incorporates both kine-
matics and dynamics in different body states. Our hybrid ap-
proach in conjunction with the rigid/deformable body struc-
ture enables efficient kinematic control of the relatively light
legs of myriapoda while achieving realistic, physics-based
motion and deformation of their relatively heavy bodies.

Fig. 3 shows an overview of our framework, emphasizing the inter-
play between the locomotion control system and the physical simu-
lation. The former is composed of identical, modular, local leg con-
trollers plus a motor center in the creature’s head segment that gov-
erns higher-level locomotion variables such as ambulatory speed
and turning angle. The decentralized leg control system is easy to
understand and computationally inexpensive, yet robust enough to
allow the simulated creature to walk over irregular surfaces. A pair
of mobile antennas enhance the realism of our animated myriapoda,
but also function as environmental sensors that support their adap-
tive behaviors. A simple Braitenberg vehicle [Braitenberg 1986]
like behavioral mechanism proves to work well for obstacle avoid-
ance and foraging. By positioning obstacles and food sources, an-
imators can easily induce our simulated myriapod creatures to fol-
low desired paths over irregular terrain.

The remainder of the paper is organized as follows: Section 2 sur-
veys relevant prior work on autonomous virtual creatures, biome-
chanical modeling, and legged locomotion and control. Section 3
presents our hybrid, kinematic/dynamic model of myriapod bod-
ies. In Section 4, we introduce our locomotion control system for
myriapoda. Section 5 explains how our simulated myriapoda inter-
act with their environment. We describe our implementation and
present results in Section 6. Section 7 concludes the paper with a
discussion and ideas for future work.

Perception
from Antenna

Brain make
high level
locomotion
decision

Physical
Environment

Homogeneous
local leg
controllers

Physical Body
Structure

Figure 3: Overview of our simulation framework. The physical
environment and controller influence each other through antenna
and contact sensors.

2 Related Work

Autonomous Virtual Creatures: Graphics researchers have done
interesting and important work on simulating autonomous creatures
in physics-based virtual environments. In [Miller 1988], mass-
spring-damper systems are used to generate animation of snakes
and worms. Tu and Terzopoulos [1994] introduced an artificial life
framework for simulating autonomous creatures, including mass-
spring-damper systems for the biomechanical simulation of de-
formable piscine bodies capable of producing muscle-based loco-
motion. Such biomechanical models are suitable for animals lack-
ing legs. Subsequent work on salamander simulation [Ijspeert et al.
2007] used rigid-body dynamics to simulate the 4 legs with 8 kine-
matic degrees of freedom and a global artificial neural network to
work as a central pattern generator (CPG) for controlling them.
Chiel and Beer [1990] built a 2D cockroach equipped with sim-
ple sensory feedback and artificial neural networks, demonstrating
six-legged locomotion and adaptive behaviors in a complex envi-
ronment and they also built a hexapod robot [Beer et al. 1992].

Biomechanical Modeling: Because of their simplicity and com-
putational efficiency, mass-spring-damper systems were a popular
method for biomechanical modeling of virtual creatures [Tu and
Terzopoulos 1994; Miller 1988]; however, their uniaxial elements
do not model 3D material properties, and the biomechanics of the
simulated animal body depends on how the spring-damper elements
are assembled and how their parameters are tuned, which can be
tricky. Alternatively, robust and efficient simulation of continuum
mechanics based deformable objects is now possible [Stomakhin
et al. 2012; McAdams et al. 2011]. Shinar et al. [2008] create real-
istic creatures by combining rigid and elastic simulation, where the
elastic components are passive and the creature is actuated by inter-
nal rigid bones. In [Coros et al. 2012], deformable objects are ani-
mated by changing the rest shape of the deformable mesh over time.
State-of-the-art muscle models [Chen and Zeltzer 1992; Teran et al.
2003] also employ continuum mechanics based elasticity. Our work
on myriapoda incorporates elastic and rigid simulation to achieve
hybrid, kinematic/dynamic simulation.

