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Abstract—A procedural-animation-based approach which rapidly The proposed system will generate the smooth motion

synthesize the adaptive locomotion for quadrupeutattters that they adapting to the dynamic environments automaticayen

can walk or run in any directions on an unevenaterwithin a

dynamic environment was proposed. We devise pedctitotion

models of the quadruped animals for adapting tar&ed terrain in a
real-time manner. While synthesizing locomotion, wleose the
corresponding motion models by means of the foptptediction of

the current state in the dynamic environment, adheskey-frames of
the motion models relying on the terrain’s attrésjtcalculate the
collision-free legs’ trajectories, and interpolathe key-frames
according to the legs’ trajectories. Finally, weplgpdynamic time

warping to each part of motion for seamlessly ctereating all desired
transition motions to complete the whole locomotidre reduce the
time cost of producing the locomotion and taketuair characters to
fit in with dynamic environments no matter when #mgironments are
changed by users.

though users alter the environments.

The development of the animation technology carobghly
classified into two parts, real-time interactiveinaation and
realistic simulated animation. We focus on the ratdon
between the virtual character and the environnienhis paper,
we construct the dynamic environment with the aohlies. The
unit cubes can be placed arbitrarily in the dynasnicironment.
Therefore, the most effective factor is the wayofistructing
the dynamic environment. The unit cubes which wappsed
can be placed, aligned, and stacked in the dynamvitconment
for constructing the desired terrain. However, aBrmot expect
how the user places these unit cubes. We congidgudssible
problem of suddenly events. The user may constoctplex

Keywords—Dynamic environment, motion synthesis, proceduraferrain in front of the virtual character. We obaethe reaction

animation, quadruped locomotion

I. INTRODUCTION
N the past few years, people have been familiaih Wwigh

of the natural animals when they are facing thelenty events.
The natural animals will stop moving and try to erefand what
they are facing. After figuring out the situatidine animals start
to handle the events. Hence, we let the virtuatattar stop

diversities of 3D animated characters because @f tQcting when the user placed unit cube closing & wintual
enormous  strides of computer games and entertainipgaracter suddenly for reasonable reaction andilegiteg time

animations. In particular, walking or running onwareven 3D
terrain plays an important part in dynamic enviremis. In this
paper, we propose a procedural animation techndljghat it

can generate locomotion of the virtual quadrupeatatters for
the purpose of adopting the locomotion of the ctimra to
adapt to the varied dynamic environments. Concgraibasic
walking motion, the proposed technology analyzesiane to

obtain the important parameters, such as the stegth, motion
cycle, and stance time, for accomplishing the piaca

animation in a dynamic environment. When a usengéa the
environment dynamically, the current state of theinment
will be sensed immediately, and the next footstd@scharacter
will be predicted in advance. Once the footstepgehaeen
decided, the procedural animation generator setéetanost
suitable motion model for the character to meetcthvafronted
terrain. After the motion model has been determingwk

modified motion parameters which based on the iteraae

being substituted for the original one, and the egator

calculates the legs’ trajectories by means of tkei® curve.
Eventually, the generator makes use of the inddreamatics to
adjust the undesirable motion to satisfy the platsionstraints.
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of motion synthesis.

Il. RELATED WORK

In this section, we survey two major parts of edamethods,
one is data-driven approaches, and the other isigdpased
simulating approaches. Most of data-driven methatidize a
large amount of captured motion data to generatenhotion or
synthesize response motions in dynamic environnfei/ious
data-driven approaches analyze lots of captured dath
objective functions for obtaining identity of matie [2]-[4],
such as posture similarity between motions; thaggify those
motions through the similar identity into categeridue to
above analysis, all captured motion data can bmestgd into
several categories with specific tags, and thesa ldecome a
classified motion dataset to serve as referenceiomot
Subsequently, the authors apply some appropriajesigai
constraints or rules of dynamics to modify corresping
reference motion as the modified motions, whichfian with
the requirements of the specific situations. Ultiehg these
modified motions with other needed motions to aquksh the
whole desired simulation [5], [6]. Unlike the dateven
approaches, the physics-based simulation approattag a
mass of parameters to fit in with the physical sulhich stand
for a motion, and then the simulation can be acdisimgd by
adjusting the parameters well. Although physicsedas
simulation approaches focus on physical rules aijasting the
parameters, they also exploit captured motion ta@nalyze
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motion cycles for obtaining motion attributes anelytkimes
[7]1-[10]. These extracted attributes and keytimes e

regarded as a kind of motion, and they improve rtfation

simulation because the physics-based simulatiomoagpes

need to adjust parameters for the main charadteridt a
motion.

