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ABSTRA CT

ANIMA TING CHARA CTER NAVIGA TION USING MOTION
GRAPHS

Alankus, Gazihan
M.Sc., Departmert of Computer Engineering
Supervisor: Assac. Prof. Dr. Ferda Nur Alpaslan

June 2005,60 Pages

Creating realistic human animations is a di cult and time consumigjob. One
of the best solutions known is motion capture, which is an expensiwe process.
Manipulating existing motion data instead of capturing new data is an e cien t

way of creating new human animations. In this thesis, we review the currert

techniquesfor animation, navigation and ways of manipulating motion data. We
discussstrengths and weaknesse®f interpolation techniques for creating new
motions. Then we presen a systemthat usesexisting motion data to create a
motion graph and automatically createsnew motion data for character naviga-
tion suitable for user requiremens. Finally, we give experimertal results and

discusspossibleusesof the system.

Keywords: Computer animation, computer graphics, motion planning
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HAREKET CIZGELER L KULLANILARAK KARAKTER YOL
BULMA ANIMASYONLARI URET LLMES L

Alankus, Gazihan
YuksekLisans, Bilgisayar Muhendislgi Bolume
Tez Yoneticisi: Doc. Dr. Ferda Nur Alpaslan

Haziran 2005,60 Sayfa

Gercelci insan animasyonu yaratma zor ve vakit al ¢ bir istir. Bilinen en iyi
cezzmlerdenbiri, pahal bir islemolan hareket yakalamad r. Yeni hareket yakala-
mak yerine var olan hareket verilerini degistirerek kullanmak, yeni hareketler
aretmek icin etkili bir yentemdir. Bu tezde, animasyn, yol bulma ve hareket
verilerini degistirme icin kullan lan teknikler gezdengecirilmistir. Yeni hareketler
eretmekicin kullan lan cesitli ic degerlemetekniklerinin iyi ve kete yanlar tart s |-
m str. Daha sonra, var olan hareket verilerini kullanarak bir hareket cizgesi
olusturan vekullan c kriterlerine uygun bir sekildeyol bulma icin otomatik olarak
harelket verisi ureten bir sistem surulmustur. Son olarak deneyselsoruclar ver-

ilmis ve sisteminolas kullan m alanlar tart sIm str.

Anahtar Kelimeler: Bilgisayar animasynu, bilgisayar gra gi, hareket planlama
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CHAPTER 1

In tro duction

3D Computer animation is a tool that has beena vital elemen of a number of
applications sud as computer games,movies and virtual reality simulations. It
enablesthe userto view a life-like simulation of di erent everts and improves
the quality of the experience.For example,a well preparedanimated movie with
soundsprovides a more impressie ertertainment than a comic strip with still
imagesand captions. A well-animated character in a computer game makes it
more compelling and provides a realistic experience. A belieweablevirtual stunt

in a movie makesthe movie more exciting anh lowers health risks of stuntmen.

Creating believeable motions for complex ertities is a di cult task. There
are many things to considerwhen animating a complexertity. Theseinclude the
positions of the moving parts, their velocities in time and high level behaviors
created using primitiv e motions. Human characters are examplesto complex

ertities and areamongthe mostfrequertily usedelemeits in computeranimations.

In addition to being complex, human motions have an important role in cog-
nitiv e science.In daily life, motions sud assignsare a major way of communica-
tion after speed. In addition to using motion asa direct way of commnunication,
humans unconsciouslyextract meaningsand feelingsthat are unconsciouslyin-
cluded in the motions of the subject. Therefore,if the animation of a character
givesthe userthe feeling of happinessand the character is supposedto be sad,
the coherenceof the animation is a ected in a negative way. Thus, animating

human charactersrequiresspecial attention.

Creating human animationsis a di cult task. If the animation to be created

cortains complex patterns sud as walking, the work to be done by animation
1



artists becomeeven more demanding. Since motions like walking tend to be

repetitiv e, they can potertially be createdin a more e cient way.

In this thesis, we review the current methods for creating human animations
and identify di erent parts of the animation pipeline. We then addressthe prob-
lem of navigating a walking human characterin a realistic way. For this purpose
we repetitively use motion capture clips using a motion graph data structure.
We demonstrate our approad with experimerts and discussits strengths and

weaknesses.



CHAPTER 2

Computer Animation

The word "animate” means"give life to" [19. "Animating” canbe usedfor mak-
ing puppets move with strings or making cartoon characters wander by certain
techniques. The word "animation" is mostly usedfor the latter. In order to
cornvert a picture to an animation, many pictures including slight changesmust
be showvn to the human eye fast enoughto make the eye perceiwe them as con-
tinuous. The production processof thesestill images,as well as the resulting

moving imagery are both called "animation” traditionally .

Animation rst appearedin the nineteerth certury in the form of a turning
wheel called the Zoetrope, which lets the user seesuccessi® imagesinside the
wheelthrough holesaround it. The discovery of Im made animation becomea
more seriousform of ertertainment. The individual still images,called"frames",
could be created separatelyand shavn to the userby the sametechnology that

was usedfor live-action cinema.

Like many other processesn life, creating animated movies has dramatically
changedwith the invent of computers. Computers started to be usedin almost
ewvery part of the animation pipeline, justifying the term "computer animation”.
In this chapter we discussthe di erencesbetweentraditional animation and com-
puter animation, aswell as 2D animation and 3D animation. We then descrike

the 3D animation pipeline and how computersare usedto create 3D animations.



2.1 Traditional Animation and Computer Animation

The move from Zoetrope to Im made animation an important form of erner-
tainment an a businessof its own. Major animation companieslike Disney were
formed and a great amourt of e ort was provided for making the animation

processbetter.

In the beginning, animators were drawing the completesceneon a paper, and
photographingthem on the Im. Afterwards, animators started to usetranspar-
ert sheets,called cels and drew the di erent elemeits of the sceneon di erent
cels. This provided a layered approad in which static elemerts like the badk-
ground wasdrawn onceand dynamic elemeits wereanimatedon it with di erent
cels. This technique, also called cel animation, dominated the 2D animation

processuntil the advent of computers.

Another method for creating animation was using real models, positioning
them for ead frame and taking photographs. This technique becameknown as
stop-motion animation. Although it required accuracyand patience,it was used

in many di erent animated movies and is still being usedtoday.

After the advent of computers,the animation processstarted to changegrad-
ually. Computers started to be used for creating in-betweens from keyframes
automatically, a processthat was previously done by lessexperiencedanima-
tors. In time, with the creation of sophisticatedprograms,the whole still images
started to be createdusing computers,mimicking the celapproad in someways.
Vector represetations for drawings helped createbetter in-betweensand enabled

easyediting of existing animations.

As the capabilities of computersincreased,virtual sceneswith 3D geometry
becamepossibleto be represeted using computers. 2D projections of 3D scenes
were createdusing a similar approad as photography in the virtual world. This
advancemen helped create a virtual stop-motion animation technique, called

3D animation. Creating and placing virtual 3D models becamemuch easier



and consistem than creating puppets and positioning them, while enabling 3D

animations to have the realism of stop-motion animations.

Today, animation industry is mostly dominated by 3D animations, but there
are still popular 2D animations being produced, sud as Japaneseanimes. In
the next sectionswe descrile how computers are used in todays 2D and 3D

animations.

2.2 2D Computer Animation

In 2D animation, the role of computersis merelyreplacingthe toolsfor manual cel
basedanimation. The 2D animation pipeline consistsof creation of the story and
characters,creation of frameseither by drawing every frame or usingthe computer

for inbetweening,and creation of the movie by displaying framessuccessiely.

Creation of still imagesbecamefully computerizedafter the advent of tablets,
a devicewith a pencil-like devicethat senseshe pencil movemeris to be realized
in the computer. Using tablets, artists can draw still imagesjust like drawing

with pencil and paper in a layered approad that mimics cels.

Using computers, the inbetweening approad is also automated. Morphing
and moving point constraints [22] are usedto createtransitions betweenkeyframes
wheneer possible. Howewer, thesemethodsarenot fully automatedbecausesome
of the the resulting in-between frames may cortain artifacts that require post
processingby artists. The createdframesare then usedto createthe animated

movie, by displaying in succession.

2.3 3D Computer Animation

Instead of being merely tools for the traditional pipeline, computers changed
the whole animation processin 3D computer animation. Generating a dupli-
cate of the imaginary world and applying the laws that govern the real world

dominatesthe new pipeline, which mimics stop-motion animation. The 3D ani-
5



mation pipeline consisitsof modeling, animation and rendering, as explainedin

the following sections.

2.3.1 Mo deling

The word "modeling"” is traditionally usedfor the processof creating a physical
sculpture of an object. In computeranimation, it is usedasthe three dimensional
geometricde nition of the object in question. With sud a de nition, the object
can be viewed from di erent anglesand can be deformed like a real physical
model. The way objects are modeled a ects the realism of the user experience,

asdetailed in the upcoming sections.

