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ABSTRACT

All real objects move around their centre of mass, whereas 3D characters are generally animated from
their pelvis. Dynamic character movements can be complex to animate realistically as the centre of
mass changes position with pose. This leads to congabxs trajectories which are not easy to judge
correctly. The instantaneous centre of mass has been used infrequently as a control node to allow the
character to follow a simplesnimation paththat is divorced from the requirements of the pose. The
relationship between the pose and the centre of mass node, or COM nuuldd be controlled

automatically. This type of control, however, is not widely used.

In this research an automated COM node system is developed using a design science research
methoddogy with the goal of establishing the benefits and shortcomings of such syataoss a range

of dynamic animation scenarios

This research shows that use of an automated COM rsteved the characteristics expected of a
physically derived motignassistd with balance and improved editability. Poses remained fully
determinate and recallable whether grounded, airborne or switching between the two. It also
highlighted potential nonlinearities in the relationship between the pose definition and COM matle a

the need for key frames for the COM node to be generated automatically for grounded movements.
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ABBREVIATIONS

The followng abbreviations are used in this document:

COG

COM

DoF(s)

DREPT

DSR

FK

Mocap

SLIP

TRS

VCA

K Pitts

Centre of Gravity

Centre of Mass

Degree(s) of Freedom

Design Relevant Explanatory/Predictive Theory

(Vaishnav& Kuechler 2004]relating to the DSR methodology]

Design Science Research

Forward Kinematics

Inverse Kinematics

Motion Capture

SpringLoaded Inverted Pendulum

(Dickinson et al., 2000& type of motion relating to gait analysis]

Translation Rotation Scale

Vertical COM Adjustment
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GLOSSARY

[* Asterisks indicateomenclature defineds part ofthis research

Actor Used to distinguish a real being from an animated béssg also
character)
Actor COM The physical centre of mass of a real actor, implies the inclusion o

elements of different densitySectiond.1)

Automated COM nod&  An extra node used as the root of the character rig, that uses an
algorithm to control its relationship to its child elemergsypically

the pelvis (see also dumBOMnode) (Sectionl.1)

Automated COM rigy A character rig using an automated COM node

Character Used to distinguish an animated being from a fieeihg (see also
actor)
Character COM The calculated centre of mass of an animated character, implies tl

result of an algorithm, whether the centroid of the character mesh

is the case in this research) or otherw{Sectiord.1)

Circumscription The feedback process in a DSR project that reveals specific
knowledge.
COG node Commonly used terrfor a nodeat the root of the character rithat

controls the global position of a character during animation (as
distinct from the TRS node). COG referring to Centre of Gravity is

misnomer in this case.

COM nodé A general term for a rig node used to represent the centre of mass
(see dumhCOMnNode and automatedOMnode) (Sectionl.1)
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COM rig A character rigising either an automated COM node or a dumb CC

node

Degree of Freedom A parameter that uniquely controls one aspect of the character rig
(DoF) ball joint such as the hip typically has 3 DoFs corresponding to the
rotational axes. The root of@aracter rig would typically have 6

DoFs, 3 rotational DoFs and 3 translational DoFs

Design Science Researc A research methodology that ustfse act ofdesign as way of

(BSR) generating contributions to knowledg®éishnav& Kuechler 2004)

DSR artéact A specific artefact designed to address questions or problems rela

to a DSR project

DSR construct a conceptualization used to describe problems within the domain ¢
G2 aLISOATeE \itkiSDSRpréjezt@Vidzdh’ Snyith 1995)

DSR cyel The DSR process model, similar to stendard desigreyclebut
includes the flow of knowledge that leatb the final contribution of

the research project

DSR method WXl asSid 2F adsSLa oFy Ff3I2NAGKS
within DSR project@March& Smith 1995)

DSR model WX asSié 2F LINRLRaAGAZya 2NJ aidl
O 2 y & (i WithzCalDBR proje¢March& Smith 1995)

Dumb COMhode* A COG node being specifically used to control the rest of the rig fr
an offset position, especially the centre of mass of the character (¢

also automatedCOMnode)(Sectionl.1)

Dumb COM rig A character rig using a dumb COM node
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Emergent design theory The main research output from a DSR projgéX I Y S G | LIK 3
understanding of how the agfact supports or controls the
phenomenonofh Yy i SNB &G Q 6t dz2NIF 25 HnannHL

Forward dynamics In a physics simulation, deriving the position and rotation of an obj

from the forces and torques acting on it (see also inverse dynamic

Forward Kinematics (FK' Posng a limb by rotating its joints (see also Inverse Kinematics)

Gizmo A 3D manipulator tool for translating, rotating or scaling a virtual

object by dragging the mouse cursor

Inverse dynamics In a physics simulation, deriving force and torque (i.e. pmsi and
rotational acceleration) for an object based on its key framed posit

and rotation (see also forward dynamics)

Inverse Kinematics (IK) Posing a limb by specifying the woedgace position of its end
effector and inferring a suitable set jwfint angles by optimisation

(see also Forward Kinematics)

Motion 'a4SR aLISOAFTAOIfEfe Ay (GKAA GKS:
Fy I OG2NR&a / haQo 6asSsS rtaz Gl

Motion primitives* Distinct mechanisms which govern the formanf acto @OM

trajectory; inertial, ballistic, orbital and SLIP (Secdohb

Motion synthesis Geneating autonomous motion of a character based on motion
capture examples (exampleased) or simulated with the laws of

physics (physiebased)
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Movement 'A4SR aLISOAFTAOLITte Ay GKAAa (GKS:
animator defines the movement of akklNJ O SN & F2 2
Also, an intentional sequence of poses of a character or an actor,

example a jump.

Offset threshold The minimum pelvis offset required to instigate a pdsag iteration
for refining grounded poses, based on timedulus of the pelvis

offset vector(Section6.2.2)

Path Used specifically in this thesis for the track of an object defined by
animatororthey 6 Sy G A2yl t Y2@SYSyid 27
T2f{f{26SR o0& GKS OKFNFOGSNRa 7F;

Path space A coordinate system for defining motion along a path
In this research it is defined as x is along the path, y is vertical, an

horizortal lateral

Path-based movement A movement where the path is defined in the layout stage and the
poses in the blocking stage, characterised by sm@giMmotion
FYR GKS YAYAYFE STFFSOG GKFG I
(Sectiord.4.2

Pelvis offset 'y 2FFasSdid @SOG2N) I LILIX ASR G2 Gl
COMto the COMnode position. The same as the vector difference
between theCOMy 2 RS LJl2aA A2y FyR (KS
mass for the poséSectionl.1)

Pelvisled rigr A character rig with n€OMnode, implies a conventional rig

(Sectionl.1)

Physicsbased animation The use of the laws of physics to create movement in animated

objects
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Pose space Used specifically in this research to represent the coordinate spac
provided by theCOM node in which the pelvis (and hence the pose

offset.

Posebased movemertt A movement where the path and the poses are defined together
during the blocking stage. These movements can produce a
continuousCOMmotion (e.g. when walking) but typically produce
complex trajectories where pose changes are rapid and varied
(Sectiod.4.3

Postdrag iterations Refinement of grounded poses by repeated application of pelvis
offset and VerticaCOMAdjustments until the pelvis offset is below
the offset threshold. Executed after each manipulation of the
OKIF NI OGSNR&a LJ}2&S (dheterimhslaldodesl gh@ |

time the pose requires refinement e.g. after an ung8gctions.4.2

SLIP motion A type of motion derived from 8pringLoaded Inverted Pendium
arrangement whereby energy is absorbed and released by a

grounded leg while travelling(Dickinson et al., 2000)

Trajectory Used specifically in this thesis for the track of an object created by
AYFSNNBR FOGA2ysz S oIacoMmsédalSo G NJ

motion)

TRS node A node in a character rig that is parent to the entire character
including all IK targets and other world space elements, used to
position the character in space, and rotate and scale it prior to

animation.