Legged Locomotion and Control: Graphics and robotics re-
searchers have devoted considerable effort to legged locomotion
[Raibert and Hodgins 1991; Golubitsky et al. 1998; Wang et al.
2012]. Holmes et al. [2006] survey the modeling, analysis, and
challenges associated with insect locomotion dynamics. There has
been much robotics research on insect-inspired four, six, and eight
legged robots [Kimura et al. 2007; Raibert 2008; Saranli et al.
2001], predominantly based on etiologic and neurophysiologic



knowledge about cockroaches and stick insects [Full and Tu 1991].
Although there exists no prior computer graphics work specifically
on myriapoda animation, robotics researchers have started building
centipede robots [Odashima et al. 1998; Inagaki et al. 2003; Inagaki
et al. 2011]. However, there exists a substantial body of graphics
literature on bipedal [Hodgins et al. 1995; Faloutsos et al. 2001;
Van Welbergen et al. 2010], quadrupedal [Skrba et al. 2008; Coros
et al. 2011], and hexapodal [Cenydd and Teahan 2013; McKenna
and Zeltzer 1990] figure animation. McKenna and Zeltzer [1990]
proposed a forward dynamics algorithm for locomotion coordina-
tion of a simulated cockroach, capable of navigating irregular ter-
rain. Attention has been paid to legged locomotion control from
entomological studies by building accurate biomechanics models of
leg muscles [Wang et al. 2012] with the purpose of accurately sim-
ulating ambulation for medical purposes. Specialized neural CPG
structures have been the subject of experiments [Mellen et al. 1995]
and simulations [Ijspeert et al. 2007]. Coupling simplified dynam-
ics such as the Inverted Pendulum Model with a learnt CPG has
been a popular approach for multi-legged locomotion [Coros et al.
2011; Tsai et al. 2010]. The Walknet of Cruse et al. [2000; 1998]
successfully reproduced the behavioral properties of hexapod lo-
comotion via a decentralized organization of the control system—
neither the movement of any single leg nor gait coordination is cen-
trally preprogrammed, yet adaptivity and flexibility emerge from
each leg controller applying only a few simple, localized rules in-
volving the states of neighboring legs. This decentralized controller
paradigm also forms the basis of our system design.

3 Physical Model

Prior work on animating arthropods has been limited to insects with
only one major abdominal segment, such as a stick insect or a spi-
der. The unique, elongated and deformable body structures of myr-
iapoda require special attention to the biomechanics. The numerous
slim legs of typical myriapoda have much lower mass than does the
remainder of their body, which enables us to take an efficient hybrid
kinematic/dynamic approach to modeling them in order to achieve
real-time animation performance.

Fig. 5 illustrates the physical body structure that we developed for
our artificial myriapoda. First, we simplified our model by neglect-
ing the mass of the legs, thus making them kinematic. Initially,
we used only deformable segments to model the body. However,
coupling the slim legs to the deformable segments significantly in-
creased the control challenge, since the leg attachments have a very
local effect on the deformable body. By contrast, connecting a leg
to a rigid segment emulates the natural exoskeleton of millipedes
and enables the leg to easily control the position and orientation of
the entire segment.

Thus, in our model, a pair of rigid, kinematic legs actively con-
trol each of the rigid dynamic exoskeletal segments, which are then
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Figure 5: Myriapod body structure, comprising rigid segments with
rigid legs, deformable segments, deformable antennas, and tail.
The color of each leg indicates its current state (see Fig. 13).

connected in series using passively dynamic elastically deformable
segments. When hanging in gravity, the body model will naturally
elongate (Fig. 10). The motion of the rigid segments is governed by
rigid-body dynamics with collision and friction [Baraff 1997]. The
deformable segments are governed by energetically consistent in-
vertible elastodynamics with a fixed corotational constitutive model
[Stomakhin et al. 2012]:

\Il:,uZ(ai—l)Q—&—g(J—l)2, 6))

where p and A are Lamé parameters, J is the determinant of the
deformation gradient F', and o; are the singular values of F. Ap-
pendix A presents the details of the deformable segments and their
simulation using the finite element method.