I1l.  CHARACTER LOCOMOTION INDYNAMIC ENVIRONMENTS

We combine the procedural
environments to increase the interactivity of ariioraediting.
A Dynamic
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Fig. 1 The system flowchart of the proposed apgroac

As shown in Fig. 1, first, a user designates twmieal points
in a dynamic environment; subsequently, a virti@racter will

travel from the starting point to the end pointc@the terminal

points have been set up, the user cannot modifg treymore.
When the virtual character travels in the dynamicimnment,
the user can place any obstacles anytime and angvilmehe
dynamic environment. After the user placed an alstato the
dynamic environment, the route of the dynamic emnent
and contact detection will be calculated as soopossible. If
the obstacles that the user has been placed wilhfieence on
the progressing path of the virtual character ctimeent motion
model does not change. Suppose that the placeaotdsblock

environment for constructing the desired terraioteNthat there
are three constrains when placing the unit cublks.uhit cube
is not allowed to overlap the virtual characterafis, the unit
cube cannot be placed on the current location efvintual

character. We define that aligning the unit cubpléing in a
line with the unit cube on the x-z plane. Similagyacking the
unit cube is placing a line with the unit cube gadlne y-axis. As
shown in Fig. 2, no matter how the user placesttiecubes, a

animation with dynami@airor adjacent cubes is full connected with andage.

(a) Placed Cubes (b) Aligned Cubes

(d) lllegal Cubes

Fig. 2 Unit cubes can be placed, aligned, stacKeitrarily, but full
connected for a pair of adjacent cubes

(c) stacked Cubes

B. Path Planning

At first, there is no unit cube placed in the dyim@am
environment. The user can set up the starting @oidtending
point as the two terminate points for the virtuahacter. Once
the terminate points are decided, we exploit the s&arch
algorithm, as (1), to calculate the initial pgifn) from the
starting point to the ending point. The ppth) is the sum of the
movement cosg(n) from the starting point to the current point
through the path, and the heuristic cbgn), which is an
estimated cost from the current point to the endtpo

p(n) = g(n) +h(n) @)

As soon as the user adds the unit cube to the dgnam

the walking path and form a contact area, we aealyz contact
area and make a decision whether the charactegebdne path
according to the new route. Therefore, the virtdracter can
obtain the right situation of the next motion whiits in with

environment, we vary the weight w of the positidrtle unit
cube, so that the cosfn) changed with the weight, as (2).

c(n)'=c(n)+w (2)

constrains of the dynamic environment. Moreoveg, ftotstep
prediction will be carried out when the path isided. The
footstep prediction decides to pick up either a maation
model or the origin one. Finally, we exploit theeqtefined
motion model and leg trajectory to interpolate tiequired
motion that adapts to the dynamic environment.

A. Environment Construction

Because of the dynamic environment, the user cantlzel
unit cube anywhere. It is necessary to detect vemnetie unit
cube is on the path. This is because the patbésies of nodes,
the user may add the unit cube to one or more nmalése path.

If the unit cube is located at the n node of thi pae calculate
the cost distance betwerandn-1. The cost distance means the
height difference of two nodes of the path. Forsoeable
motion synthesis, the virtual character cannobget dynamic

We exploit the unit cube to construct the dynamiterrain with huge height difference. Therefore, st up a

environment. The user can add the unit cube ang after
setting up the terminate points for the virtual releter. Each
unit cube can be placed, aligned, and stackederdymamic

threshold to decide whether the modified path &sphle or not.
If the cost distance is smaller than the pre-deffiteeshold, the
virtual character gets the corresponding motion ehddr
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motion synthesis. Otherwise, the virtual characteplans the
path from current position to the ending pointstfee blocked
path.

C.Footstep Prediction

Footstep prediction is a necessary section forhggiting
smooth walking motion faster in the dynamic envinemt. The
terrain of the dynamic environment is possibly afiag by the
user. Therefore, the virtual character cannot knowdvance
about what they are facing in the dynamic envirommgV/e
exploit the footstep prediction to predict the mble footstep
position. The stance time is an important time nesfee for
making an effective footstep prediction. Beforedicéng the
footstep, the analysis of the reference motioreexied. We can
obtain the angle of rotation, step length and theaiibon time
through the analysis. Note that the duration tisnee period time
from the foot lifting off the ground to touching a@hne ground.
Given an initial velocity, we can calculate the nfootstep by
(3) for legl, where the,(l)is the next position anp.(l) is the
current position of leg

Pr(1) = Pe(l) + Vies tor ®3)

We do not consider the terrain when we are pretjctine
foot step. That is, we predict the footstep withoahsidering
the height of the environment. The footstep préafictonly
concerns about where is the next footstep. Wheqguhdruped
animal needs for turning, we do not apply the fimps
prediction. In general, the quadruped animals wawtdmove
forward when they are making a turn. Hence, wecselee
turning motion model to achieve the goal of turniagd then
we apply the footstep prediction after finishinge tturning
phase.