Vertical COM A vertical adjustment made to theOMnode, so it matches the
Adjustment (VCAY height of the characte€OMfor grounded poses. In this research,
this results in the pelvis remaining level during pose creation

(Section5.6.1)
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1 INTRODUCTION

1.1 PHYSICS IN CHARACTER ANIMATION

Traditionally,characteranimators have animated complex and dynamictioms by eye, often using

reference material such as videos to assist in achieving a physically plausible solttisns a time

consuming process and is more difficult for characters of unusual proportions, or for mettmre

reference is not availde (e.g dangerous or superhuman actiong)  t & 5AadySeé OFff SR (KA
AYLJ2 &aAof 2809)@idsdme Andersianding of the physics behind the movement can assist
animators (Shapiré Lee, 2011).This is equally true fa3D computer amation as it is fortraditional

2D animation

It is commonplace to usa computer to simulate a physical motion for animation such as a window
shattering,or a car crashingAlgorithms to simulate physical phenomena have existed for many years
and there has been work in simulating humans and animals in an effort to make the animation of
complex moves easierThis can include dangerous motiofi$aturalMotion, 2002)ut is stil mostly
limited to physically possible actions (i superhuman feats) A further disadvantage is that this
method takes too much control away from the animator meaning the moticans lack personality,
intent or emphasis The term, physically plaude animation,is distinct from physically correct

animation in that itsuggestghat even physically impossible movements should look correct.
Liuandt 2 LJ2s@hfested

W/ 2YLMziAy3d GKS O2NNBOG Reéyl YhAnDastrubtlBdj dzA NB& |y SE
that often hinders artistic expressiveness. On the other hand, granting more control

to animators provides greater expressive freedom often at the cost of realism because

GKS 0dzNRSYy 2F o0SAy3d LIKeaAOl tatee O2NNBOG FlLtfa A
(Liu&t 2LI2 BAG S HANHDU

Currently 3D computer generated (C&jaracteranimation is usually achieved using one of three

available techniques:

Motion capture Recording the 3D motion of an actor (usually with cameras or iner
sensors)

Key frame aniration: Creating an animation by manually posing a character at specific t
intervals

Motion synthesis Creating automated human motion either by simulation (physics

based) or using variations of captured motion (exardpdsed)
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All three techniques arbased on a computegenerated model of a character, manipulated using an
internal articulated skeletonThe skeleton is a hierarchical structure and movement of the b@wfézsn

called jointsYirectly controls the movement of the character mod&achoint can be rotated in up to

three axes and the root of the hierarchy (usually the pelvis) can additionally be translated in each of

three directions The rotational and translational modes available are known as degrees of freedom

(DoB.

Thecurrent stateof the art in industry is that animations that aim to look realistic are created using
motion capture (ubiquitous in gamésy R Wt A @S )lwhilstraginfafons\itizake &xaggerated
and characterful (such as Pixar films) are creatddgu&ey frameanimation (Pluralsight, 2014) Key
frame animation however still requires a level of realism, often for physically impossible movements,

and the onus for producing this liestirely with the skill and experience of the animator.

Whilst neser becoming a mainstream method,amy attempts have been made over the history of
computer animation to control a character using torques and forces instead of key frames because, as

Wilhelms (1987) asserts, that is how motion is generated in the redt®ection3.2).

In GeijtenbeekandPronosR &  @fithe-i 81  NJAt@€rac®/é Charsitter Animation using Simulated
t K@ ¥Qelentizel& Pronost2012) theysummarise several issues common to phyb@sed motion

synthesis:

0 Lack of controllability due to the global position and orientation of a character being controlled
indirectly through the forces in its muscles

0 Incorporating style into the maan is difficult using physics alone and can interfere with basic
tasks such as balance

0 Implementation of a physiesased character framework is multidisciplinary and time
consuming

0 Due to the increased complexity of a physics simulation, phsised characters cannot

generally be processed in reiine

Likewise, van Welbergest al.draw the same conclusions in their statd-the-- NIi NB L2 NILIZ awS|
Animation of Virtual Humans: ATra@e¥ ¥ 0 S0 6SSy bl (dzNF £t ySaa FyR /2y {N

While physical simulation provides physically correct motion, this alone is often not

enough for motion to be natal.(Qvan Welbergert al., 2010)

Over and above these problems, phydiesed methods all suffer from the inability to create physically
impossible motion. This is an issue for animagwtis, of course, desirable in some circumstances for
ananima@ NJ 12 ONBIGS adzOK Y2@8SYSyidao CKA& &aK2dzZ R 0o

licence é.g.an animatedsuperheroavoiding a punch by performing a back flip with quadruple twist
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While physicsbased character animatiois yet to be fully interated into a key frame pipeline, some
physical principles already inform key frame animatiwimciples Sectior8.2.2discusses how some of
the Twelve Principlesf Animation (Thomas and Johnstd®81)such as anticipation, follosthrough,
squash and stretclare representativeof physical principles. Although not included in Thomas and
W2 Ky & ( 2 yeQtie ofdMasgis|aBothér.

Centre of masg(a.k.a.centre ofgravity) is a widely taught topic in animatiomn 2D animationyWWebster

(2005) discusses shifting centre of gravity during lifting and puliif>arcia 2015 explains the use of

centre of gravity for balanced poselkplding heavy objects and, briefly, parabolic trajectories for
dynamic objects.TKS (SN a WOSY(GNB 27T arlessZanménhbedid Synd NB 2 F
tend to be more dominant in 3Dnémation sources (White and Disne3006 Roberts 2007, Ratner

2009 Doble, 2011Maestri, 2013). In all these cases, and throughout animation, the main recognition

of centre of mass is during balance and lifting. Its consideration in more dynamiamanigis less

commonly documented

/«);m
i
)i

1%

Figurel: Hammer rotating about it€entre of mass

' RFLIOSR FNRY )0hQ/ 2YY2NE HAHM

In the simple animation training exercise of a bouncing ball, the animator can easily defipatthef

the bal either by modifying its motion path directly in the viewport or by changing the position vs. time

INI LIK& Ay | 3N LK SRAG2ND ¢tKS OF&asS 2F (GKS 02dzy O
centre of mass (COMEmains at the centrdRobeats, 2007). Rotation of the ball can be animated
independently of thegpath as the rotation takes place around the COM. A more complex shape such as

a hammer(Figurel) is just as easy to animate provided its pivot point (i.e. the centre of rotation for the

object) is coincident with it€OM.

The trajectory and centre of rotation of all real objects irefféght are defined by the centre of mass

of the object. This is also true of characters; however, characters are animated from their root node
(typically the pelvis). When the pelvis is in a different place to the centre of mass of the character, a
character that is animated from the pelvis must follow a more compdath that is more difficultto

animate.
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Figure2: Trajectories for standing and pike jumps
(adapted from Fédération Internationale de Gymnastique, 2018)

In avertical standing jump, this offset is minimal becaaseacto @0OM and thi pelvis both follow a
vertical trajectory. In a more complex move, this is not the cdering a vertical standing jump with
pike (Figure2), wherean actorpoints their toes and reaches their arms forward to touch them, the
position of thér COMmovesaway from thér pelvis. Tha COM follows a vertical trajectory as for any
vertical jump, but the pelvis moves horizontally backwards during the pike. On an adicteeacter,
the horizontal offset between the COM and the pelvis must be key framed by the aninaatbis thus

dependent on their skill, and understanding of physics

In compound movements, like a pike somersault, the animator must consider furthericphys
complexities. Oba (2010) identifies a case study where an animator was animating a falling character
doing a pike somersaulFigure3 below). During the somersault, Oba identifies that the character
should rotate about its centre of magBigure3A). Rotating around the root (or pelvis) produces an

unnatural motion Figure3B).