There are a number of di erent represemations for modelsin computers. Dif-
ferernt represetations are preferredbasedon the application needs.While some
methods are moreintuitiv e, they canbe lesse cien t for complexmodelsand vice

versa.

2.3.1.1 Polygonal Mo deling

The most preferredmodeling method is polygonalmaodeling As seenin gure 2.1,
the primitiv es that polygonal models are de ned by are, at surfaces,straight
edgesand vertices. Usually it is more e cient to represen polygonal models
as triangular meshesby triangulating the surfaces. This technique is simple
and intuitiv e for modelersbecauset simpli es the modeling processto de ning
arbitrary vertex points in space. The complexity of the model is determined by

the number of verticesused.

Polygonal modeling is very useful for objects cortaining straight edgesand
surfaces. As the complexity and the number of round surfacesincrease,more
and more vertices needto be usedin the model. Creating and managing high
number of vertices can be a very demandingtask and there are a number of
modeling techniquesthat easethis process. Subdivision surfaces[6] is a useful
technique that iterativ ely appraximates the B-spline surfacede ned by the input

6



Figure 2.1: A polygonal model.

vertices. This providesa hierarchical approat on modeling in which onecanuse
a low polygonalmodel in the modeling processand corvert it to a high polygonal
model to be usedin the other stagesof the production pipeline. Sweepers|[2], on
the other hand, is a recen technique that enablesdirect manipulation of large
number of verticesin a intuitiv e manner. Unlike subdivision surfaces,sweepers
givesthe digital sculptor the ability to manipulate the resulting meshin a way

that mimics deforming clay.

Although it is hard to manage complex models using vertices, with these
techniques, polygonal modeling becomesan e cient method for models with
high polygonal meshes.Figure 2.2 is an exampleof a realistic 3D model created

using polygonal modeling techniques.

2.3.1.2 Spline-Based Metho ds

There are other methods that enablecreating detailed models with high curva-
ture. NURBS [2(] is an examplethat usessplinesto de ne the geometry of the
model. The model is de ned using cortinuous surfacesde ned by splines,asin
gure 2.3. Therefore, the primitiv es of sud a model are spline cortrol points.
Thesemethods enableimplicit represetations of the model, without constrain-
ing the model to vertices and edges. For example, a perfect smaoth curve can

be preciselyde ned using NURBS, whereasany polygonal modeling technique



Figure 2.2: The Final Battle by Max Kor. Courtesy of CGNetworks.com.

createsmerely a piecewiselinear approximation to the curve. NURBS models
are renderedby sampling the curve on a given image-spaceesoution, therefore

the quality of the nal imageis only dependart on the resolution of the image.

2.3.2 Animation

The detailed model and its surfaceslet us render high quality still images. In
order to create an animated movie, about 30 di erent sud imagesneedto be
created and displayed one after the other for ead second. The states of all the
sceneelements must be de ned for ead frame throughout the animation in a

realistic way, just like stop-motion animation.

Motions of many real ertities can be simulated to createrealistic animations.
For example, an acceleratingcar or a dropping apple can be simulated using
Newton's laws of motion. Water and its interaction with objects [5] can be

simulated using numerical solutionsto di erential equation systems.

The motion of the entities that are not simulated by a computer needto be



Figure 2.3: A NURBS model with cortrol points.

de ned by an animation artist. The mostnaive approad is to mimic stop-motion
animation and de ne the state of ead frame separately This brings too much
work and is not preferred. Instead, keyframing approad from 2D animation is

adoptedin 3D computer animation.

For the sale of temporal consistencythe framesof a 3D computer animation
are sampledfrom the de ned motions of virtual abjects by changing their prop-
erties. For example,an animation containing the rotation a cube is created by
creating a virtual cube and gradually rotating it for every frame. All the primi-
tivesof the cube are taggedand a speci ¢ primitiv e can be cortinuously tracked
acrossframes. This brings temporal consistencyto the animation and easeshe

animator's job by de ning motions as changein parameters.

Keyframing in 3D animation dependson this approad. Di erent statesof the
sameobject are createdfor di erent framesby modifying properties of primitiv es
sud as position, orientation, scalingand color. Then, the in-betweenframesare
generatedby simply interpolating between these values, as detailed in section

3.2.1.



2.3.3 Rendering

The animation created by the animator is sampledin discrete time stepsto
createframesto be shovn successigly in the resulting animated movie, just like
taking photographsin a stop-mation animation. "Rendering" is the processof
corverting the 3D sceneto a 2D image, similar to taking a virtual photograph.
In its simplede nition, it requiresthe projection of 3D geometryinto a 2D plane.
This is straightforward for simple points in space but not all points are projected
as a simple point to the 2D plane. The projected imagetakesinto accoun the
color and material of the point in spacehow it is locatedrelative to light sources,
whether it hasother propertiesthan just re ecting light, etc. In this respect, the
way the renderingalgorithms createthe nal imagedeterminesthe quality of the

resulting image.

The projection of a surfaceon the image hasto corvey the structure of the
surfacein the space. Shadavs and re ectance are real life properties of light
and object interaction and are simulated in rendering by lighting calculations.
Textures are 2D imagesmapped on a surfaceand they help creation realistic

imagesalong with lighting.
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CHAPTER 3

Full Body Character Animation

Creating three dimensionalanimations for complex ertities is not an easygoal.
The tasks to be carried out in all the steps of the animation pipeline highly
dependonthe complexity of the ertity. Asthe ertity getsmoredetailed, modeling
involves more work to be done, resulting with a model including higher number
of polygons. Animating sud complexertities is also hard sincethe number of
parts that can move increasesas the ertity gets more complex. The animator
needsto considerall of thesemoving parts and createbelieveableanimations for
them. The way that complex entities move is also usually complex. Constart
velocities and linear paths are usually not acceptableand there areimplicit limits

on motion.

Human body is the most frequertly usedsubject in computer animations and
it is a good examplefor a complexertity. There are 206 bonesand 360 joints
in an adult human skeleton that all have special movemen patterns. To cre-
ate a believable animation, the animator needsto simulate the movemerts of a
fair amourt of these bonesand joints. The H-Anim 200x speci cation in [10]
considersa humanoid gure with 14 joints to have a "low level of articulation”,
comparedto a gure with 72joints, which is consideredo have a "high level of ar-
ticulation”. Someof thesejoints (e.g. shoulders)have crucial importance, where
others (e.g. vertebral joints) have lessimportance in the resulting animation.
The amourt of joints considereda ects the quality of the resulting animation as

well asthe detail of generatedmotions.

Apart from joints and bones,there are many other factors that determine
guality of the animation. Theseinclude static properties of the image sud as

11



the quality of the 3D model and the way it is shadedand projected into an
image. In the following sectionswe analyzethe factors that a ect the realism of

an animation in detail.

3.1 Mo deling

Regardlessof the represetation method for the model, realistic human mod-
els are detailed and are hard to create. For example, The Ultimate Human by
cgCharacter[7], one of the best human models in existence,corntains 772,500
polygons. Although for most applications models with a lower level of detail is
su cien t, human models usually require a high number of primitiv es. The num-
ber of primitiv esin the model depend on the level of detail and the level of detail

determinesthe realism of the model.

3.1.1 Hierarc hical Mo deling

Human models include a high number of primitiv es as well as a high number
of deformableparts (i.e. joints). Manipulation of suda complex models requires
systematicapproatesrather than manipulation of ead primitiv e separately For
example,when the animator wants to raise the arm of the model, she must be
able to do it easily without caring about ewery single primitiv e that needsto
move and deform. This is achieved by partitioning the model into rigid parts, or
bones,that are connectedwith joints and thereforeimposinga hierarchy on the
model. The joints in human body are mostly hinge or ball and saocket joints and

can be represeted asrotations.

Figure 3.1 shows a skeleton hierarchy of a leg wherethe bonesthigh, calf and
foot are connectedby the joints knee and ankle The bone thigh is the highest
bonein this hierarchy and foot is the lowest. The joints imposeconstrairts on
this hierarchy and the movemen of thigh automatically a ects calf and foot. In

its simplestform, the bonesthat are lower in the hierarchy live in the coordinate

12



Thigh

Knee

Calf

L N

Ankle Foot

Figure 3.1: A simple skeleton hierarchy of a leg.

frames that are de ned by the bonesthat are higher in the hierarchy. The
geometricprimitiv esthat de ne the leglive in the coordinate framesof the bones
that they belongto. This way, the rotation of a joint higher in the hierarchy
automatically displacesthe bonesthat are lower in the hierarchy and thus the

primitiv esare also displacedaccordingly

The ISO/IEC FCD 19774- Humanoid animation (H-Anim) [10]is a standard
that de nes a scalableframework for articulated humanoid models. Although
H-Anim de nes joints and segmets as separateertities, in practice, joints and
segmelts are usually mergedinto one structure called bonesfor the simplicity
in represemation. Bonescan be thought of as a hierarchy of segmets in which
the connectionsimplicitly de ne the joints. Sincethere are no closedchain kine-
matic structures on the human body, this represemation doesnot introduceany
ambiguity. Figure 3.2is an exampleof sud a represetation. Human characters

usually have the torso of the character asthe root bonein the hierarchy.