Several authors have demonstrated two-way coupling between rigid
and deformable objects [Shinar et al. 2008; Sifakis et al. 2007;
Baraff and Witkin 1997]. We couple the rigid and deformable parts
of our alternating rigid/deformable myriapod body structure using
the following staggered simulation method:

1. Boundary nodes on deformable tetrahedral meshes that make
contact with rigid segments are fixed to those rigid segments.

2. At each simulation time step, the elastic forces from the mesh
deformation computation evaluated at the contact nodes are
applied as external forces to their respective rigid bodies.

3. Finally, the positions of the contact nodes are updated in ac-
cordance with the rigid body dynamics simulation.
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Figure 6: Overview of the local locomotion controller.

Since the deformable and rigid parts time-stepped independently,
our staggered method is not fully coupled as in [Shinar et al. 2008];
however, by virtue of the robust, invertible elasticity method of
[Stomakhin et al. 2012], stability is not an obvious issue. Our ap-
proach achieves two-way coupling yet is very straightforward to
implement. Fig. 4 demonstrates the simulation of a coupled rigid-
deformable object.

The legs of the myriapod creature are simulated as rigid links that
rotate around joints. The leg tip and root positions are inputs and
outputs for our locomotion control system and the leg joint angles
are determined by an inverse kinematics (IK) solver. Although it
falls short of full biomechanical simulation and control, our effi-
cient method meets the visual realism requirements. Furthermore,
given the numerous legs involved, the animation of myriapoda does
not present anywhere near as severe an “Uncanny Valley” to ob-
servers as does human bipedal locomotion. Hence, rather than try-
ing to improve the realism of individual leg movement by modeling
complex leg biomechanics, and pay the associated computational
costs, we have focused on the development of the locomotion con-
trol system described in the next section, which can realistically
synthesize the natural wave motion pattern of the numerous legs.

4 Myriapod Locomotion System

The Dragon Dance, a tradition that is performed during Spring Fes-
tivals in Chinese culture, requires approximately 9 to 15 dancers
to control a long dragon whose segments are connected by joints.
Three key observations can be made about this dance: First, the
person controlling the head of the dragon makes the locomotion de-
cisions and implements these decisions using his/her own two legs.
Second, each of the remaining performers have one major locomo-
tion goal—to follow the performer ahead of them. Third, apply-
ing the previous two simple local rules results in a global emergent
behavior—the global wave pattern of the dragon movement.

The leg control model that we have developed for our myriapod
creatures applies the idea of the head segment leading and the sub-
sequent segments following. At any moment, the head segment
synthesizes information sensed by the antennas to make high-level
locomotion decisions, such as turning and changing speed. These
decisions are processed by the head segment to determine the de-
sired future configuration of the head; specifically, the position and
orientation of the rigid head segment in the next time step. The de-
sired configuration is provided to the leg controller for execution.
The subsequent segments have identical local leg controllers, which
comprise two components shown in Fig. 6—(i) a Targeter that de-
termines the desired target configurations of the segment and (ii)
left and right leg Switchers that switch the leg states (Fig. 8).

4.1 Rigid Segment States

A rigid segment can have two states: supported and unsupported.
When the segment is supported, it is kinematically transported to

Figure 7: The Targeter of a rigid segment, comprising a Follower
(left) and a Balancer (right).

the desired position and orientation by the legs. In the unsupported
state, its motion is governed by the rigid-deformable coupling dy-
namics. The major benefit of this hybrid, kinematic/dynamic ap-
proach is that it circumvents complex leg dynamics to drive the
body dynamics without sacrificing appreciable dynamical realism
in the body. The legs are rotated via forward kinematics in most
states and they control the segment through inverse kinematics dur-
ing the stance state. The details of the six leg states and the switch-
ing mechanism are discussed in the following sections.