In any dynamic motion, the animator (either consciously or subconsciously) must imagine the
instantaneous location of th® K | NI O@iVMSaMdtuild the rest of the motion around it. When
animating a character doing a pike somersault, the pelvis must pefrkene animated by eye in a

circular fashion around th® K I NJ @OMS3se&igures below).
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Center of Rotation =
the root of skeleton

Center of Rotation = COM

Reot
COM

Figure3: Comparison animations with different centres of rotation
A: centred on theCOM  B: centred on the root/pelvis (Obg 2010)
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Center of Rotation = COM

Root

Figure4: Pelvis trajectory orbitinghe COM in a pike somersault
(adapted from Oba2010)

The angle of rotation of the pelvis about the C@&h onlybe directly key framedf the character rig

has some representation of the COMnN rigs where the root node ithe pelvis(i.e. pelvisled rigs)
ayAYFOA2Y 27T pdthdustiedeidddasipg vBoNdBpaaé Edrtesian coordinates only. This
can mean such a move has to be key framed on every (or every other) frame to ensure the movement
looks smooth; a mcess which is difficult for most animators and which even an experienced animator

will find time consuming.

When animating a bouncing ball, the animator effectively has control over the centre of mass of the ball
because the pivot point of the ball is sat the centre and never changes. Although botll and
characterrotate around their centre of mass, animation of characters doing complex motions such as
somersaults is not as easy as a bouncing ball rotating because thgemesallyno way of diredly

controlling thepath of the centre of mass.

As the motion of the ball is derived from the centre of mass, the COM represents the simplest
FYAYFGFEofS LI GK F2N G§KS pathfCONratation 2 Pos&iynagime thet KS 6 |
ballsquashing for exampjean be divorced into separate acts of animation because the ball is animated

from its COM. The rotation of the ball can be animated independently @@M path The same is

GNHzS 2F GKS ol ffQa L2 a Sdeperdéndy ofitgdih andthe@Ratoh.R 6 S | y A

In examples such as an ice skater spinning or a diver doing a somersaulf, @ trajectory and COM
rotation wouldbe fairly continuously definethrough the entire movement, but thiepose could change
severaltimes, being defined discretely This is not always the caser exampleduring dance or a

tumblingace 'y | OG 2 N & NXRai beiagiddy ghargiyigandiidief@r&dofingd Mibcretely.
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This suggests that pode distinct from the COMrajectory and COM rotation, but the threéorm
separate fundamental properties to any movement. By defining these fundamental properties

separately in an animation, it should allow the animator to use the simplest definition of any movement.

Because characteanimation is driven from the pelvis and not the centre of mass,iaitial definition

of the pelvisanimation path (Figure3B) will need to be modified retrospectivelbased on any pose
adjustmentor rotation of the characterto produce the correct, more compleypath (Figure 3A).
Animation of the pose and thgath are interdependent. This makes the animation, and any subsequent

edits to the pose opath, more difficult.

Use of a rig withthe maincontrol node atthe centre of massinstead of the pelvisyould give the
animator direct control of thecharacterin the same way they have control over the bouncing ball. In
the case of the ball, the centre of mass remains at the centre of the ball, however for aErathe
centre of mass is defined by the pose of the character and can pesitions both inside and outside
GKS OKFNI.OGSNRa YSak

Some rigs give the animator an additional node in the rig which represent©tkid: NJ O@VG NI a
allowing them toanimatein a more physically informed manneBy providing a separate control for

the OK | NJ fgth, $histldsanot required for the pose definition, the pose gpath are divorced the
animator can animate the COM node ¢eeatethe path and then offset the peig by eye to make the

pose look right Sometimes called figure relative controfdlén& Murdock, 2008),tese nodes can be

either dumb or automated.

Dumb COM nodes Node is positioned manually by the animator

Automated COM nodes Node derives itposition as a function of rig data
(either positional data or mass data)

Dumb COM nodefAthias 2013 Montgomery, 2012)are relatively common, but far from ubiquitous,
in character rigs (Sectidh4.3. In these cases, the COM node, not the pelvis, is used as the root of the

skeletonhierarchy to allow its movement to be defined in Cartesian XYZ space.

It is a short logical step then mutomatically controthe offset between the pelvis and the COM node
(Section3.4.4). Such an offset can be controlled based on the centre of mass of the character or on
other geometric approximationsThis option is only available to animators in a few niche t¢ksllips

& Badler 1988 Boulic, Mask Thdmann, 1996 Allen& Murdock, 2008Nekki, 2019 These niche tools

all have different implementations and levels of access toGfv nodeand none has the simplicity of

the dumb COM node that would allow animators to control an animated characterthgtisame ease

asthe@ Of ladiniafedd@lexample
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1.2 THE RESEARCH QUESTION

Of the examples of automated COM nodes above, the only one that gives direct access to the COM node
during animation if\llen& Murdock(2008) in their book about riggintp Maya Body Languade They
show a rig that is suitable féilightCor any airlorne animation)put then revert to a more conventional

character rig for all other animations.

bS{1A DIFYSaQ /I a0l RSislakséd prirdafilji aprcéidRd withirding mofement i ¢ O
does allow the animator to animate the COM node but onlplags physically correct motion pest
animation. Phillipsand Badler(1989 andBoulic, Masand Thalmann(1996) use theO K I NJ @aMS NI &

only as a constraint for a pose optimisation algorithm based on baltmcstatic character poses

While it seems cleathat the centre of masgan playa part inthe animation of dynamiairborne
movementsor is used in balance, there seems to be no examples of an automated COM rig which does
both. The above examplssiggesthat animating with theD K | NJ- @DiM$oNtséce (i.e. a grounded

character) is more complex and requires an optimisation protsss Sectio®.4.2).

This raises some interesting questions, such @ssdhisoptimisation process preclude animation via
the COM node? This research aims to establish what factors limit the use of automated COM rigs in

grounded animation scenarios and whether these preclude itSarsairborne movement

Cascadeu(Nekki, 2019j)s based on the premise that the use of the centre of mass during animation of
dynamic airborne movements is beneficial to realistic motiwhijch is also supportetly the work of
Oba (2010).So,the potential benefits ofa COM node for airbornanimations seenwell supported
There mayhoweverbe less obvioudimiting factors when animating airborne movements ussnig@gOM
node. Moreover, it is also important to confirm any benefits to weigh against any limiting factors for

grounded animations.

This leads to the following research question:

What are the benefits and operational issues when using an automated CONbrig

dynamicairborne and groundedkey frame animatior?

A simple testing regime fahe existingautomated COM rigiin different animation scenarioss not
sufficient to answer this question, as the results would be subjective and borne out of the practice of a
small sample of animatorsEstablishing generalised benefits and issues of automated COM rigs across

a wide range of scenirs wouldcome from extended experience in the field with many animators and
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different automated COM rigsThis is possible from a theoretical point of view, but the practicalities of
converting commercial organisations to a new rig and new way of ammatiithout knowing if it would
be successful, would not be practical from an experimental perspectivaddition, a testing regime

could never preclude exceptional cases which may have specific operational issues.

The largest problerwith that approach thoughis thatno suitable contemporargutomated COM rig
has been foundhat could answer this questiogither prectically or through user experience interviews
Thus, in order to complete such an approach a bespak®mmated COM rig would have to be

developed.

Therefore this researchmust develop abespokeautomated COM rig.Through the act ofleveloping
the rig,it is possibldéo understand at a more fundamental lewdln posthoc interviewsthe causes of
any limiting factors and any benefitd an automated COM rigThe development processould not
FAY G2 LINRPRdzOS ( KSM HyLIG WAEIS KedrRen bydthe heéd td GnRerstard the

benefits and constraints on an animation production workflow

Another advantage of conducting the research in this wagher than relying on realorld user
experience (sparse as it,i§3 that theconditions under which the rig is developed and tested can be
controlled This allowsnore rigorous comparison testablished approachesyith no COM node or
dumb COMnodesj Ky g2dzZ R 0SS LJ &aA o0 farfopeibtiofial doritelt frandedrkiR Q ©
for automated COM rigs alsoeeds to bedeveloped. This operational context will allow the
development of theautomated COM rig to be driven predominantly by theprsupported by small

practical tests specific to each developmdéetation.