D.Procedural Animation

A procedural animation is used to generate animatior
motions automatically in real-time. In general, thr@cedural
animation is created by the predefined motionstandd to fit
the restrictions. Therefore, the predefined motiams the
kernel of the procedural animation. To get the ahlé@
predefined motions, we define serial motion mod&is
different motions. The motion model consists ofkbg-frames,
parameters and trajectories. When creating the epioal
animation, we choose the motion model corresponttinte
terrain. Afterwards we modify the parameters of kbg-frame
for fitting the restrictions of the terrain. Fingliwe synthesize
the motion by interpolation with trajectories whicle
calculated for adapting the terrain. The footstdpbe decided
according to the prediction if the path is not apeth Once the
footstep and motion model are decided, the legdtajy should
be calculated for avoiding collision with the tenraand
interpolating. We exploit the Bezier curve, as (4)calculate
the leg trajectory(t).

()=()rE-)"t 100y @)

When calculating the leg trajectories, we let therent foot
positionp0 and the next predicted foot positiphbe the ending

point of the Bezier curve, as shown in Fig. 3. Hesj we

choose the first quartile point, midpoint, anddhguartile point

to be the control points. If tHé) collides with the terrain, we
revise the valuéfor avoiding the collision.

Next

Prev ) ;
Fig. 3 We choose 5 control points to calculateBheier curve for the
leg trajectory

We adopt the spinal and quadruped skeleton irréisisarch,
as shown in Fig. 4. Note that the spine consisthefbones
between the root and the reference point, which foam a
straight line or a curve. If the skeleton the Usaded contains
the other parts, like the tails, horns, wings,,&tcwill not be
considered for the procedural animations. Motiofighese
unique parts will be reserved and added to the quoal
animation after synthesized. For a quadruped anilikal the
bear, dog, or cat, there are four motions usirtheir daily life:
walking, climbing, turning right or left, and tumg back.
According to the research of the Bionics, moshefquadruped
animals follow the two gaits, the symmetrical gaitsl diagonal
gaits. Suppose that the quadruped animals start e right
foreleg when waking, the sequence of the symmétgais is
right foreleg, right rear leg, left foreleg, andt lear leg. As the
same situation, the sequence of the diagonal dmitsght
foreleg, left rear leg, left foreleg, right reaglén this work, we
adopt the symmetrical gaits as the basic gaitsbditd up a
walking motion model, first we have to construcé timotion
cycle. As shown in Fig. 5, the motion cycle corssist four
concentric cycles, each of cycle stands for one leg

Reference Point

4

Root

Knee(RF)
Knee(LB)

Ankle(RF) Ankle(RB)

Ankle(LF) Ankle(LB)

Fig. 4 A spinal and quadruped skeleton must coritaroot,
reference point, spine, four knees, and four ankles
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Phase 4 - Phase 1

Fig. 5 The motion cycle consist four leg cyclesefiéhare four phases
of one single leg cycle: stance (blue), lift (orepgwing (green), and
strike (purple)

The quadruped animals would not move one leg & amhen
they are walking. Actually, they start to move ttext leg when
the current leg is going from swing phase to stpkese. Fig. 6
shows the key-frames of the walking. The walkingtiom
model starts from the left rear leg. We parametetie step
length, step height, and the angle of swing foxilfile motions.
Note that the quadruped animals walk differentiythwihe
humans. Human'’s spine will not bend for obtainingving
space. The quadruped animals need to bend theie $pr
enough moving space when they walking, turningnlsing, or
downing stairs. Hence, the spine should bend whemdar leg
is going to the strike phase, then lease the saime move
forward when the rear leg is going to the stancasph For
walking motion model, we fix the reference poinisti We
move the root forward and bend the spine followea t-axis
for creating the moving space. After that, we fig root, move
the reference point forward, and gradual changespiree from
curve to straight line.

N

N ‘ /} E/"
S = 2
(d) (c)

Fig. 6 Four key-frames of the walk motion modelThg left rear leg
enter the lift phase, other legs stay in the stphese (b) The left rear
leg enter the swing phase, and the left forelegrahe lift phase (c)
The left rear leg enter the strike phase, theféeéleg enter the swing
phase, and the right rear leg enter the lift plfes&he left rear leg

back to the stance phase, the left foreleg entesttike phase, the right
rear leg enter the swing phase, and the rightégrehter the lift phase

The quadruped animal is different from the humamde

when they are passing through a unit cube. Fighoivs the
key-frames of the climbing.