Using a hierarchical model, di erent statesof the complexmodel can be rep-
resemed with a smaller number of parameters. This not only provides easein

animating, but alsoensuresa consistencyin the overall animation. If we have a

13
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Figure 3.2: A humanoid skeleton hierarcy.
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humanoid character with a model that hasn + 1 bonesincluding the root bone,

we can de ne a con guration of the character as,

m(t) = (pr(t);9r (1); A2 (t); 225 an (1)) 3.1

where p, (t) is the position of the root bone, g, (t) is the orientation of the
root boneand q.(t) ...q,(t) are the orientations of the rest of the n bonesin
hierarchy relative to the coordinate systemsof their parerts at time t. Usingthe
original hierarchical model and the con guration vector m(t), the state of the

model can be de ned without any ambiguity.

A motion clip is de ned asthe con guration function m(t) asgivenin 3.1,
which is de ned for an interval (tj;t;). For the movie clip to be played, the

character's con gurations betweent; and t; must be displayed at the right time.

Note that m(t) de nesthe absoluteposition and orientation of the character's
2D oriertation in the xz-plane (i.e. o or plane). If all of the con gurations that
de ne the motion clip are transformedin the xz-plane, the resulting motion clip

is alsovalid [14].

mYt) = Tz (X0 20)Ry ( o)m(ti) (3.2)

Where T4, (Xo; Z0) is a translation in the xz-plane by (Xo; o) and Ry ( o) isa

rotation aroundy axis by .

Although equation 3.2 generatesa valid movie clip, it is not intuitiv e because
m(t;) is not necessarilyin the origin of the xz-plane and the rotation Ry ( o) will
alsorotate the current displacemen of m(t;) in the xz-plane. For this purpose,
it is intuitiv e to align oneframe to origin, make the desiredrotation and align it

bad to the desiredposition, asin equation 3.4.

m(t) = (Pr(t);ar (t); ga(ti); 5 dn(ti)) (3.3)

mo(t) = sz(XO;ZO)Ry( O)sz( pr(ti))m(t) (34)
15



This approad enablesus rotate the initial frame around itself with the angle
o and position the character at (Xo; z9) at the initial framet;. Although it en-
ablesenforcingthe desiredstarting position of the character, it doesnot mertion
exactly which way the character is facing. In addition to translating the initial
frame to origin, we can also make the character facethe positive z axis at time
ti, which then allows us to explicitly de ne the orientation of the character. Note
that the character's 2D orientation in the xz-plane solely depends on the 3D
orientation g, (t) of the root bone. We can rewrite g, (t) asthree Euler anglesin

zxy order asfollows.

qr(t) = Ry( t)Rx( t)Rz( t) (3-5)

qr(t) = Ry ( )al(t) (3.6)

Therefore,we can rewrite the con guration of the character asfollows.

m(t) = (pr(t); Ry ( A7) ga(t); 115 dn(t)) (3.7)

In order to start the motion clip at (Xo; zp) with facing o, we can apply the

following transformations to the motion clip.

mo(t) = TXZ(XO;ZO)RY( O)Ry( ti)sz( pr(ti))m(t) (38)

Where m(t) is asde ned in equation 3.7. Then, equation 3.8 becomes

MYt) = (T (Xo0; 20); Ry ( 0)aP(t); ge(t);::1;an(t)) (3.9)

This represemation gives us the freedomto explicitly set the position and
orientation of the character in xz-plane. We will use this represetation for

interpolation in section3.2.

16



3.2 Animation

The processof human animation is the focus of this thesis. Motions of many
real ertities can be simulated to createrealistic animations. On the other hand,
human motion is too complex to be modeled with equationssince it needsto
obey the complexsystemof the human body aswell asthe laws of physics. The
physical properties of the human body sud as musclescan be simulated, but
how the brain makesthe muscleswork is not easyto model becauseit depends

on many criteria that are beyond the scoge of this thesis.

The generalapproad is to recreatehuman motion by either skilled animators
or by real motion data. Fortunately, animatorsdo not have to specify the state of
the human body explicitly in eat and every frame. Rather, a high level cortrol
over a group of framesis createdusing hierarchical models, asdetailed in section

3.1.1.

3.2.1 Keyframing

The word "keyframing" has been an animation term since the early days of
animation. In 2D animation studios, a master artist would draw the important
framesthat are enoughto understand the animation. Theseframesare called
the keyframes Afterwards, lessskilled artists would draw the framesin between.
Theseframesare also called the in-betwesns and they Il in the motion de ned
by keyframes[19]. The keyframesthat sene as the important frames would
be enoughto corvey the overall motion and the in-betweenswould merely be

transitions betweenthem.

With the advent of 3D computer animation, the in-betweeningapproad be-
camea more concretemethod. In 3D animation, the primitiv escorrespnding to
the sceneand the objects are all taggedand a state of the scenecanbe de ned by
changing the properties of these primitiv es. Keyframescorrespnd to important

states of the scenethat are de ned by the parameters. Then, the in-between

17



framesare created using an interpolation function over the parametersthat de-
ne the state of the sceneand object primitiv es. This approad is also referred
to asparametric keyframing [25. The parameterscan be propertieslike position,

orientation, color, etc.

As explainedin section3.1.1, hierarchical approahesdecreasahe number of
parametersthat are requiredto de ne the state of the model. In its simple form,
we can represeh the state of a humanoid character asin equation 3.1, which is

as follows.

m(t) = (pr(t);9r (1); A2 (t); 2225 an (1)) (3.10)

where p, (t) is the position of the root bone, g, (t) is the orientation of the
root boneand q;(t) ...q,(t) are the orientations of the rest of the n bonesin

hierarchy relative to the coordinate systemsof their parerts at time t.

In practice, the cortinuous functions in 3.10 are not explicitly de ned. In
keyframing approad, the function valuesfor a number of discretevaluesoft are

given and other valuesin betweenneedto be computedusing interpolation.

Interpolation can be de ned as

inter (a; a41;f) = a4+ (3.11)

where0 f 1 isthe fraction of interpolation. Whenf = 0, a.+s = & and
whenf = 1, a;.+ = a+1. The rest of the valuesare "in between"a; and a;41, as

shavn in gure 3.3.

There are di erent ways for de ning the interpolation function. Linear inter-

polation is the simplestinterpolation technique and it is de ned asfollows.

lerp(ai;aiva;f) = (1 fla+fan (3.12)

Although linear interpolation is intuitiv e, it does not provide cortinuity of

derivatives. There are other techniquesthat provide cortinuity up to a given
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f (x)
0 Pa

P P3

Figure 3.3: A function f (x) de ned by linearly interpolating points py; p.; ps and
Ps.

Figure 3.4: Two possibleinterpolations for cyclic ertities a; and a, at f = 0:5.

number of derivativesby usingmorethan the nearestpoints. Splineinterpolation

is sud an example.

There are a number of di erent ways for interpolation dependingon the struc-
ture of the interpolated ertities. For example,a position valuecanbeinterpolated
directly using linear interpolation. Valueswith cyclic domains, sud as angles,
have more than oneinterpolant value depending on the side chosen,as given in

gure 3.4

To apply keyframing on the con gurations of a humanoid model, we needto

interpolate betweenkeyframesof the character.
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m(t) = inter  m(t;):m (i) ——" (3.13)

tiv1 1
inter m(ti);m(tm);ﬁ- = (P (D) (D: (D)1 an () (3.14)
P(t) = inter P (L);P:(tn)i - “ti! (3.15)
qr(t) = inter Qr(ti);Qr(tiﬂ);t:l t‘ti! (3.16)
(1) = infer  a(t);Ge(ten )i - t‘ti! (3.17)

wheret; t  tj.q.

The interpolation function, inter, is required to interpolate betweenone po-
sition and n+ 1 orientation valuesthat make up m(t), asin equations3.13,3.14,
3.15,3.16,3.17. Sincethe interpolation is donebetweenstatic ertities, the result
must be well de ned. There are di erent techniquesfor interpolating between
these di erent ertities and we discussa number of possibletechniquesin the

following sections.

3.2.1.1 Interp olation of 3D Translations
A translation T in 3D consistsof three parameters(x; y; z) that de ne the trans-
lation about the three axes,thereforeatranslation canberepresetted by a vector.