For this research to have practicbénefits in the animation production process cannot rely wholly
on development so the final conclusionsill include an element of praitalworkflow evaluation The
animationexercises used for the finaévaluationwill be defined within the sameperational context
with the aimallowing the resultingoenefits and constraints to be interpretegicrosscategoriesof

animationsrather than just the specificexamples evaluated

K Pitts  The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Afitpfeame Animation 34

¢ 2



1.3 CONTRIBUTIGN O KNOWLEDGE

In answer to the researcuestion abovethis research will showhere are three key benefits and two
key operational issues with the automated COM rig when used for dynamic airbornerawmadgd

animations, which contribute to knowledge.

BENEFITS
1. Both airborne and grounded dynamic animations made with an automated COM witide
show the characteristics expected of physically derived mdifectionsl 0.4, 11.5 12.3.
2. Anautomated COMnodwilll £ £ 26 F2NJ G KS NBINRALISOGAGDBS Y2RAT
path, rotation or pose independently (Secti®f.3.3.
3. C2NJ ANRdzyRSR Y2@SYSyidaz GKS L12asS Ory 6S | R2dz
(Sectionl1.4.9.
OPERATIONASSUES
1. For groundedmnovements, the relationship between the COM node position and the pelvis
positionwill be nonlinear (Sectio®.2).
2. In this researchallowing the COM node to rise and fall as required by the pudk create
extra key frames whictvill increase thenterdependency betweeh O K | Nahtif) fotatiNdD &
and pose(Section.3).

This research, in answering the above questisifi,usea Design Science Research (DSR) methodology
to produce further contributions to knowtlge The use of DSR outside information systems research
is atypical, however despite being a different fieldwitl be shown toproduce generalisable research
knowledge and all the expected DSR research outmnd as suchis a contribution to the

methodological approach.

The DSR methodology produces specific outputs in the form of components of an emergent design

theory (Sectior2.1.1). The following contrilitions are grouped by component.

U EXPOSITORNSTANTIATION
In DSR, the artefact being researched forms part of the contribution to knowledge, wdrichig$

researchwill bean automated COM rig (Sectiéind).

U PURPOSE& SCOPE
This researchvill show as a contribution to knowledge that an automated COM rig provides a successful
solution to making physically plausible dynamic airborne moveméaestion10.4) and grounded

movements(Sectionsl1.5and12.3.
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U CONSTRUCTS

Through analysis of different movement types and their effect on the centmmass of a real actor
(Sectiord.4), ageneralistioperational contexframeworkNS f | G Ay 3 GKS Yz2adoM®y 2F |
the animation workflow (Section 4.5) for different types of movementwill be developedas a

contribution toknowledge. Itwill definefour movementdomains, pathbased(grounded and airborne)

and posebased(grounded and airbornedepending on when, in the key frame animation workfline
Y2@0SYSydQa LI GK YR NR&G.GAZ2Y INB YyAYFIGSR 6{ SOGA:

Additionally, the new nomenclaturavill be defined for this researchthus providing a further

contribution (see Glossary section).

U ABSTRACTION AKBENERALISATION
As a unique contribution to animation, this reseamhl identify three fundamental properties of any
realworld movement¢ COMtrajectory, COMrotation and pose, that in principle can all be treated

separately (Sectiof.1).

Also, six fundamental principles for the operation and functionality of automated COMwiigbe
derived from specific operational considerations of a character with an automated COM node
(Chapterb).

1. The COM node and any other wodg@ace nodes such as IK targets must operate in the same
O22NRAYIGS aL)l OSo ¢CKS LISt @Aras yR o6& |aaz2o0al
ALk 0SQ3 G KAOK A dodeRSektloppYR 08 G KS / ha

2. The three properties of any moveme@tCOM node trajectory, COM node rotation and pase
can all be treated separately only in situations where all parts of the character move together.
(Setion 5.4.1)

3. The pelvis must offset by an amount equal and opposite to the vector difference between the
COM node position and the characte©M posibn. (Sectiorb.4.2

4. Grounded poses require an iterative approach as the pose changes when the pelvis is offset.
(Sections.4.2

5. The COM node must be the main control node for the character and the pelvis offset must be
controlled algorithmically (Section5.5)

6. For grounded poses, vertical adjustments must be made to the COM node to match the height
of the COM node to the height of treharacter COM (Section5.6)

As a further generalistic conclusion, this reseandhalso show that posesreated with an automated
COM rig areleterminate (i.e. fully defined and repeatabk§ection7.7), and describ¢hree corollaries

to this (also contributions):
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1. Any pose that is achievable on a peled rig will still be achievable on an automated COM rig
(Section?.7)

2. Even small pose changes such as those made during the curves and polish stages of the key
frame workflow will result in a movement dfie pelvis(Secton 7.4).

3. There is no requirement to key frame whether the pose was created as grounded or airborne
(Sectiong.3.3

This researchwill also showthat the relationship betweethe COMand pelvispositionsis nanlinearfor

groundedposes (SectioB.2).

U KNOWLEDGE G®RM ANOFUNCTION

As a contribution to animation practice, the operationasf automated COM rigill be established as
follows (Sectiors.7). The animatomustO2 y (i NB f (i Kp&th aBd<dtatdn GsinGthNEDdnode.
The pelvisnust becontinuously offset from th&€€OMnode to ensure the centre of mass of any pose is
coincicent to the COMnode.

A further, minor contributionwill be that the pelvis offset must be calculated for every instantaneous
step change in the viewpol(Section6.3) followed, for grounded poses, by an iterative refinement of
the pose (Sectio®.2.2). Further contributiondinked to that will bethat a simple iterative method is
adequate and sufficient for this refinement (Sectiér), and the refinement phase can be omitted
altogether if the calculation ifast enough(Section7.2). Single step pose changes such as pose recall

from the timeline, importing pose definitions or undoing would still require iterative efiant

CNRY Fy | yAYl {ndRe thdddivafioh warkilowdvlll Bedfaiiliar (Sectibh.5). This
researchwill contribute a method for grounded poseshereby the balance should be defined before

the pose using the automated COM node, and refined if necessary only after the entire pose is created
(Section12.2.2.

Where the COM node should rise and fall to match the pthgg,research will show thahere are two
adjustments requiredone whichcountersthe pelvis offset; and one to counter any fgbt changes as
the pelvis orbits around the COM node when it is rotated (Sedi@¥). This will lead to durther
minor contribution that these vertical adjustents must form part of the pose definition (unlike the

pelvis offset whichmust bealgorithmically controlled) (Sectidh3).

U BEVALUATION ANWALIDATIORPROPOSITIONS
This researchwill show that thatdumb COM rigs will infer similar advantages to automated COM rigs
for airborne movements, albeit less accurately (Sectior8.3. However, an animator must use a dumb

COM node in a specific procedural manner to benefit for grounded poses (S&ttg.
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This research will also shdhat an automated COM rig does not overrittie existing animation toolset,
suggesting aanimator using an automated COM rig would be expected to be equalbessiul when

compared to a pelvided rig (Sectioril.2.3.
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1.4 THESIS STRUCTURE

This research is based on the Design Science Research (DSR) methodology ZCagtsrstructured
according to thephasesof the DSR cycle. Each of phieasesof the DSR cycle is marked by a title page

which delineates the relevarthapters.