Targeter: A Targeter in each rigid segment ¢ continually outputs its
configuration (position c; and orientation R;) to the legs. When the
segment is unsupported, it outputs the updated configuration com-
puted by dynamic simulation, whereas when the segment is sup-
ported, it outputs the desired configuration of the rigid segment for
the segment’s legs to achieve kinematically. As is described later,
the left and right leg can be synchronized in order to maximize the
time that a rigid segment is in the supported state. The Targeter has
two objectives (Fig. 7)—to follow the previous segment, which is
accomplished by a Follower, and to balance the body, which is ac-
complished by a Balancer. The Follower generates a target position
¢l for the current rigid segment by modifying its current position
in the direction of the link vector 1; = c;+1 — c¢; such that the
length of the link vector remains constant and it generates a target
rotation RY of the segment around its y axis so as to orient the =
axis toward the link vector direction. The Balancer balances the y
axis of the rigid segment toward ground surface normal vector n
and adjusts the elevation of the rigid segment by further modifying
the target position in the direction of n. The combined adjustments
of the current position and orientation by the Follower and Balancer
result in a new target position and orientation that are outputted to
the leg controllers as goals to achieve during the stance state.’

4.2 Leg State Machine

Leg States: Typically, a leg will periodically cycle between 6 dif-
ferent states (Fig. 8) under the control of a Switcher. Referring to
Fig. 9, a pose is uniquely defined by three rotational angles: 6, a,
and 3 (v is fixed). Angle 0 is the rotation of the leg plane around
the y axis of the rigid segment, while o and 3 are the 2 degrees of
freedom of the leg within the leg plane. Each leg state starts in one
pose and ends at a target pose.

2With the target position cZT and orientation RiT of segment ¢ initialized
to its current position and orientation, the update equations for the Follower

are ¢ £ k(] — 19)1;At and RT = R([0, %1, 0], wAt), with the
=+ sign determined by the sign of the projection of 1; onto the z axis, and
the update equations for the Balancer are cZT + ka(h; — h?)nAt, where

h; and hZT are the segment’s current height and target height, and RZT =
R([0,0,+1], wAt)R([£1,0, 0], wAt), with the £ signs determined by
the projection of n onto the x-z plane.
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Figure 8: The six leg states and transitions.

Sway Forward 1 (SF1): Ideally, the leg sways forward up
from the posterior extreme pose (PEP) (0 = 0,,, o = as,
B = PBs) to the middle up pose MUP) (8 = 0, o = am,
B = 0). This state allows the leg to leave the STANCE state
and elevate off the ground.

Sway Forward 2 (SF2): Ideally, the leg sways forward down
from the MUP to the anterior extreme pose (AEP) (6 = 0,
a = ag, f = Bs). This state sends the leg to the STANCE
state;

Sway Backward 1 (SB1): Ideally, leg sways backward down
from the AEP to the middle down pose (MDP) (0 = 0, o =
Qm, B = 0). This is to help the leg touch the ground.

e Sway Backward 2 (SB2): Ideally, the leg sways backward
up from the MDP to the PEP. This is the last state of a cycle
comprising SF1, SF2, SB1 and SB2.

STANCE: In the stance state, the leg tip is fixed on the ground
and the root of the legs push the segment forward. Ideally,
it starts at the PEP and ends at the AEP. Inverse kinematics
is used to compute the rotational angles (6, «, and /) from
the tip and root positions, as is detailed in Appendix B. The
root position of the leg is calculated from the output of the
Targeter. The leg will leave the STANCE state to enter SF1
when the IK solver cannot resolve the current outputted root
position from the Targeter.

e ADJUST: This state generates the collective wave pattern in
the leg motions. A leg will enter the ADJUST state immedi-
ately after the previous leg enters the STANCE state. During
the ADJUST state, the leg will move to a target pose (6,
ar, Br). The differences 87 — O, ar — s, and Br — Bs
determine the desired rotational phase difference between the
legs. Changing their values will change the frequency of the
leg wave patterns.

Note that the word “ideally” above indicates that during locomotion
the legs do not always start or end in precise poses, but attempt to
reach target start and end poses; e.g., when the ground is irregular,
the SF1 state can end prematurely and enter the STANCE state, as
will be detailed below. Only during the STANCE state will output
from the Targeter be used, whereas in other states, the leg rotates
by forward kinematics toward the target rotations.

Side View Y

Top View

Figure 9: Leg structure. The leg rotates around the y axis (6) and
can articulate in the leg plane around joints O and M (o, 3). P is
the tip of the leg.