2 3

x(t)
T(t) = g y(t) % (3.18)

z(t)
Interpolation techniques sud as linear interpolation or spline interpolation
candirectly be applied to theseparametersto createthe inbetweenvalues. If we

know T(t;) and T(tj+1), wecan nd T(t) fort; t t;+; asfollows.
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2 3 2 3
t ot

g X(t) % g inter  x(ti); x(tiv1); %

y(t) inter  y(ti);y(tiv); 7% (3.19)

Z(t) inter  z(ti); 2(ti+1); 70

For the interpolation function, we can useany kind of interpolation technique
dependingonthe application needs.Linear interpolation is the simplesttechnique
but it doesnot provide cortinuity of derivativesand producesunnatural results.
Splineinterpolation is a better choiceandit is the favorite interpolation technique

for keyframeanimations.

3.2.1.2 Interp olation of 3D Rotations

Unlike translations, rotations require more attention for interpolation. In 2D,
we can represen rotations just by one angle and as shavn in gure 3.4, there
can be more than one choicesas the result of interpolation. In 3D, it gets more
complicated becausenot only there can be more than one cyclic parameters,
but also there are more than one represetations of the same3D rotation and

interpolation of thesedi erent represerations createpotentially di erent results.

Euler anglesis the most naive represetation for a rotation in 3D. Any rotation
in 3D can be represeted as three consecutie rotations around the coordinate
axes. Thus, arotation R canberepreseted asthe composition of three rotations

R1, Rz, R3 [16].

R = R1R2R3 (320)

The rotation axescorrespndingto R, R, and R3 canbe chosenarbitrarily .
One of the most commonrotation ordersin literature is the xyz order, which is
alsocalled pitch-roll-yaw. The angles(; ; ) areusedto represen the rotations

around x, y and z axesin order.

An interpolation for R(t) canbe written asfollows.
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R(t) = R1(t)R2(t)R5(t) (3.21)

R(t) = inter Ry(6);Rs(ties)ip — 7 (3.22)
!

Ro(t) = inter  Ra(t):Ra(tis ); —— (3.23)

tivr 1

|

Ra(t) = inter - Ra(t)iRa(tia)i g —'r (3.24)

The interpolations are carried out on the angle valuesas follows.

!

(1) = inter () (teg)+ K 2 ;tiil t‘ti (3.25)
!

() = inter  (4); (tis1) + K 2 ;tiil t‘ti (3.26)
!

(t) = inter  (t;); (tiva)+k 2; _tl tit_ (3.27)
i+ i

wherek , k andk areadjustedto choosethe side of interpolation asshowvn
in 3.4. For the interpolation function, linear interpolation or spline interpolation

can be used,spline interpolation creating smaother results.

There are a number of drawbadks in using Euler anglesfor interpolation.
First of all, Euler anglesare prone to the gimbal lock problem [24]. When s
90 degreesn an xyz order of rotation, x and z axesare aligned over ead other
and they a ect the resulting rotation exactly the same,and it is impossibleto
make a rotation aroundthe axisthat is perpendicularto the current x andy axes
without changing . This resultsin the lossof one degreeof freedomand is not

desireable.

Another major drawbad of using Euler anglesfor interpolation is that Euler
anglesare ambiguous. The very same3D rotation may be represeted by more
than one Euler anglevalues(; ; ). If oneof the interpolants hassud a con-
dition, the resulting interpolation will be di erent for dierent (; ; ) valuesof

the interpolant, although they represen the exact samerotation.
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A better alternative for interpolating rotations is spheri@l linear interpolation
(slerp) using quaternions[24]. Quaternions are four dimensional mathematical
constructsthat are similar to complexnumbers. A quaternion g hasa scalarand

a three dimensionalvector part and can be written as,

q= (s;v) (3.28)

A rotation in 3D around a vector n by angle can be represeted by a unit

guaternion as follows.

g= (coq =2);nsin( =2)) (3.29)

A vector v can be represeited with a quaternion p = (0;v). Rotation of
a vector v represeted by a quaternion p, with the rotation represeted by a

quaternion q is as follows [24].

p°= gpq * (3.30)

Where q ! is the multiplicativ e inverseof q and multiplication of quaternions

is de ned as

G = (S1;V1)i(So;Va) = (S1S2 ViiVo;SiVo + SV + vy V) (3.31)

The inverseof a unit quaternion is equalto its conjugatewhich is de ned as

1_

q-=(s; V) (3.32)

Using equation 3.30, we can rotate a vector with any rotation represeted as
in equation 3.29. Note that all the quaternionson a line that passeghrough the
origin of the 4D quaternion spacerepreset the samerotation [24]. All quater-

nionsin this domain are unit quaternionsand exceptdirectly opposite ones,no
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lerp slerp

Figure 3.5: lerp vs slerp. Note the growing distanceson the spherein the middle

of lerp.

two quaternionsrepresen the samerotation. Therefore, an interpolation done
in this domain is well de ned and unique. Furthermore, unlike Euler angles,

guaternion represetation of rotation doesnot su er from gimbal lock.

One way of interpolating between unit quaternionsis interpolating between
the quaternion parametersdirectly using lerp and projecting the interpolation
stepsbadk on the unit sphere. Although this is a straightforward way, the inter-
polation tendsto speedup in the middle. A better way is, doing the interpolation

on the surfaceof the sphere,which ensuresconstant speed,asseenin gure 3.5.

This interpolation technique is called spheri@l linear interpolation or slerp

[24], and is formulated by

sin(l t) sint

slerp(ty; op; t) = qu+ Sin o) (3.33)

wherejuj = jgpj = 1 and ;i = cos .

slerp is shavn to perform better than other methods for interpolating ro-
tations [24], and is the choice of rotation interpolation in character animation.
There are spline basedmethods [12] that guarartee higher order derivativesand
incremertal methods [4] that enablee cient computation of slerp.

With lerp for the root boneposition and slerp for boneoriertations, keyframe
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animation is a powerful tool in 3D animation.

Keyframing is a helpful tool for animators, but creating the keyframesand ad-
justing motions require a fair amourt of time of the artist. Creating keyframed
animations for a long animated movie including many charactersis still a de-
manding job. To addressthis problem there are a number of techniquesgiven in

the next sections.

3.2.2 Physically Based Metho ds

Instead of consideringhumanoid models as simple geometricobjects, physically
basedmethods aim to apply laws of physicsto the model by enriching the model
with physical properties of the human body. With a human model that is aware
of the physical constrains sud as Newton's laws and joint torque constrairts,

the human motion can be createdwith lessinput from the user.

Pure physical methods are more popular in robotics than in animation. In
[15], the authors create a computer model of a real humanoid robot and using
motion planning techniquesthey create motions that can alsobe usedto cortrol
the real robot. The motions created include simple motions like reating and
grabbing aswell ascomplexfull body motions like locomotionin an environmert

with obstacles.

Although pure physical methods enable the creation of humanoid motions
by using simple constrairts, the createdmotions are often too "mechanical” and
inhuman. Thereforepure physical methods are not preferredin computeranima-
tion. Newertheless,conbined with other methods it can be a powerful tool, as

detailed in section3.2.4.1.

[9] is another examplefor creating physically valid human motions. In this
approad, a givensimple human animation is iterativ ely corverted to a physically
valid animation. This approad can be classi ed asa hybrid method of keyfram-
ing and physically basedmethods. As far asrealismis concerned this approah
createsbetter animations sincethe animator suppliesan initial animation and
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Figure 3.6: An actor performingin a motion capture session.

thus hasmore cortrol on the resulting animation.

3.2.3 Motion Capture

Instead of having artists create motions in computer, the real movemers of
humans can be recorded using special hardware and can be usedto animate
virtual charactersin computer. This processis called motion capture. Figure 3.6

shows an actor in a motion capture session.

Motion capture is a completesolution for the problem of creating animations.
Instead of the animator creating motion for all parts of the character, the motion
is simply imported from motion capture les. Sinceit represets the real motion
of the human actor, realism of the animation is guararteed. Therefore, motion

captureis the method of choicewhen creating professionahumanoid animations.

Despite being able to create stunning animations, the processof motion cap-
ture animation as a whole is di cult.  First of all, motion capture hardware is
expensive and the capture processrequires actors to do the real motion. All
di erent desiredmotions of the character needto be captured cortinuously and

modi cation of the captured motion is not easy
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Motion capture hardware capturespositionsand orientations of speci ¢ points
on the human body in discrete time intervals. These captured points are de-
termined by the placememn of motion capture hardware on the actor's body.
Therefore,the motion de ned by the captured points is highly dependart on the
placemen of motion capture sensorsas well as the shape of the actor's body
and it cannot be applied directly to a character with a di erent body shape. In
addition to all these problems, raw motion capture data includes noisethat is

generatedby the motion capture hardware.