0 THEAWARENESS BROBLEM

Following on from the introduction in this chapter, ChapB&explores in detail the different ways in
which creating physicallylgusible animation can be and has been approached including Motion
Capture 8.1), Motion Synthesis3(2) and Key Frame Animati@¢8.3). Finally, it explains the importance
of the centre of mass in animatioB.4), existing centre of mass tool3.4.2), and the use of COM nodes
(3.4.3and3.4.4).

0 SUGGESTION

An operational context for the use of such rigs in a range of animation scerzasesi on the physics
of the COM and animation workflowas devised (Chaptef). Within the operational context, the
principles of operation of an automated COM rig are established conceptually (Chaptet practically
(Chapter).

U DEVELOPMENT

The prototypeautomated COMig is developed through several iterations by subjecting it to a series of
functional tests which focus mainly on repeatability (Cha)esnd the requirement on the COM node

to be at a suitable height for the pose (Chap8r These chapters are nechronological, based on

concept instead of iteration number.

U BEvALUATION

The mainworkflow evaluationrequirements and potential benefits of the automated COM rig are
explored through animatiomorkflow evaluationdased on the perational context Chapter9 defines
the evaluations derived from the operational context, and Chaptd)sll and 12 present practical
examples for each evaluatiarsing the automated COM rigpmpared to a baseline workflow control

established with a comparative conventional.rig

U CGONCLUSION
The final conclusions and future research are summarised in ChEptéihe resulting contributions to
knowledge will form a higlevel DSR research output known as an emergent design theoryfofirhis

the structure of the conclusions chapter.
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2 RESEARCH METHODOLOGY

In Sectionl.2, it was established that will be necessary tdevelop andteratively refine the design of

a bespoke automated COMg in order to try to establishpotential issuesand benefits in the use of

suchCOM rigdor dynamic airborne and grounded movement$his is partly borne out of the lack of

availability of suitable contemporangs butwill also allow a more fundamental analysis of any benefits

or issues that arise in the development procegsK A & WIANIF QHLINRI OK (2 NBaSI NOK

of R&D processes in the animation industry.

This chapter proposesthat the methodology known as Design Science Research,@8RS | Ol 2 F Wdz
RSaAdy |a I NBaSINOK Y XfKketiter 2204) isiisSitaftels tidyelaf @nd 6 + | A & K
iteratively refine the design of such a.rigt will be argued thathte act ofdesigninga new rig can itself

reveal new knowledge and ¢developmentprocess can be used as a research methodology.

Where the goal oflevelopmentwould normally be to make a better artefact,iiSRhe goal is tdetter
understand potential operational problems, through reflection on possible design desisiés such,
the aim ofeach iteration will be to generate knowledge rather than to improve the efficacy or usability

of the rig.

2.1 DESIGN SCIENCE RESEARCH

58aA3dy {OASYyOS wSaSINOK 65{wi0 &&2A990\Falseta)/ 192K S S NI
within the field of Information Systemdviarch and Smith (1995) defirtbe methodology as reconciling
WRSAONALIIABS NBASINOKQ:Z ¢gKAOK |AYa G2 dzyRSNaGl YR
WLINB 2 ONR LIG A @S NB sphleNIpariarhansefand@GHnork dkivl t a defign Rctivity.

Vaishnavi and Kuechl¢2004)note that Design Science Research is distinct from Design Resasirch,
thelatterA & WG KS aiddzRe 2F R$airnEyiods, cognBidn®ndledadatio®E & A & i S &lA
also identify the difference between DSR and a regular design effort by recognising that in conventional
design, the seeking of new knowledge is often detrimental to the success of the design (i.e. it is better

to design from current statef-practice to reduce the risk of failure).

Thedistinctive feature ofDSRcompared toother research methodologies is the necessary creation

(design) of an artefact

While thisthesisdoes not lie within the field oinformation systemsthe use of DSR cde justified
provided the requirements of the methodology are nietterms ofthe activities(Section2.1.2) within

it and the types of outpufSection2.1.7) it produces.
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2.1.1 DSRRESEARCBUTPUTS

March & Smith(1995) define four designrelated artefacts¢ constructs, models, methods and

instantiations(Tablel below). They describeonstructs, models and methodss abstract artefacts

whilst instantiations are material artefacts Theyemphasise the importance of ainstantiation to

WRSY2yadNI 4GS

DREPT

(Design Relevant
Explanatory /
Predictive Theory)

WXRSHABBYY (KS2NEB GKFG dAYS
theory with the explanatorg Y T2 NY' I A2y 2y WY
G§KS RS&aA3Iy I Ol A 28Kudkter2002)NJ & Q

Design Theory

WXl asSid 2F LINBaAONRLIIAGS ail
gKAOK AYLX AOI GAZ2Yya &Bueghler@@®4) R

Emergent or
Nascet Theory

WX I YSGIl LIK2NRXOF € dzy RSNE G | y
instantiation] supports or controls the phenomenon bfy i S
(Puraq 2002)

Methods WXl &aSdé 2F aaGSLA oly |f32NARI
(March& Smith 1995)

Models WXl asSid 2F LINRLRAaAAGA2YA 2N
FY2y3a O2yal&Ba@®a3) o6al NOK

Constructs WXTF2NY (GKS @20FodzZ I N2 27
conceptualization used to describe problems within the dom
and to specify the NJ a 2 f MEchi&Syhith ®I95 0

Artefact WXGKS NBIEtATFGAZY 2F Ly | NI

(Instantiation)

information systems and tools that address various aspec
RSAAIYyAyYy I Ay T MedhikGniith 9953 & a G S

Tablel: Designscience research outputs

Purao (2002expanded on the initial classification by suggestingitdatedL Y LI SYSy Gl GA 2y Q

(KS TSI aAmddélshidietlodsRK SF FTODYi & PRy @@z 2
R2 OdzY Sy i ZI NIK Sllb@&tdkEn tobnean amstantiationor material artefact)

4

Abstracted theory
of design

Practical instantiation
of knowledge

<

Artefact)was the lesser, if most visible, of the outputs. He plamssstructs, models and methodse.

abstract artefacty under the heading obperational principlesabove thematerial artefact before

suggesting a category efmergent theoriegTablel) that may be embodied in thartefact The latter

wasplaced aboveoperational principless the highest goal of DSR.

Vaishnavi and KuechlgP004) state that a fully deeloped theory should be the desired form of

knowledge from a DSR project but recognise that this may only come after years of effort from a
NBaSHNDK O2YYdzy A (Eloa O8 R FRiNS BneEam® §i Sinatcad e Q
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developed heory adesign theoryto distinguish it from the type of theory developed in natural science

research stating that:

WLY RSaAdy a0ASyOS NBaSIHNODK (KS LKSy2YSyl 2F A

theories have a different but analogous form to naturalgo@S G KS2 NA Sa Q
(Vaishnavi& Kuechler2004)

Whereasnascent(emergent) theories and fully developeddesign theoriescan be based on tacit

justificatory knowledge such as experieds&sed insights and intuitions, Vaishnavi and Kuechler

develop the idedo a higher level of abstractiowith a Design Relevant Explanatory/Predictive Theory

(DREPT), which uses kernel thesriigom other fields (e.g. natural science or mathematics) as

justificatory knowledgé€Tablel).

Component

Description

Core Components

1) Purpose and Scope

Provides a clear description of the purpose and scope of the
new theory,

2) Constructs

Describes all the existing or new entities or concepts relevant
to the description of the theory.

3) Knowledge of Form and
Function

Includes the full description of models, frameworks, methods,
and/or other abstract artifacts that form the body of the design
science knowledge contribution.

4) Abstraction and
Generalization

Is at such an abstract and general level that the artifacts
resulting from the theory can change or be changed without
affecting the theory.

5) Evaluation and Validation
Propositions

Has been evaluated for its truthfulness, i.e. assertions made
based on the theory have been tested in an appropriate
manner.