Switcher: The following rules are used to update leg states by the
Switcher associated with each leg:

1. A normal loop is from SF1 to SF2 to SB1 to SB2 and back
to SF1 (Fig. 10(A)), this normal loop can be interrupted by
STANCE and ADJUST states;

2. Whenever the leg tip touches the ground surface, enter the
STANCE state;

3. When the IK solver cannot solve for the STANCE state, enter
the SF1 state;

4. Whenever the previous leg enters the STANCE state, enter the
ADJUST state;

5. At the end of the ADJUST state, enter the SF2 state;

For example, when the simulated myriapod is suspended off the
ground (Fig. 10(A)), the legs will periodically go from the SF1
to the SB2 states without entering the STANCE and ADJUST
states. If it is dropped to the ground, the legs will start to enter the
STANCE and ADJUST states (Fig. 10(B),(C)). When the creature
starts walking, its leg motions quickly converge to a wave pattern
in which each leg undergoes the state cycle SF1—SF2—STANCE
with short appearances of the ADJUST and SB1 states (Fig. 10(D)).

In particular, Rule 4 enforces a stable phase difference locally be-
tween legs, finally resulting in a wave-like leg formation during
locomotion. The wave-like locomotion pattern has several merits:
First it ensures that at any moment the body will be supported by a
fixed ratio of legs such that stability is guaranteed. Second it allows
each leg to stretch to extreme poses (AEP and PEP) with maximal
energy efficiency, since the work done to raise and lower each leg
can be reduced for a given locomotion distance.

Synchronization of the Left and Right Legs: Synchronizing the
leg waves on both sides maximizes the duration that a rigid segment
stays in the efficient IK-driven supported state. The synchronization
of left and right leg rotations is achieved by adding an extra rule to
the first segment’s Switcher—when the left leg enters the SF1 state,
the right leg will also immediately enter SF1.
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Figure 10: A centipede dropped to the ground. The right panel
shows the states of each leg during the last second.

4.3 The Head

The head segment is almost always kinematically updated by its
own Targeter, which will employ the Balancer for balancing, but
not have any anterior segments to follow. The Targeter updates the
configuration of the head segment based on three variables: (i) a
moving speed (the head will always move forward along its x axis),
(ii) a turning speed around the y axis, and (iii) a binary turning di-
rection. There are various brain modes that hold different values of
the three variables. A special Switcher updates those brain modes
as well as the variables based on internal states and signals from the
antennae. The brain modes and associated switching mechanisms
are as follows:

e ADJUSTMENT: The head polls each segment to check if the
majority of the legs are on the ground. If not, it will stay in
the ADJUSTMENT mode and the head segment is controlled
by the dynamics. This brain mode enables the animation of a
creature dropped onto the ground to adjust its legs automati-
cally before it starts walking (Fig. 10).

e RANDOM-WALK: When not in ADJUSTMENT mode, the
brain automatically enters random-walk mode. Turning direc-
tion and target turning angles are set randomly and renewed
when they are attained.

e AVOIDANCE: When the left/right antenna sends an obsta-
cle contact signal, the brain enters the obstacle AVOIDANCE

Figure 11: Antenna modeling and animation.

mode. The turning direction and speed will be adjusted to
avoid the obstacle. After the obstacle is cleared, the head re-
turns to RANDOM-WALK mode.

e TROPHOTROPISM: similar to the obstacle AVOIDANCE
mode, antenna sensed signals of food in the environment mod-
ify the turning speed and direction such that the creature ori-
ents itself toward the food. After the food is reached, the head
returns to RANDOM-WALK mode.

e CONTROL: The head is externally controlled by locomote and
turn commands issued by a user.

e For obvious reasons, the AVOIDANCE mode has a higher pri-
ority than the TROPHOTROPISM mode.

5 Environmental Interaction

5.1 Locomotion on Irregular Terrain

Our decentralized locomotion system works robustly in the pres-
ence of various types of terrains. Our simulated myriapoda can lo-
comote over arbitrary triangular meshes (Fig. 1). The terrain model
supports three basic queries: (1) determining if the tip of a leg is
touching the ground by doing an inside/outside test, (2) obtaining
the height h; of the center c; of the rigid segment relative to the
terrain surface, and (3) obtaining the normal vector of the terrain
surface directly below c;. The queries are easy to perform if the
terrain is stored as a 2D height field, but for closed meshes such as
the cranium in Fig. 1, we built a spatial hash table to improve the
performance.