In order to overcomethese problems, raw motion capture data is modi ed
and cornverted into a more useablestate by post processing.The noiseis cleaned
and the motion is retargetedinto a standard skeleton with bone hierarchy. The

resulting motion capture data that is usedto drive the character is of the form

m(t) = (pr(t);9r (1); A2 (t); 2225 an (1)) (3.34)

which is the sameas equation 3.1. The motion function m(t) is de ned in

discretetime intervals, usually 30 samplesper second.

3.2.4 Motion Capture Based Metho ds

Although it can be a dicult task, motion capture is the best way to create
realistic human motions. The biggestproblem with motion capture is that the
capture processneedsto be repeatedfor every desiredmotion sincemanipulating
motion capture data is not easy Many researbers have worked on the problem
of manipulating motion capture data while preservingits realism. Theseworks
can be divided into two approades: physially basel and interpolation basel.
Someresearbers used the newly created motion capture data by one of these
two methods, and formed motion graphsin order to createa data structure that
will enablethe creation of motions that are combinations of small motion clips.

Thesemethods are given in the following sections.
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3.2.4.1 Physically Based

As we have seenin section 3.2.2, physical properties of humans can be usedto
createmotionsthat abideuserconstrairts aswell aslaws of physics. Motions that
are created from scratch are usually not realistic, but physically basedmotions
can be usedto modify existing motions to make them more realistic. In [26],
motion capture data is modi ed by the userand balanceconstrairts are usedto
make the createdmotions physically valid. In [21], motion capture data is usedto
create a model of human motion and that model is usedto reconstruct motions

accordingto the userconstraints and physical constrairts.

In general,physical constrains are composedof static balance,dynamic bal-
ance,joint torque limits and minimum displacedmass. Static balanceis obtained
by summing the forcesand torques a ecting to the characterto zero. Although
static balanceconstrairts are not satis ed in a moving character, they are useful
to create keyframesand statically stable trajectoriesthat can be corverted into
dynamically stable trajectories. Dynamic balanceis a fuzzy conceptand there
is no concrete de nition to classify motions for dynamic stability. One good
approximation is keepingthe zeromomert point on the ground cortact surface
[15]. This ensuresthat the character doesnot fall, but restricts it from perform-
ing more active motions, sud asrunning. Di erent heuristics are also available,
but none of them give a consistem solution. Joint torque limits ensurethat no
joint is overloadedwith forcethan it normally can. Minimum displacedmassis a

heuristic usedin motion reconstructionand it restricts the motion to be smaoth.

Physically basedmotion generationusing motion capture data is one of the
usefultoolsfor creatingtransitions betweentwo motion clips. We will seeanother
method in the next section,and in section 3.2.4.3,we descrike the use of these

methods to createa motion graph
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Figure 3.7: Two functions interpolated over time.

3.2.4.2 Interp olation Based

As we discussedn section3.2.1,interpolation is a usefultool to createtransitions
betweentwo static keyframesin time. When we interpolate betweentwo static
frameswith constart speed, the resulting interpolation does not look realistic.
Furthermore, if the interpolated posturesare not closeenoughiit is likely that the
interpolation looksinhuman. One way to overcomethis problemis to interpolate
betweentwo motion capture clips in time, instead of interpolating betweentwo

static frames,asin gure 3.7.

This method results in more realistic interpolations than interpolating be-
tweenstatic framessinceit includesthe dynamism of the motion capture data.
[13]is a good examplethat discusseshe methodsto be usedwheninterpolating

betweentwo or more motion clips.

In order the resulting motion to be realistic, the interpolated motions needto
be fairly closeand the interpolation should be short. If the desiredinterpolation
is requiredto be longerand the timings of the interpolated motions are di erent,
timewarping should be usedto align similar framesin the interpolated motions.
Timewarping requiresthe motions to be cortinuous, while wotion capture data
is discrete. In order to overcomethis problem, all motion capture data frames

are consideredto be keyframes,and the posturesin betweenare found by inter-
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f (x)

Figure 3.8: The cortinuousinterpolation spaceof two functions.

polation. Thereforethis requirestwo di erent interpolations, as shovn in gure

3.7.

Note that interpolation betweentwo static ertities is well de ned, but inter-
polating betweentwo changing ertities requiresextra attention. As the ertities
change,the interpolation path alsochanges.The resulting interpolation is de ned

asthe trace in this 2D interpolation space,asshovn in gure 3.8.

Note that in order to have a cortinuousinterpolation betweendynamic erti-
ties, the subsetof the interpolation spacethat is traced by the interpolation path
needsto be cortinuous. This is true for interpolating in non-cyclicdomainssu

astranslation, but may not be true for cyclic domainssud asrotation.

When interpolating betweentwo angles, the interpolation has two possible
values. If we always choosethe value that is on the shortest path and if the
di erence betweenanglesexceed , the interpolation path will ip and there will
be a discortinuity in the interpolation space. If we avoid choosing the shortest
path but always choosethe sameside and if one of the interpolated anglesmake
a full turn, the interpolation will be at the opposite of the two angles, which
is not desired. This is an intrinsic property when interpolating betweenangles,

thereforeinterpolation betweentwo changing anglesmust be avoided.

If Euler anglesmethod is usedfor interpolating between 3D rotations, there

are three anglesthat have the ipping problem. Therefore Euler anglesis not
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Figure 3.9: Creation of a motion graph using interpolation.

a good choice for interpolating betweenrotations. slerp using quaternionsis a
better way sincethere are lesschancesof having a ip, i.e. the vector parts of
the quaternionshave to get to the exact opposite polesof the unit sphere. Nev-
ertheless,if the quaternionsare closeto the opposite poles of the sphere,then
the middle point of the path will move much faster than the interpolated quater-
nions themseles, creating possiblediscortinuities. Therefore, choosing motion

clips that are closeenoughto eat other ensurescortinuity in interpolation.

3.2.4.3 Motion Graphs

The techniques explained in sections3.2.4.1and 3.2.4.2can be usedto create
transitions betweenmotion capture clips. Apart from beinglocal solutions, such
transitions can be usedto createa larger data structure cortaining all the movie
clipsin the databaseand possibletransitions betweenthem. This data structure
is calleda motion graph, wasintroducedby [3] and [14]. [3] considersgraph nodes
as motion clips and [14] considersedgesas motion clips. Both approadeshave
their advantagesand disadwantages, but the latter approad has been preferred

by more researbersand is more intuitiv e.

Assumewe have two motion clips in our database,and we nd a regionin
theseclips that have similar frames. By using physically basedor interpolation
basedmethods, we can createtransitions betweenthesemotion clips, asin gure

3.9.

These interpolations enable us start playing motion clip A, and using the
interpolation from A to B, cortinue with playing motion clip B. This powerful

31



construct, whenappliedto a large scalemotion clip database,enablescreation of
a motion graph. A motion graph is a directed graph G = (V; E) having motion
clips on its edges,E, and nodesin V connectthe clips that can be played after
ead other. Any traversalon this graph createsa valid string of motion clips and
the traversal can be constrainedfor speci ¢ purposesin order to create motions
that obey userconstrains. The work that we preser in this thesisalsoadoptsa

motion graph approad, asdetailed in chapter 5.

3.3 Rendering

The importance of rendering dependson the type of animated movie to be cre-
ated. If the createdmovie is a simple animation, basicrendering properties like
colored surfacesand simple lights will be su cient. If the movie is intended to
look realistic asin gure 2.2,the renderingpart of the animation pipelinebecomes
more important. Elements of rendering sud as lights and surfaceproperties are
vital for an animation to look realistic. Realistic human modelsrequire detailed
surfaceproperties. The skin should not be perfectly at and homogeneousthe
hair needsto look like it is really made of many tiny hairs, eyes needto look
wet and re ectiv e and clothesneedto look like real fabric. Renderingis the nal
polish on the animated movie and can give a professionalook to the movie. The
detail of rendering procesgyreatly a ects the realismof the nal image,therefore

in order to createa quality movie, rendering should not be overlooked.
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CHAPTER 4

Character Navigation

Automating the character navigation processrequiressystematic approadesto
be taken. Using a motion graph we can create di erent paths, but we needto
be able to guide the graph traversal in order not to have exponertial running
times dominated by trial and error. This guidancecan be usedfor determining
the path to take and trying to appraximate that path by graph traversalsin the
motion graph. Fortunately, motion planning, which is a branch of robotics, deals
with this problem of path planning that will enableus nd the path to follow

beforemoving our character.