6) Justificatory Knowledge

Includes references to justificatory knowledge—tacit theory
(informal experience-based insights and intuitions), kernel
theory—that can provide a reasonable degree of justification
of the theory.

Additional Components

7) Principles of Implementation

Describes the process for instantiating the theory.

8) Expository Instantiation

Includes an instantiation (possibly situated implementation)
that can be used for exposition of the theory and/or for testing
the theory.

Table2: The profile of a design theory

(Vashnavi& Keuchler2004)

Vaishnavi and Kuechl€004) identify six core elements that form the components of any design theory

(Table2). 9  OK 2 FoperatioNdl #ifzigles are embedded within this design theory profile, and as

such, the emergent design theory becomes the prime research output.

Marchand Smith, Purao and Vaishnaid Kuechler all recognise that DSR projects do not necessarily

produceall forms of output. (However, all DSR projects must includerimfact) Marchand Smith say

that research can be conducted on any combination of the artefacts (abstract and material) provided

Kl

WEKS | NGATI OO
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2.1.2 DSRRESBERCHACTIVITIESTHEDSRCYCLE

Knowledge Process Outputs
Flows Steps

@ | 1
ﬁ:{) Awareness of
Problem
Knowledge ﬂ

Contribution

Suggestion
Circumscription* ﬂ ---------------------
Development Artifact
Vv Performance
Design Science Evaluation Measures
Knowledge ]
I ' Results
Conclusion

Figure5: Designscience research process modeDSRcycle
(Vaishnav& Kuechler2004)

Vaishnavi and Kuechl¢2004)provide a DSRrocess modelor DSR Cyclekifure5) that follows a
similar sequence to a standard desigyclebut includes the flow of knowledge that leatb the final
contribution of the research project. They note that while the pFgmef the DSRycleare similar to a

design process, the activities within are considerably different.

TheDSRdiagramin Figure5 showsfive processsteps. Howewe this semantically suggesa smooth
completion of one 'step' before moving to the other, whilst the terminology (adopta@ugh this
thesig of Phasesls more indicativef a suggested focal activity producing a potentially rifalétored
circumscripion loop, where the knowledge generated may address multiple or different aspects of the

awareness of problem and suggestion phases.

Awareness oproblemmay come from various sourcaacluding industry developments and literature

reviews and leads ta proposal for new research.

Suggestion andevelopmentfF 2 N a I N Kuildactijity. N liekigyéstiorphase is closely linked
to the awareness of problenphase, complementing the proposal with a tentative design. The

development phase involves thproduction of an artedictusing appropriate techniques.
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pufi
(@]]

¢KS dzaS 2F (KS 62NR WOANDdzYaONRLIIAZ2YQ & ¥FS
according taMcCarthy(1981)where

WoOOANDAZYAONRLIIA2Y B8 gAff |fft2¢ dza (2 02y aSO0idzNE
categories except those whose existence follows from the statement of the problem
andcommora Sy a S | y(®cCardRBE) P Q

In other words, the factors that inform the constraints of the next design iteration are the only relevant

factors for thatiteration. Vaishnavi and Kuechler describas follows,

W/ ANDdzYaONR LIiIA2Y A& RAAO2OSNEnadifro@R yad NI Ayd vy
detection and analysis of contradictions when things do not work according to the
i K S 2(Maislindvi& Kuechler2004)

Theevaluationphase involves evaluation of tletefactagainst the criteria set out in the proposal. It
also includes MBI K |y RheérisehdiivityQ ¥aishnavi and Kuechler state that:

W5S@GALGAZYya FTNRBY SELISOGIGAZ2YAT 020K lidzh yGAGE GA
and must be tentatively explained. That is, the evaluation phase contains an analytic

subphaseing KA OK KelLl2GKSasSa NS YIRS lo2dzi G4KS o0SKI
(Vaishnavi& Kuechler2004)

Because any initial hypotheses frahe awareness of problemphase are rarely borne out, it is common
for DSR projects to iterate at this point, using the updaigdotheses to start the DSfcleagain at the

suggestiorphase. A new or updated Instantiation would be developed, and the process would continue.

Circumscriptiortherefore includeghe things discovered either through tinkering @ach iteration of

the design is created or through a more formal evaluation of each iteration

The finalconclusionLJK | 8 S Ay Of dzZRSa al NOK 9 {YAGKQa WdzadGATe |
be of suitable novelty and interest to satisfy the requirements of a reseagject. This can be in the

form of adesign theoryand/or identified anomalies that would be the subject of future research.

2.1.3 DSROONTRIBUTIONS KROWLEDGE

Contributions to knowledge from DSR projects fall into eitbescriptive or prescriptivéor both)

knowledge types (Gregd Hevner 2013). They descritdescriptive] Y2 6t SR3IS | a a oKL (¢
(usually associated with natural science) and includes observations, measurement, patterns and
GKS2NASa® t NEAONRLIGA DS | Julles heSaRstr&t ahdimatéridglanetacts] y 2 6 €
described in Section 1.4.1. The type of knowledge produced depends in large part on the type of DSR

project.
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Gregor and Hevner (2013) present a frameworkunderstanding the impact of knowledgentribution
from DSR projects based on the relative maturities of the problem and chosen sokitioneg, below).
In this framework, new solutions to new problems are classified as Invention, and new solutions applied
to existing problems are classified as Improvement. (Existing solutions applied to existing problems are

classified as routine design and cannot be considered as research).

-',‘ 0 . .
= < Adaptation Routine Design
[=11]
= =y
=
E
% -------------------------------------------------------------
]
g
= . Invention Improvement
2 z
v ]
Low High

Problem Domain Maturity

Figure6: DSRnowledge contribution framework
(Vaishnav& Kuechler2004¢ adapted from Grego& Hevner 2013)

Invention projects generally only produce artefact but are considered research if they are novel and
AYyGSNBadGAy3Id Ly + lcich khy itef@tive dewelBpmantizf ahkefalt diRitself 5 { w
LINE RdzOS | dzaSFdzZ |y 2 ¢ 03 RDIzY 6 DWEsNHFiguiedf) D Sr¥gorc@adS S G K S
Hevner state that an invention is considered as research when:

WXGKS NBadzZ G Aa Fy FNIATFEOG -wdtddonte®l vy 6S | LILIH A ¢

and when new knowledge ismtributed to the [Descriptive] and/or [Prescriptive]
1y26f SRIS 0&He:ar2013) DNBE I 2 NJ

Once the invention phase has been completed, further (separate) research falls intoghm/ement

quadrant and can be expected to produce higlerel outputsincludingdesign theoriesnd DREPTS.

WYy2gt SRIS Ft2ga Ay GKS Ay@SydAazy ljdzr RNFyid | NJ
descriptive. The new artifact is invented and then other researchers see it employed in
use and begin to formulate descriptive knowleddpeuat its use in context (in a

RA T T SNB Y (i Grggork ReMden?aild ®Q o
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As there is no published evidenceanftomatedCOM rigs suitable fairborne and groundeéley frame
animation Gection3.4.4), this research falls into the Invention quadrant, where new problems are
solved with novel solutions. As such, one key contribution to knowledge is the production of a character
rig with an automatedCOM node (i.ethe artefact). As stated by Gregor and Hevner (above), the
character rigcould then be applied and evaluated in a re@arld contextas it transits into the

adaptation or improvement quadrants

The prime goal of the research is to generateeamergent asigntheory that provides understanding
behind the benefits and issues when using an automated COM ridyf@amic airborne and grounded
animation The implication therefore idiat the character rig will have to be tested and evaluasgithin
acontext to a subjective level to show some level of efficacy, justify the developmaraats and allow
future researchers to identify areas of improvement. By evaluation of each terdtie development

of the character rig will thus produce unigue knowledge through the process of circumscription.