5.2 Sensors and Environmental Stimuli

Antennae Modeling and Animation: The antennae are modeled
as a chain of IV short links, each of which has two rotational degree-
of-freedom (0, ¢) joints relative to the previous link (Fig. 11). We
observed from video footage of a real centipedes that during lo-
comotion the antennae will articulate randomly for exploration.
Meanwhile, there is an outward traveling wave from the root of
the antenna to the tip. To synthesize lifelike antenna movements,
we devised the following two-step method: First, to achieve ran-
domness in antenna rotation, we set random target rotations O,
¢ for the root link (¢ = 0). The root link will rotate toward this
target rotation at a constant speed (wo) and will generate new tar-
get rotations when the current ones are achieved. The formula is
simply [Go,gbo]”m [00, b0]" + woAt. Second, for the links



Figure 12: A centipede walking in shallow water, attracted by food
(green spheres) and avoiding obstacles.

(i=1,2,..., N—1), their relative rotation angles (6;, ¢;) are sam-
pled from a wave function [6;, ;] = Ajg,¢) sin(wt — Xi) + Byg, ¢),
where Ag, Ay, By, and B, are constant amplitudes and base val-
ues, and w and A determine the wave frequency and wavelength.

Food, Obstacles, Etc: The antennae detect obstacles through phys-
ical contact, when an antenna-obstacle collision occurs, the 07, ¢,
and wo will be adjusted to retract the antenna in the direction of
the obstacle’s surface normal. A physical contact signal will be
passed into the brain for locomotion adjustment. Our simple steer-
ing mechanism is similar to that in Braitenberg vehicles [Braiten-
berg 1986]—whenever there is a contact signal from the left an-
tenna, the head will enter AVOIDANCE mode and turn right, and
vice versa. One antenna has higher priority when both antennas
sense a collision, in order to avoid the myriapod becoming trapped
by walking straight into a wall. Food is modeled as point sources
with intensity gradients that decrease with squared radial distance.
The antenna can sense food intensity in the environment. Once
the stimulus exceeds a certain threshold, it will send an intensity
signal to the brain. The myriapod will turn in the direction of max-
imal food intensity. Our simulation shows that this simple foraging

method works very well. Furthermore food sources can be used to
plot the path of an artificial myriapod.

6 Implementation and Results

We implemented the biomechanical body structure and leg con-
troller and parallelized the code with OpenMP. Our Intel Core i7-
3930k (6 core, 3.2GHz) machine can update an 18 segment cen-
tipede model with 3 x 3 x 3 deformable mesh resolution at a rate of
1.7 x 10* time-steps per second. Typically, a time-step of 1/3000s
is used, resulting in approximately 6x real-time speed. Most of
the time is consumed by the semi-implicit FEM simulation of the
deformable segments (fully implicit simulation should improve sta-
bility and speed). The update procedure is as follows:

1. Update of the Antenna:

— The rotation angles for the root link are updated with a
constant rotation velocity toward the target rotations;

— The rotation angles for the remaining links are updated
by sampling from a wave function.

— If a collision with an obstacle occurs, a retraction phase
will be triggered.

2. Update of the Head:

— The sensory information and internal states are pro-
cessed and brain modes are switched if necessary.

— If the brain is in ADJUSTING mode, the head seg-
ment’s position and orientation is updated dynamically;
otherwise, it is updated kinematically as follows:

— First, the Balancer adjusts the orientation and elevation
of the segment;

— Second, the head segment’s position and orientation are
updated according to the brain’s mode. The head al-
ways moves in the direction it is pointing and its orien-
tation is updated to execute a turn.

3. Update of the Rigid Segments:

— If the segment is not supported by the legs, it will be
updated dynamically, otherwise it will be updated kine-
matically, as follows:

— First, the Balancer will adjust the orientation and eleva-
tion of the segment;

— Second, the Follower will adjust the position and orien-
tation of the segment. The leg root positions are updated
accordingly with the rigid segment.