4.1 Motion Planning

The problem of motion planning dealswith nding a setof cortrol commandsfor
a robot structure in order to make it carry out a certain task. The problem can
be generalizedo nding a sequencef cortrol commandsto take a robot from an

initial state to a goal state. More formally [17], the problemis nding a seriesof

the initial con guration ¢ to the goal con guration Qgea . A con guration of
the robot is de ned asthe variable properties of the robot that are relevant to
the motion planning task. The con guration space,or the C-Space, C of the

robot A is de ned asall possiblecon gurations that the robot may be in.

A path from ginit t0 ggoa IN C-Space is de ned as a cortinuous map
[0;1]! Cwith (0) = ginie and (1) = Qgoal -
The regionof W occupiedby A whenthe robot is in con guration q is repre-
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setnedby A(q). The regionsof the con guration spacethat are not feasibleare
called con guration space obstaclesor C-Obstacles that correspnd to obstacle

regionsB in W, and are de ned as

CB=fqgjA(q)\ B6 ;g (4.2)

The notation of con guration spacesimpli es the problem from motion plan-
ning for a robot to path planning, but possibly in a higher dimensional space.
A path found in the con guration spacerepresets a motion trajectory for the

robot in the workspace.

There are a number of motion planning algorithms that operate by nding a
path in C-Space. Two fundamenal probabilistic algorithms, PRM and RRT,

are given in the next sections.

41.1 PRM

Prolabilistic roadmapmethal (PRM) [11]is the mostpopular probabilistic motion
planning algorithm. It runs in two phases,a learning phaseand a query phase.
The main ideabehind PRM is to construct a roadmap of the ervironment in the
learning phase,and to nd the shortest path on that graph in the query phase.
The learning phaseis a long processthat requiresthe discovery of most of the

ervironmert and the query phaseenablesfast querieson the precomputedgraph.

The goal of the learning phaseis to form aroadmapR = (N; E) that cortains
the connectivity of the environmert. The nodesN represeh a set of probabilis-
tically selectedcon gurations and the edgeskE represen possiblesimple paths
betweenthese con gurations. The nodes are selectedusing a probabilistic ap-
proadh and connectedby edgesusing a local planner using k-nearestneighbors
asshowvn in gure 4.1. The local planneris usually a simple planner like straight

line or A*.

The aim of the query phaseis nding apath from aninitial con guration qjnjt
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. qgoal

Figure 4.1: PRM.

Qinit

to a goal con guration Qgoai. If Qinit and ggea are not chosenfrom the PRM
nodes,they are connectedto the nearestPRM nodesby the local planner. Then,

the path is found by a shortestpath algorithm sud as Dijkstra’s.

There are many di erent variations of PRM, basedon node selectionand
edgeconnectionstrategies,but the underlying idea is the sameacrossall PRM
variants. The precomputationin the learning phaseenablesfast queries,which is
the strongestpart of PRM. When appliedright, PRM is a very successfumotion

planning technique.

412 RRT

Rapidly-exploring random trees (RRT) [18] is another well-known motion plan-
ning algorithm. Unlike PRM, RRT does not include a learning phase. RRT
computesthe path directly by doing the discovery on the vy.

An RRT tree is createdstarting with oneinitial con guration Qi . In every
iteration, a random con guration q is generatedand the closesttree node (near
to the random con guration ¢ is found. If the distancebetweenqne,r and q is
smallerthan the step size , then q is addedto the tree asa child of qpear . If the
distanceis larger, then a new node Qe IS createdon the line connectingQnear

and q and at distanceto Qnear . Then, gnew IS addedto the tree asa child of
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Figure 4.2: RRT.

Onear » @Sshown in gure 4.2.

How RRT planner works is as follows. RRT planner starts two RRT trees
from ginir @and qgoa . When the two treesmeet, the paths from ginir and ggoa are
conmbined to createthe path betweendi,: and qgea . Sincethe generatedpath
consistsof many small stepsof size , a number of passesare doneover the path

to smooth it.

Although RRT doesnot include the long learning phase,it runs much slover
than PRM's query phase. Therefore,if the ervironmert will be usedto compute
many motion planning queries,PRM is a better choice. If the problemisto nd

few number of paths in the ervironment, RRT can be a better choice.

4.2 Character Navigation Using a Motion Graph

There has beena number of studies on navigating a virtual character using a
motion graph generatedfrom motion capture data and motion planning methods.

We review them in the next section.

421 Related Work

In [8], the authors create a motion graph of a given motion library to be used
for generating realistic motions. Then, they randomly sample a set of valid

"footholds" of the character and use those samplesas the nodes of the proba-
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bilistic roadmap algorithm. Then, the connectionof thesenodesare done using
the motion capture data. Sincethe motion capture frame ertering to a node must
be compatible with the frame that is exiting it, the creation of the roadmap is
constrainedby the motion capture data. The authors stretch the motionsto t

the random footholds as necessaryand create an embeddedroadmap of walking

motions. Then, the queriesare doneon this roadmapjust asin the original PRM.

In [23] the authors take a similar approad and createa motion graph. Then,
they discretizethe workspaceand nd connectionsbetweenmotion clips starting
from the discrete cells in the workspace. As in [8], the motions are stretched
as necessaryto t the cells. Then, the motion graph is embeddedinto these
discretecells. The graph createdby thesecellscorrespnd to the roadmap of the
environmert. In the query phase,they traversethis graphto nd a path that

will take the character from the initial position to the goal position.

4.2.2 Our Approac h

The two approadesreviewed in section4.2.1 are successfutechniquesthat en-
ablefast queriesoncethe roadmapsare set. They include a long learning phasein
which the roadmapsare formed by enmbedding the motion graph to the environ-
mernt and nding and modifying motion clips to connecttheseroadmap nodes.
One property of both approadesis that they require a long learning phaseand
the size of the enbedded graphs depend on the size of the ernvironment. This
property makes these methods hard to scale. This is not a problem in small
settings, but in large settings like multi-level games,the motion graph needsto
be embeddedto all the mapsin the game,causingextra preprocessingand stor-
age. Another drawbad is that they include stretching of motionsin the roadmap
generation,which meansthey may nd a path with a stretched motion wherea
unedited motion would do just ne. Embeddingthe motion graph alsoconstrains
the motionsthat canbe used,prohibiting satisfactionof runtime constrairnts that

could be satis ed by using a di erent motion clip than the onein the graph.
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In our approad to this problem, we do not embed the motion graph on the
environmert. We createa basicPRM roadmapof the ervironment and make our
guerieson that roadmapto nd a possiblepath betweenstart and goal. Then we
traversethe motion graphonthe y to read subgoalsde ned onthe chosenpath.
This way, the useris freeto put runtime constrairts on the planned motion. The

details of our method is givenin chapter 5.
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CHAPTER 5

Prop osed Solution

In this chapter, we discussthe problem that we addressand proposea solution

basedon the related work that we discussedn previous chapters.

5.1 Problem

The problemthat we are interestedis automatically creation of human character
animation navigating from aninitial position to a goalposition in an environmert
with obstacles. We want the systemto enablethe userto create obstaclesand
set a start and a goal position in a virtual ernvironmert. Then, we want the
systemto automatically generatea realistic walking animation that makes the
character walk from the initial position to the goal position, without colliding

with obstacles.

5.2 Solution

We createda systemwith a graphicaluserinterfacethat lets the userplaceobsta-
cles,the start and the goal positions and createsan animation. The componerts

of our systemis descriked in gure 5.1.

Inputs to the systemare the motion capture data and the ervironmen. The
motion analyzer module readsthe motion capture library and createsa motion
graph, asa preprocessingstep. The ervironmert, with the initial and goal posi-
tions are given by the userto the planning module via the userinterface. The

planning module rst nds a collision-freepath in the ervironment from the ini-
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Figure 5.1: Componerts of our system.

tial to the goal position. Then, it createsewenly distributed chedpoints on this
path that will be the subgoals.Using this path asa guide, the planning module
starts traversingon the motion graphto read the subgoalsoneby one. After the
goal is reated, the correspnding graph traversal is corverted to motion data

and is displayed to the user.

5.3 Motion Graph

As explainedin chapter 3, creating character animations from scratd is di cult

and using existing motion capture data is a preferred method for creating new
motions. We adopt this approad and we use public domain stock motion cap-
ture data provided by University of Southern California, Institute for Creative
Tednologies. The motion capture library includesstraight and curved walking
motions of a human subject, which is suitable for creatinganimations of character
navigation. The motion capture data is in Biovision hierardiical format(BVH),

which includesa hierarchical skeleton and the con guration of the character for

eadh frame. The con guration is givenin the following format.

m(t) = (pr(t); dr(t);ga(t); 125 dn (1)) (5.1)

wherep, (t) is the position of the root bone, g, (t) is the orientation of the root
boneandq,(t) ...q,(t) arethe orientations of the rest of the n bonesin hierarchy

relative to the coordinate systemsof their parerts at time t. All orientations are
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free 3D rotations sinceBVH format doesnot include any speci ¢ constrairts for
joints.