2.2 THE DSRCTIVITIEAPPLIED TO THIS RESEARCH

2.2.1 THEDSRCrCLE

TheDSRcyclehas set activities that need to be completed, whilst the choice of method within that is
dependent on the problem being investigatedsing thephasewf the DSRycle(Figureb), thissection
outlines the specific research activities and evaluative methodswllabe used at eactstagein this
research This provides a conceptual and methodological overview of the process in which knowledge
will be generated.(The relevanphasewithin the DSR cycle is also signposted throughout the thesis

using header pagédser clarity.)

U AWARENESS GROBLEM

The use ofphysics to assist key frame character animation has been a continual goal throughout the
history of computer animatiofSection3.2). This includepost-production modifications toanimations

to create a physically correct movementSéction 3.4.2), and character rigs that use various
approximationsandvisualisationgo the centre of mas§Section3.4.4). Thusthere is existing research

theory that can be used to establish some aspects of the probledinform the creation of a tentative

design in the suggestion phase. However, as the automated COM rig is a novel approach (outside a few

begoke solutions), much of the suggestion phase needs to be derived.

0 SUGGESTION

As part of the suggestion phase, an operational context framework wilekelopedas a DSR construct
(Chapter4). Based on the physical motion of the centre of mass in real scenarios and related to key
frame animation workflow, the operational context widkfine the conceptual space in which the

automated COM rig needs to operate and thus inform the development and the evaluation phases.
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A detailed understanding of the operational requirements of an automated COM rig will be explored,
with the aim of defining fundamentadrinciples of operation (Chapt&). Following these principles, a
tentative design for the initial prototype will bastantiated. Thénitial prototype will bebuilt as much

as possible usingxisting approaches (Chapté), to remove anyesearcherbiasfrom skill leves$ in

rigging or scripting.

U DEVELOPMENT

In the case of the first prototypé.e. the DSR tentative deigrthe goalis to create an operational
automated COM rig. Subsequesdvelopmentiterations would involve modifications or redesigns of
the prototype rig to address specific gaps in knowledge or conceptual issues withethieys iteration

that directly informthe intendedemergent design theory

Within the development process, ig inevitable that changes and fixesll be required for functional
and operational considerations. Theseéll be evaluatedusing simple animains in predefined
scenariosand by automated tests on aspects such as repeatability. Such changes cre&teondeadge

in acircumscription looghat feeds back into the next development iterati@hapters7 and 8).

Changes that daot relate directly toconceptual issuege.g.platform specifigsssuessuch adimitations
of the implementation of MAXScript inside 3ds Mawill not be considered as part of the
circumscription loop It is necessary to fix such issues to allow the prototype to function but the

knowledge they generate does not contribute to théimlate emergent design theory

U EBEVALUATION

Where the development phase is primarily concerned with the creation of knowledge about
functionality, the evaluation phase must evaluate the prototype in terms of its applicability to the key
frame animation workbw. This evaluation will be defind@hapter9) in the conceptual space defined

within the operational context created in Chaptér

A baselinecontrol for specific animation scenarios will be conducted on existing cbaraigs, one
pelvisled rig (i.ewith no COM nodgand one dumb COMg. Theseawill beused toinform the workflow
approach for the automated COM rig prototype andftame thepracticaloutcomes of theevaluation
(Chaptersl0, 11and 12).

U CONCLUSION

Circumscription knowledge from the development and evaluation phases will form the ultimate
emergent design theory, thus resulting in conclusions based on the contributionsotelédge from
each circumscription loop (Chapt&B). The research outputs defined in Secti@i.1form all the

required elements of the emergent design theory.
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2.2.2 RESEARCBUTPUTS

Section2.1.1describes the research outputs from a DSR methodolbghlél). Whilst it is beyond the
scope of this research to produce a fully developed dediggotty or a DREPThi$ researchaimsto

produce the following outputsartefact, construct, models, methods and an emergent design theory

Theartefactwill be an automated COM rig based on the instantaneous centre of mass of the character.
The rigwill have been developed througseveraliterations, each of which is intended to generate
specific knowledge. As such, even the final version of the likgly tobe specifically created to solve
a problem. The resultingill not necessarilyoe a produt that would be useful to animators, as the
design process is not being used for this purpose but to gain knowlegigeh developments may be

pursued posthesis.

According toMarch and Smith (1995)constructsWO2 y aGAGdzi S | O2y OSLIidz £ AT |
LINPOofSYa gAGKAY (GKS R2YIF AyWithiytRis rdsBarck HIS Gparational i K S A NJ
context will fulfil this role. Inevitably, there will also be new vocabulary for the methods and models in

this research which allow problems and solutions to be described, and thus will also form a construct.

There will bemodels and methods relatinfposeconstructs and linking those constructs other more
familiar constructs within the character rig. Aragnple of a DSRiodel might be the relationship
between thecentre of mas&nd the Inverse Kinematic system within the rig, and theoaild need to
be methodsl 842 OAF SR (2 K2¢ (GKIG A& KFEryRfSR 0020K g6A

perspective)

Themainoutcome ofthe DSR methodology is an emergent design theloay is derived from the above
soOF f £ SR W2LISNI GAZ2Y I f LINARYOALX SAQ 6t dzZNF 23 HANHULO
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¢ DSR AWARENESS OF PROBIHAGE

'da LINI 2F GKS Wi ¢ NBySa a thef@lowidyBaptér FesentsaliiératareS Ay (i K
review covering thehree animation techniques outlined iSection1.1, motion capture, key frame

animation and motion synthesjin terms of their appropriateness to physically plausible animation

It also explores the role and the state of the art of the cerdf mass as a tool for key frame character

animation.
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3 THE SEARCH FOR PHYSICALLY PLAUSIBLE ANIMAT!

P'YAYFGAZ2Y ONRGAO YR KAAadil2NATaly as Oldfas TideSThe Artahd2 Y2 y =
Making of Beauty and the Beast

Bince the earliestays ofthe art form, humans have been the most difficult
characters to animateThe more realistic the human being, the more difficult the
animation becomeX everyone knows how human beings move, and if those
movements are not rendered accurately, vieswwon't believe in the characte€s.
(Solomon, 2010)

Making animation plausible is not just about the viewer believing in the acting of a character, but in the
way that they move, and the way things move is defined by physide makers of physidsased

animation software, Cascadesuggested

When watching movies or playing video games, sometimes we notice scenes that

R2y Qi 221 NARIKGOD azald 2F GKS GAYSI (K2dz@KI ¢
We might not see the wirework on the actor, for eyge, but we intuitively know

GKFG KAa Y2@0SYSyld Aa y20 K2¢ Al aK2dZ R 6Sd X h
unrealistic movements. In other words, we always notice when the animation is

physically incorrec(Cascadeur, 2020)

3.1 MOTION CAPTURE

The most suassful and significant technique for producing physically plausible animation is motion
capture a2 G A2y OF LJGdzNE 2N WwY20F LJIQ Kl & 0SSyearlyg® 2 LIGA2Y
(Chapman et al.1982) providing movement data directly from a physical actor and producing

animationthat is a good representation of a realistic movement

There is a variety of techniques for capturing the data, but the motion data provided to the animation
applicationare pgresented asa fully specified set of values for all active DOFs through tiften( at a

significantly higher rate than the desired animation frame Jjatélowever, a motion capture dataset

can beincomplete(Kay, 2014)as many systems do not record &l RIS O & 2 F Isyich asO( 2 N &
fingers or facial animation. Also, for camdrased mocap systems, there may be times when specific

markers are not visiblevhich can lead to errors.