4. Update of the Legs:

— The Switcher checks the leg states and updates them
accordingly;

— If in the STANCE state, the IK solver (Appendix B)
computes the leg rotation angles from the tip and root
position of the leg;

— Otherwise, forward kinematics will update the leg rota-
tions and tip positions towards the target poses of that
state.

5. Update of the Deformable Segments:

— The deformable segments are dynamically updated with
the elasticity simulation (Appendix A) and proposed
coupling method.
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Figure 13: Walking over an irregular surface paved with random
cylinders.

6.1 Rendering

The physical model may be rendered simply as rigid primitives
(cube, sphere, cylinder) and as jelly for the deformable segments
(Fig. 2(C) and Fig. 5). For the textured myriapod mesh models
shown in Fig. 1 and Fig. 2(A), we rigged a skeleton that represents
the biomechanical model and attached it to the mesh. The physical
parameters, such as segment size and leg length, are calibrated and
set in the simulation. Per-frame data, including rigid segment posi-
tion, orientation, leg rotation angles, etc., are exported to Maya to
set keyframe of the rigged model.

6.2 Simulations

Our myriapod simulator includes a ground plane with additional
surface obstacles such as cylinders and cubes for the myriapoda to
crawl over (e.g., Fig. 13). We have also implemented a height field
based terrain generator that can create arbitrary terrains from mix-
tures of Gaussian functions. In addition to terrain, we extended our
simulator to support closed triangulated meshes. Fig. 1 shows a
centipede walking over the mesh of a human skull. In our locomo-
tion simulations, contact friction is set high enough for the tips of
the legs not to slide appreciably on the ground surfaces.

In our real-time simulator, food and obstacles can be generated ran-
domly in the scene to elicit the emergent behavior of an autonomous
myriapod creature exploring its environment. For animation pur-
poses, the user can place food particles and vertical obstacles on
the terrain surfaces to guide the locomotion path of the creature.

Different body parameters can be used to model different types of
myriapoda, as shown in Fig. 2. To add realism to our animation,
we coupled the legs of a centipede to a shallow water simulator
[Kass and Miller 1990]. The water ripples realistically under the
legs of the myriapod, leaving a wake along the path. Fig. 12 shows
stills from an animation in which a centipede walks around obsta-
cles toward food sources in shallow water. One-way coupling of the
myriapods with sand or snow would also generate realistic traces on
such granular surfaces.

7 Conclusion

We have developed a framework for animating myriapoda with life-
like ambulation and simple autonomous behaviors. To deal with
the unique body structure of myriapoda relative to other Arthro-
pods, we devised a novel physical body structure that is composed
of mixed rigid and deformable body segments. In conjunction with

the physical body structure, we devised a decentralized locomotion
control system composed of identical local leg controllers. The lo-
comotion controller demonstrates competence in various irregular
terrains and over surface obstacles. In addition to their motor con-
trol system, our myriapoda are equipped with antennae for sensing
food and obstacles, leading to interesting autonomous exploration
behaviors in a complex environment. Animators can take advan-
tage of these high level behaviors to guide the locomotion path of
our simulated creatures.

Given its simplicity and physical realism, our use of efficient and
highly robust elastic components has the potential to supplant tra-
ditional mass-spring-damper systems for simulating the deformable
body structures of artificial animals [Miller 1988; Tu and Terzopou-
los 1994]. There are various possible ways to actuate such struc-
tures. In our myriapod models, the rigid segments serve as active
parts that motivate the passive deformable body parts. This is suit-
able for manually designed motor controllers such as ours, since
the motor control of rigid body parts is simpler than controlling
deformable meshes. The alternative is to actuate the elastic de-
formable body structures to achieve locomotion goals through the
use of optimization algorithms such as the genetic algorithm [Sims
1994] or simulated annealing [Grzeszczuk and Terzopoulos 1995].