We create a motion graph from the input motions in order to create custom
animations. The motion graph data structure is introducedin section3.2.4.3. We
useinterpolation to connectthe separatemotion clips. The analysis of motion
capture data and creation of the motion graph are costly operations sinceevery
frame in the motion library must be comparedto ewery other frame. Therefore,
this stepis performedo ine asa preprocessingstep and saved to the disk to be

usedlater.

Now we describe the motion graph creation processin detail.

5.3.1 The Distance Metric

In order to considersimilarities between frames, we needa distance metric be-
tween frames of motion capture data. We use a distance metric similar to the
metric introduced by [14]. Using the con guration of character m(t), we can
nd absolute positions of the body parts as a vector p(t). The distance metric
is de ned over theseposition values. We de ne the distancebetweentwo frames
as the weighted sum of squareddistancesof the correspnding body parts. We
include two framesbeforeand after the correspnding framesin order to capture

derivative information [14]. The distance metric is given in equation 5.2

X . Y
D(t;t)) = Wi Pk (tiva) — Pr(tj+a)] (5.2)
d= 2k=1
wherew is the weight for the kth body part and pg(t) is the kth elemen of
the vector p(t). Two body postureswith the weighted distancesare shavn in

gure 5.2.

This distancemetric allowsusto nd framesof motion capture data that are

closeto ead other for making interpolations.
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Figure 5.2: Calculation of our distancemetric. Note that the bonesin the hand

are not included to prevert them from dominating the result.

Figure 5.3: (a) A similarity image of a motion capture data with itself. (b)

Regionslower than threshold. (c) Selectedinterpolation regions.
5.3.2 Finding Interp olation Regions

Using the distance metric, we nd the similarity for all possibleframe pairs in
the library. Figure 5.3(a) shawvs a similarity matrix betweentwo motion les in
our motion library, represeted by an intensity map. Darker regionscorrespnd

to lower values.

We apply a threshold on the similarity matricesand nd the regionsthat
have similarity valueslower than , asshown in gure 5.3(b). Then we nd re-

gionsof length | that are under the threshold, asin gure 5.3(c). Theseregions
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Figure 5.4: Creation of the motion graph using interpolation edges.

correspnd to motion clips of sizel that are similar enoughto make an interpo-
lation of sizel. Figure 5.4 shows inclusion of Interpolation edgesare included

betweentwo motion clips.

By connectingmotion clips this way, we implicitly createa graph structure.
Di erent traversalson this graph result in di erent character animations. Note
that the interpolated motion data that are played for time | are realistic because
they are created by interpolating motion data that are similar. Therefore, the
resulting animation that consistsof original motion data and interpolation data

is realistic.

In the next sectionwe descrite the interpolation methods we use.

5.3.3 Interp olation

We useinterpolation to createinbetweenmotion clips that enablesus start play-
ing onemotion and after a smaoth transition cortinue with another motion. The
rst frame of the interpolated clip is cortinuous with the rst clip and the last
frame of the interpolated clip is cortinuouswith the secondclip. This makesthe

animation look smooth and without defects.

Considering equation 5.1, we have two di erent ertities to interpolate be-
tween. The root bone position is a translation and the bone orientations are
rotations. The simple ways of interpolating betweentheseentities are given in
section 3.2.1. Howewer, in our solution we point out an improvemen in inter-
polating the root bone. The details of interpolation are provided in the next

sections.
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Path for clip 1
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Figure 5.5: Trajectory obtained by directly interpolating root bone parameters.

5.3.3.1 Interp olation of Position and Orien tation of the Root Bone

The root boneis a specialbonethat is the parert of all the bonesin the character
hierarchy. Therefore,the absoluteposition of the body dependson the placemen
of the root bone and the direction the character's torso facesdepends on the
orientation of the root bone. The position of the root bone, p,(t), is a translation
from the origin and the orientation of the root bone, g, (t), is a 3D rotation. The
naive way of making an interpolation betweentheseertities is to interpolate the
position and orientation separately Although this seemslike a good approad,
it has a drawbadk when doing long interpolations. The interpolated positions
of the rootbonein the two clips create a trajectory that the character takesin
the interpolated movie. In someexamples,as given in gure 5.5 the created
trajectory may require the character to move in an unnatural way. Therefore,
directly interpolating betweenthe positions and orientations of the root boneis

not the correct approad.

This problem hasalsobeenpointed out in [13] and the proposedsolution is to
interpolate betweenthe changesin the position and orientation of the root bone.

The motivation behind this approad is asfollows. The character's position and
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orientation in the global frame dependson its initial state and the changesthat
are introduced by the framesthat have beenplayed so far. The changein the
character's position and orientation dependson the actions of the character that
are represeted by the framesplayed. For example,when framesincluding step-
ping forwards are played, the character's position changestowards the direction
that the character is facing. When a frame including stepping right is played,
the character's position and orientation change accordingly If we blend these
motions together, we expect the character to changeits trajectory betweenthese
two changes.Therefore,interpolating betweenchangesof the character's position
and orientation should give a better result than interpolating the position and

orientation separately

For this purpose,we modify the motion represetation givenin equation5.1

as follows

m(t) = (pr(t); Ry ( )a(t);az(t); 215 dn(t)) (5.3)

where p, (t) is the position of the root bone, Ry( ;) is the rotation that
would make the model facethe positive z axis, q°(t) is the orientation of the root
boneand q,(t) ...qn(t) arethe orientations of the rest of the n bonesrelative to
the coordinate systemsof their parerts at time t. Note that Ry ( )q®(t) = g, (t)
and the character's 2D orientation in the xz-plane solely dependson p,(t) and

Ry( 1).

For the salke of simplicity, we rewrite the motion represetation asfollows

m(t) = (c(t); a7 (1); qa(t); 125 an (1)) (5.4)
wherec(t) = (p.(t); Ry( t)) correspndsto the position and orientation of
the character.

This represemation allows handling the interpolation of the character's posi-

tion and orientation separatefrom the full body posture. The position and orien-
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tation of the character's absolutevaluesare not important sincethey depend on
the initial position and orientation. On the other hand, the absolutevaluesof the
joint orientations, including the root bone's orientation exceptRy( ), are im-

portant sincethey de ne the body posture. Therefore,wheninterpolating we can

Another bene t of this represeration is that it decoupleghe navigation prob-
lem from the motion capture data. Thereforewe can useonly c(t) aloneto plan

the path of the character, which is simpler than consideringthe ertire pose.

According to this, we de ne di erential root boneinterpolation asfollows.

o)) = et + lerp () o) i cth) ) ip—r — (5
where
tk = t (5.6)
kK= — (5.7)
fork = 1;2.

In equation 5.5, subtraction of c(t) and multiplication with a scalaris used.

They are de ned straightforwardly asfollows

c(ty) c(tz) = (pr(t) pr(t2);Ry( ¢, t)) (5.8)
ke(t) = (kpr(t);Ry(k 1)) (5.9)
Figure 5.6 summarizesthis interpolation process.

Figure 5.7 shaws the paths taken by standard linear interpolation and dif-
ferertial linear interpolation. The path taken in (a) makesthe character slide

sidevays, whereasthe path in (b) is realistic.
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Figure 5.6: Trajectory obtained by di erentially interpolating position and ori-

erntation of the character.
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Figure 5.7: Basic interpolation vs di erential interpolation.
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Note that the two interpolated movie clips canbe of di erent lengthsand have
dierent k's. This technique is genericand any interpolation technique sud as
linear interpolation or spline interpolation can be usedin placeof inter. In our

implementation we uselinear interpolation for the interpolation function.

Onething to considerabout di erential interpolation is that the interpolation
must be de ned over a unit interval . The resulting interpolation is still de ned
as a cortinuous function of time, but the interval is a parameterthat de nes
the interpolation uniquely. When ! 0, the two interpolated transformations

are done"at the sametime", asdetailedin [1].

5.3.3.2 Interp olation of Joint Orien tations

As discussedn the previouschapter, character position and oriertation are rela-
tive valuesand a whole motion clip canbe translated or rotated in the o or plane
without distorting the motion in any way. On the other hand, orientations of the
bonesin the skeleton hierarchy are absolutevaluesand any arbitrary changein
their valueslead to ertirely dierent body postures. Therefore, a di erential

interpolation approad is neither necessarynor useful.

Although it is more straightforward to interpolate bone orierntations, there
are a number of important points to consider. As explainedin 3.2.1,there are a
number of di erent methods for making interpolation between3D rotations. As
long asthe interpolated body posturesare similar enough,slerp is a convenient
method. Howewer, the interpolation we considerfor creating the motion graph is
di erent than the onein 3.2.1in the sensethat there are two changing ertities
to beinterpolated between. As discussedn 3.2.4.2,the resulting interpolation is
likely to have discortinuities if the interpolated clips are not similar. This is not
a problem in our implemenation sincewe choosesimilar regionsof motion clips

for interpolation.