Motion capturedata always need cleaning up. This is usually to mditeiintersections between body

parts orto finely adjust the positions of the hands and feet. Sometimes more serious work is needed to
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prevent the feet jittering or sliding when in contact with the ground or to fill in gaps where markers

were occluded owent out of range Kay,2016)

14:20:559:10

Figure7: Motion capture example from the gam&ncharted 2: Among Thieves'
(Naughty Dog2009 image from Mocap Clyl2014

Figure8: Ray Winstonenotion captured in Beowulf
(Zemeckis2007;image from Reye2015)

Because motion capture data are recorded from a physical actor, they are phyasithiyntic. Povided
the animated character is similar in proportions to the actor and the clgaisminimal, motion capture
produces very physically plausible results. As a result, motion capture is ubiquitous in-bemessd

semirealistic and realistic gameBi¢ure7) and for CG characters in live action films.

The down side of motion capture is its lack of flexibility on two counts. Firstly, motion capture becomes
less convincing as the size and proportions of the animated character diverge from the origomal a
This is because the motion data are implicitly based on the physical characteristics of the original actor

(Joon et al.2007) For example, a character that is more slightly built than the original actor would
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appear to move too deliberately andbsvly, and the motion lookancanny An example of this can be
seen in the CGlI film Beowulf (ZemecRE07) where Ray Winstone who plays the title role is significantly
stockier than his characteFigure8). More extreme changes in proportievould produce even more

unrealistic results.

Secondly, motion capture can only produce animations that are within the capabilday afctorto
execute s&ly. Exaggerateddangerousor superhuman animation cannot be produced directly using
this techniqgue The mocap data must be modified to achieve this and the modification of motion

capture data changes the believabil{joon et al.2007).

Motion captue data cannot be modified directly as all the relevant data would have to be adjusted on

every frame Adjustments to the motion capture data are specified usspgrsely distributedffset

values(key framespn an additional layer of animatiorThe firal motion is derived by adding the layers
together(Autodesk 2016) Using thisnethod,it is possible téddd emphasis on areas and change poses

G2 3ASG GKS LISNF $ 0aNI EIANBXNXE! yia®Q 0 @ Ly GKS2NEB:Z GK
ananimator tomodify motion capture data to allow a character to jump over a buildingxampleby

adding a significant amount of height to the character in the adjustment lailewever, to make the

animation flow, the crouch that anticipates the actidhe push as the character leaves the ground, and

the landing would need to be modified in addition to the height of the jump

a2RATEAY3I Y20FL) RFEGF GKSYy KI @ercépof and kS keWiarher  y O S
animation so mostexaggerated or physically impossible animasigar movements that would be

dangerous for an actor to do) are produced using key frame animéfhmalsight, 2014).

3.2 MOTION SYNTHESIS

Motion synthesis is the field of generating autonomous motion of a chardiom highlevel commands
addz0K | & W@Arikan, Forsgti®lis @ NIRR S ylthasw fotinocdmmon with robotics but is also
of interest in game animation where ngalayable characters need to be directly controlled using higher
level algorithns. Motion synthesis can be based on motion capture examples (exdraptsl) or driven

by control systems and simulated with the laws of physics (physised)

Emerging from motion capturexamplebased motion synthesis used to involve simple modifazatr
merging of motion capture datd.amouret& van de Panne, 199@ue to the limited computing power
available.Babadi (2018) explains the last decade, due to increasing levels of data processing capability
and machine learning techniquegxamplebased motion synthesi®ias evolved. Motion capture
databases can be used to train Al algorithms to create realistic looking malimt is reinforced with
physicsbased motion synthesis (Perdg. al., 2018). Even videos of actor movement can be used to
generate 3D animated motion (Peng et. al., 2018).
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Physicshased character animation is a dynamic approach to animation, which has been around since
the early days of computer animation (e.g. ArmstrénGreen 1985) with the promise of easily creating

phystally plausible or realistic animation. As well as striving to provide autonomous characters, motion
synthesis has also been used in attempts to take the burden of plausibility away from the animator

whilst still allow varying degrees of creatizentrol (Fattal& Lischinski, 2006)

Geijtenbeekand Pronost(2012)provide a good overview of physibssedmotion synthesisnethods

and highlight atesurgence in physidsased character animatid@® SG 6 SSyYy Hnnap YR HAMM
of focus on datadriven animdion techniquegji.e. examplebased motion synthesi§] ®his has largely

reversed since with the aforementioned focus on examipdsed techniques, but this chronological

window of exploration into physiesased techniques provides an opportunity to exgldine problems

identified in Sectiorl.1 (Geijtenbeek& Pronost 2012 van Welbergen et 312010).

3.2.1 PHYSIGBASEDCHARACTEANIMATION

Although physicsbased character animation is not widely availablarinst common 3D animation
applcations many do have integrated physics simulation engines to allow animators to knock walls
down, blow leaves around and pour water realistigallhis is known as forward dynamics (Otten, 2003),
and can involve ongvay kinematic interaction with animted characters (e.g. knocking a cup off a
table). These animation tools require a different skill set to key frame character animation, relying on
setting initial conditions, nomenderable deflector objects, and physical properties such as mass and

friction (which are often set to nerealistic values to achieve the required effect).

These simple physical simulations can be applied to characters too. In the game Just Cause 2 (Eidos
Interactive, 2010), rigid body mechanics are used to animate characsettsest hang off moving cars

and helicopters (Obriem.d.)

By applying a few physical constraints and mass properties to the bones within a character rig, it is
possible for characters to be simulated t@technique known as ragpoll simulation(SideFX2017).
However, the animator cannot influence this process with any significance, and it is only suitable for

animating dead or unconscious bodighandler, 2015)

Key frame animation and motion capture are both kinematic approaches to animatlmanimation

is specified in terms of translational or rotational values of each joint at specific timeth@lgee joint
starts at 90 degrees and moves to 45 degrees six frames.ldtedpes not take any consideration of
the physical forces that migltause the movement and thus, sets no limit on what the animator can
produce, allowing them to create any desired movemetlthough motion capture ignplicitly limited

by the physical ability of the act@nd the constraints of the environmeit

K Pitts  The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Afitpfeame Animation 53



The physicsbased approach defines the movement from the forces and torques acting on each DoF

over time (e.ga torque of 6Nm is applied to the knee joint for three frames followed by a torque of

6Nm). The animation is created by solving the equations ofandor articulated bodies (Wittenburg

1977 Wittenburg, 2008 Featherstone 2014) ® ¢2 aAyYdzZ 4SS GKS TFAyrf VY2
specification, the character rig requires extra information such as the mass and moment of inertia of

each articulatedsection

To animate a living character using dynamic simulation it isufficient to apply torques of the correct
amount to each joint. Such a system would quickly become unstable due to cumulative inaccuracies in

the values applied. There needs to be a controlling element within the system.

Mitake et al. (2009) use a singghverted pendulum controller to keep a character upright while leaning
during acceleration, deceleration and cornering, but generally controllers are applied at the joint level

of the rig.

Feedback controllers that adjust the torques to satisfy rotatiasrgpositional targets can be applied to
each joint. This would normally be achieved using ProportiDeaivative (PDgontrollers (Alleret al,

2007; Faloutsos, van de PandeTerzopoulos, 2001) and is the technique ugedobotics.

Figure9: Motion synthesis used to animate athletes
(Hodgins et a).1995)
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Generation Generation Generation
6 17 921

FigurelO: Amachine learning approach to physi¢sased motion synthesis

(Geijtenbeelet al, 2013)

The controllers can either bbeespoke, usually designed for one specific motion, such as animating
athletics Figure9) in an exercise inspired by the 1996 Olympics in Atlanta, Georgia (Hodgind@95),

2NJ dzaSR & LINI 2F Fy 2LIAYA&Ll (A2 y2012 BeijiehbéletNy Q |
al, 2013). This approach has gained precedence more recently due to the reduced amount of

biomechanical expertise required and the iease in computing powef{gurel0).

Figurell: NaturalMotion's Endorphin
(NaturalMotion, 2003, Image from-&s Blog, 2016)
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