Interesting future work would include biomechanically simulating
the swimming abilities of myriapoda, by including actively contrac-
tile elastically deformable body segments that can serve as mus-
cle actuators, and automatically learning locomotion controllers for
simulated myriapod creatures in both terrestrial and aquatic envi-
ronments.
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A Finite Element Modeling and Simulation

This appendix details our simulation of the deformable segments in
our myriapod model using the finite element method (FEM).

Let X be the material coordinates of a deformable body, and
x(t) = ¢(X,t) = F(t)X + b(¢) be the world coordinates. We
discretize the material space with a uniform tetrahedral mesh. In
each tetrahedral element, the deformation gradient F' can be com-
puted as

Fe - DSD;L:l? (2)

where
D, = (X4 — X1,X3 — X1,X2 — Xj) 3)

are the edge vectors of the undeformed tetrahedron and
D, = (x4 — X1,X3 — X1,X2 — X1) 4
are the edge vectors of the deformed tetrahedron.

For hyperelastic material, we use the fixed corotational energy den-
sity function

A

U= pllF —RF+ 5 (- 1)° ®)
ZMZ(Ui —-1)%+ %(J—l)Q, (6)



where A and j are Lamé parameters,® .J is the determinant of F,
R comes from the polar decomposition F = RS, and o; are the
singular values of F', which we compute using the fast SVD method
proposed by [McAdams et al. 2011].

The elastic forces on nodes are computed as

X ox;’

=Y Vo) 5 yop Ot ™

where V2 is the undeformed volume of tetrahedral element e, and
P is the first Piola-Kirchhoff stress, given by

P= 8\1{;;‘F) =2u(F —R) + \J(J - )F . @®)

According to (7), the explicit force formula for each element can be
written as

OU(F.)

.85, 8] =V o =VIPDLS )
I[x§, x5, x§]
g = VW) g e ge (10)
ox§

The calculation of elastic forces on each mesh node must take into
account the contributions from each tetrahedral element; i.e.,

£ =" f, (1)

e,i€e

where i. is the local index of node ¢ in element e. The mass of
each node is calculated by averaging the mass over neighboring
elements:

1 0
mi= g ) Ve, (12)
e,i€e
where p is the density of the soft material.

We also introduce the damping force as

e 4
1
£ = 5 § : VE(vi — 1 § Ver)s (13)
k=1

e,i€e

where e, is the index of node k of element e, and ~ is the damping
coefficient.

A semi-implicit time integration scheme is applied at each time
step:

I+ AM D)V =v" + AM TP + g+ ), (14)

X" = X" Aty (15)

where v is the nodal velocity vector, x is the nodal position vector,
M is the diagonal mass matrix assembled from (12), D is the damp-
ing matrix assembled from (13), f¥ is the internal, elastic force
vector, g denotes gravity, and f are externally applied forces. In
our simulations, we use a time step of At = 1,/3000 sec.

For the deformable segments in our myriapod body model, we set
the density of the hyperelastic material to p = 1.0, its Young’s
modulus £ = 4000, its Poisson’s ratio » = 0.4, and the damping
coefficient v = 50.

3In terms of Young’s modulus E and Poisson’s ratio v, Lamé’s first pa-
rameter A\ = Ev/(1+v)(1 —2v) and second parameter p = E/2(1+v).

B Inverse Kinematics of the Legs

Referring to Fig. 9, the leg inverse kinematics algorithm takes as
input the position of the leg tip P and leg root O and computes the
joint angles 6, «, and (3. If no convex solution (i.e., with 5 > 0)
exists, it will inform the Switcher to switch to the SF1 state. Fixing
~ for simplicity, the steps to solve for 6, «, and 3 are as follows:

1. By restricting all the leg segments to lie in a plane, 6 can be
computed independently from « and /3 using the positions of
P and O, as Fig. 9(2) shows.

2. Angles o and 3 can be computed by solving for the position
of point M (Fig. 9(1)), which is determined by rotating seg-
ment OM around point O and segments PM (with ~ fixed)
around point P. The two circles will either not intersect (no
solution), intersect at one point (tangent), or intersect at two
points. If a convex solution with 5 > 0 exists for point M in
the leg plane, then o and 3 are computed using simple geo-
metric calculations.
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