Fig. 7 The key-frames of the climbing motion model

For the beginning, the quadruped animals bend spéane for

creating moving space with the same method of wglkiotion
model (Fig. 7(a)). After obtaining enough movingse, we set
the root as a fixed point and rotate the spine withangle®
along the y-axis. Since we rotate the spine, tleeforelegs will
be lifted up deservedly. Then we gradual changepiree from

high- curvature curve to low-curvature curve anacplthe two

forelegs (including the knees of forelegs) ontouthié cube (Fig.
7(b)). After that, we move the rear legs forwarddtwsing the
unit cube. At the same time, we fix the foot ofdiegs, lift up
the knee of forelegs, and change the spine intmagght line
(Fig. 7(c)). So far, the quadruped animal is almggting the
unit cube. At last, we modify the step height & thar legs to fit
the height of unit cube (Fig. 7(d) and (e)), artdie quadruped
animal walk on the unit cube with the walking mati¢ig.
7(f)).When the quadruped animal turns right or, ldfey will

move the foot of the turning side first. That ise tquadruped
animal will move right foreleg first when they timg right. Fig.
8 shows the key-frames of turning right. First, fheelegl, of

the desired direction moves to the desired diracside (Fig.

8(a)). Second, we bend the spine along the oppdiséetion of

the desired direction, move the other forelegacross the
forelegL, from the outer side, and rotate the ankle towhed t

desired direction (Fig. 8(b)). After that, we mahe foreled_;

to the appropriate position and adjust to the eapase of two
forelegs (Fig. 8(c)). Note that we change the sfiinen the

curve to the straight line when moving the foreleg(Fig.
8(d)).At last, we rotate the root to the desiredkction, move

the outer rear leg for reverting the original smampose (Fig.

8(e)), and rotate ankle of the inner rear leg tolWhe desired
direction (Fig. 8(f)).
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. \ 1% Fig. 10 The right part of t gure is the paraenesetting interface,
and left part shows the whole view
-

We demonstrate the four types of locomotion progas¢his
paper. Fig. 11 shows the walking motion on an atethee
terrain. Users can adjust step length and stephbhdigfore
simulation starts.

Fig. 8 The key-frames of the turning motion model

IV. EXPERIMENTRESULTS

In this section, we experiment on the proposed atkefor
showing the implementation results of interactirih& meshed
leopard in a dynamic environment. We develop treppsed
method with C# language, and employ tbeity 3D Game
Development Tool for constructing the whole system. In ou
system, we demonstrate the 3D model of a leopafeign9.
Users can change the terrain with the defined olesta
Furthermore, users can also verify the parameteigeherating
different motions with the defined motion model. #®wn in
fig. 10, once the parameters and two terminal gohmdve
defined for the quadruped character, the propogsm will
calculate an appropriate path from one terminatitoi another

one. No matter whether the quadruped characterogng L L A -
around in the dynamic environment or not, usersptane on
the obstacles anywhere except on the quadrupedatkar

Fig. 11 Walking motion displays in an obstacle-feewirionment.

In Fig. 12 and Fig. 13, we demonstrate the climhipgand
down motion with a single obstacle. In our syst#ma,climbing
motion will be performed when the quadruped characteet
obstacles and movement cost is under the threshold.

Fig. 9 We take a leopard with mesh as an examplgufadrupeds in
our system

Fig. 12 Climbing motion displays with an obstadfethis figure, the
leopard climbs an obstacle
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= [ ) 5
Fig. 13 Jumping down motion only occurs when thigiiteof the next
step is lower the current one

In Fig. 14, we show the turning motion when thepkaa
cannot cross over an obstacle. The turning motitirbestaken
unless the movement cost greater than currenthibicks

g—

Fig. 14 Turning motion displays with a sets of kiag obstacles

V.CONCLUSION AND FUTURE WORKS

In this paper, we exploit the procedural animaterhnology
to generate the locomotion of the character in dizpamic
environment. We define the motion models on thésbafsthe
observations. By adjusting the parameter of thefkayes or
the unit cube, it can lead to another differentultesf the
synthesized motion. The terrain of the environmesmh be
constructed dynamically and arbitrarily with thatwubes.

We plan to define more motion models to deal witmplex
terrains. In this paper, we construct the dynamigrenment
with the unit cubes. The variations of the dynaenigironment
are limited with the unit cube. Besides, we chdbsderrestrial
animals as the model for whole motion models. Wecahibose
the aquatic animals or the flying animals as the@héor enrich
the motion models. In addition, we calculate thékimg path
the Manhattan distance. That is, the virtual charawalks in
the dynamic environment with only six directionsorit, back,
left, right, up, and down. If we adopt the Eucligtdnce for
calculating the path, the virtual character cankwaith ten
directions. However, the balance of the virtualrakter and the
footholds should be concern when it goes throughdiigonal
path.
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