Interpolation of the oriertation of oneboneis carried out asfollows

48



t;

o) (5.10)

A (t) = slerp(au(tY); g (t?); tf

t

Using equation 5.5 and 5.10, the interpolation is uniquely de ned.

5.3.4 Creation of the Motion Graph

The way we createthe motion graphis asfollows. Usingthe distancemetric given
in section5.3.1,we nd the similarity matricesbetweenall motion clips. Then, we
apply athreshold and nd regionsof sizel that are under the threshold. Then
we calculate interpolations between these regions and form the motion graph.
We prune the end sites of the motion graph in order to make surethat it does

not have any deadends.

The creation of the graphis a computationally expensiwe processsoit is done

onceand saved to the disk for later use.

5.4 Planning the Path

In runtime, after loading the previously generatedmotion graph, the user is
enabledto createan ernvironment and make path queriesfor the character. The

details of theseprocessesre detailed in the upcoming sections.

5.4.0.1 Environmen t

The useris preseted with an ervironment editing systemwhere the user can
de ne a 2D map of the ervironment. The user can set the width and heigh
of a rectangular area, and create rectangular obstacleswith various sizes. The
obstaclesare assumedo be prismatic, starting from the ground and tall enough
that the character cannot climb on. Although we use simple obstacles, this
method canbe usedfor complexinteractionswith obstaclesf appropriate motion

capture data is available.
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Figure 5.8: The character represetted by a cylinder in the environmert.

After creatingthe ervironmen, the usersetsa start and an end point. The

goal of the systemisto nd a walking motion from the given start to the goal.

5.4.0.2 Path Planning

The rst stepin planning the character's motion is to nd a feasiblepath from
the start to the goal. For this purposewe use PRM [11], which is explainedin

4.1.1.

The character is assumedto be a robot with the shape of a cylinder, for
the sale of simplicity in collision detection. In the 2D ervironment map, the

character is represeted with a circle, asin gure 5.8.

The radius r is determined so that the cylinder contains the whole body of

the characterin various motions.

With theseassumptions,the problem becomesplanning a path for a circular
robot in a 2D environmert. We nd the C-Space by growing the obstaclesby r
and usePRM to nd the path asin gure 5.9.

We generaten randomly distributed nodesand connectthe k nearestneigh-
bors. Then, using Dijkstra's algorithm, we nd the shortest path betweenstart
and goal. The resulting path is the guide for the character to follow, asshowvn in

gure 5.10.
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Figure 5.9: PRM roadmap shavn in the environment.
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Figure 5.10: PRM with the path found.

5.5 Planning the Motion

In orderto presene realism,we do not modify the paths taken by motion capture
data. Therefore, most of the time it is not possiblefor the character to follow

a given path exactly. In our approad, the path is a guide for the character to

the character to reat on its way to the goal,asshovn in gure 5.11.

The advancemen of the character is done by traversing the motion graph
G = (V;E). The character is started at a vertex vi,;y and a best rst seard is
performed for the aim of reating the next subgoal. When the character gets

closerthan distanced to the subgoal,the goalis assumedo be readed.

The tness function of the best rst seart cortains measuresboth the dis-
tance to the goal and the direction of the character being towards to the goal.

The tness function is givenin equation5.11. Larger valuesof the tness function
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Figure 5.11: Subgoalson the path.

meansworse states.

fit(t) = (2 cos (1)d(t) (5.11)

Where d is the distanceto target and is the anglethat the orientation of
the character makeswith the straight line betweenthe character and the target.
Therefore, if the character is directed straight towards to the goal, f (x) = d. If
the character facesopposite direction from the goal, f (x) = 3d. We chosethis
tness function in orderto promote making the charactergostraight to the target

and making the character walk straight is easierthan making it manuever.
This method is summarizedin algorithms 5.5.1and 5.5.2.

Using this traversal, the subgoalsare reated one by one and the motion

1. path = ;
2: subpath = ;
at=1

4: while t < kdo

a

subpath = traverse(G,end(path), s;, d)
6: path = path + subpath
7. t=t+1

(o]

. return path
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Algorithm  5.5.2 TraverseG = (V;E), vi, si, d)
1. Q = Empty priority queueof graph verticessorted by distanceto s;

2. Q.insert(v;)
3: while Q is not empty do
4: v = Q.pop-front()

5. for all v, sudh that v. 2 V andvv. 2 E do

6: if jpoqve) Sij < dthen

7. return path taken until v,
8: else

9 Q.insert(v)

trajectory path found is the animation that takesthe character from the start to

the goal.

5.6 Experimental Results

To validate our approad, we have conducteda number of experimerts to validate
di erent parts of our system. We tried basic ervironmerts to verify that our
algorithm createsrealistic animationsand more complexernvironmernts to validate

that our mation planning algorithm works.

We used motion capture data of a jogging character available from the Uni-
versity of Southern California, Institute for Creative Tednologies. In order to
show the generality of our approad, we used minimum amourt of motion cap-
ture data. We usedto motion clips, oneis a straight jogging motion that is 46
frameslong (approx. 1.5 seconds)and the other oneis a zig-zagjogging motion
that is 105 frameslong (approx. 3.5 seconds).The secondmotion clip has one
right turn and oneleft turn. Usingthesetwo motion clips, our systemgenerated
a motion graph with 87 nodesand 147 edges,85 of which are straight clips and
62 of which are linear interpolation edges. After the pruning step to eliminate

the ending points of the graph, the graph had 74 nodes and 120 edges,72 of
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which are straight clips and 48 of which are linear interpolation edges.We used

13 framesasthe length of linear interpolations.

We shawved that our system can use sud small amourts of motion capture
data to generatelong and complexmotions. To shav that the generatedmotion
data is realistic, we set up a simple ervironmert with one obstacleand madethe

character go around it to read the goal, asseenin gures 5.12a - d.

Figure 5.12: Simple ervironmert.

In order to shav that our algorithm createscomplex motions for navigation
in a labyrinth, we set up a larcer scaleenvironment with more obstacles. The
path planning algorithm successfullyfound a path asin gures 5.13a -d, and
the motion planning algorithm successulljtraversedthe motion graph and found
a suitable motion trajectory that passeghrough the subgoalsto read the goal,
asin 5.14a - d. The accomparing videosalso cortain the resulting motions of

thesetwo di erent cases.

The running times of our algorithm in simple casesvere instantaneous,while

someof the complexcasestok a longertime to complete. To explorethe e ciency
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Figure 5.13: Complex environment PRM screenshots.

of our algorithm, we prepared6 complexernvironments and ran our algorithm for
them. The running times and the resulting animation times are shawvn in table
5.1.

Note that the graph generationphasetakesa longer time than the querying
phase,but sinceit is preprocessingand it will not a ect the useof this algorithm,

it is acceptable.The fast running times of our algorithm make it suitable for real-

Empty | Map 1l | Map2 | Map3 | Map 4 | Map 5 | Map 6 | Map 7
Running time | 0.004 | 2.651 | 4.991 | 0.118 | 0.272 | 0.021 | 0.028 | 0.136
Length 21.6 63.01 | 46.1 445 | 4493 | 30.5 | 35.97 | 52.57

Table 5.1: Running times for di erent ervironmens.
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c d
Figure 5.14: Complex ervironment motion screenshots.

time applications sud as computer games.
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CHAPTER 6

Conclusion

In this study, we preserted a method for automatically generatingrealistic walk-
ing animations from a start position to a goal position in an ervironmert with
obstacles. We reviewed current metods for animation and compareddi erent
methods available. We described the use of motion capture data and di erent
ways of modifying it, along with a comparisonof di erent interpolation tech-
niques. Weidenti ed problemsthat occur wheninterpolating the root bone,and
gave a detailed solution using di erential interpolation. Using interpolation, we
descrited the creation of a motion graph, a useful data structure for creating

sequencesf motions.

The runtime performanceof the technique we presertied dependson the path
planning and motion planning approades, and the our experimerts showv the
e ciency of the approatheswe used. This algorithm can be usedfor real-time
and interactive applications sud as computer games. The only preprocessing
doneis to create the motion graph, and it is possibleto changeour systemto
enableaddition of new motion capture data by constructing the graph incremen-
tally. It is alsopossibleto extend this approad to moving obstacleswith known

trajectories using correspnding extensionsto prm.

This systemcan be usedin computer games,movies or any other application
that requiresa variety of human animations, dramatically easingthe animator's
job. Our future work includesthe creation of an interactive avatar cortrol system

and planning motions with behaviors using appropriate motion data.
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