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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

The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Aitépifiame Animation

19



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
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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
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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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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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Asystem called Dynamic Motion Synthesis created by NaturalMotion was the only commenftéatig
physicsbased motion synthesisolution, availablefrom 2003 to 2014 It was implemented in their
standalone application, Endorphin (NaturalMotig2003), br virtual stuntmen in film¢Figurell), and

their Euphoria engine for games (NaturalMotion, 2D0d his was a full character simulation including
body, muscles and ator nervous system and basic artificial intelligence (Al) to allow a character to try

and regain balance or avoid falling objects. NaturalMotion discontinued both offerings in 2014

Figurel2: Supernatural jumpenerated using controlled external force

(Agrawal& van de Panneg2013)

Addressing the issue gdhysicsbasedanimation being limited to physically possible movements,
Agrawal and van de Panne (2013) created a library of jumps using a fully dynamibygmterating a
series of controllers offine that can drive physidsased characters in retime. They achieved

supernatural jumpg around 2m higlg by building in additional external forceSigurel2).

While the external force in this case was used to generate a library of jumps, the technique cannot be
assumed to be readily transferable to key frame animation (the optimisations that producdithrtéuey

of jumps took 56 hours on a contemporaneous PC).

Most attempts to integrate physics simulation with key framed animation have failed to win over
animators, partly because of the problenmsSectionl.lidentified by Geijtenbeekand Pronost(2012),

and partly because of the different skill set required.

The aforementioned forward dynamipsovides a method whetgy animated characters can influence
a subsequenphysicssimulation This method derives forcdsom predefined motions and is called
inverse dynamics (Otten, 2003). As such, inverse dynamics is a direct link between keyframed animation

and physical forces.
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3.2.2 INVERSBYNAMICMETHODS

The physics simulation engines available in mainstream animatidicappns (e.g. rag doll simulations)
can be classed as Forward Dynamics. The motion is created from the forces and torques acting on an

object producing accelerations, which can be integrated twice to calculate the position and rotation.

Wilhelms and Brsky (1985) built on Forward Dynamic principles to calculate simple reactive forces that
opposed gravity and maintained worlipbace rotations while other parts of the character would be

subject to more complex dynamics. Different parts of the characteldc have different control
YSGK2Ra AyOfdzZRAYy3I WKEONRR LRAAGAZ2YIE O2yGNRBf I gKS
Fy K

GKS aeadasSy FGdSyLwiia G2 FAYR F2NOS& | yR (2 NJjdz

Pl

This idea of deriving torques from a kinatitally defined input was refined by Isaacs and Cohen (1987)
by combining a keframe-like system with a dynamics engine and deriving the torques required to
achieve the specified key frames in a process they call Inverse Dynamics. (This reflectsihdatane

for Forwardsand InverseKinematics). Theyused it to makea swing move by animating a character

leaning forwards and backwards in turn.

The limitation of their work is that calculating inverse dynamics merely reproduces the key frames that
were already defined. There are only certain fairly niche situations where this is usefakample, if

appliedto a character kicking a ball and then apptythe same forces to a character standing on a
frictionless surface. The result is that the Bla O SN a adzZlJLll2 NI € S3 aft ARSa

character.

Figurel3: Using inverse dynamics to make a character jump
(Arai 1993)

More usefully, Girard (1987) uses inverdgnamics to work out forces derived from key fragnkeg
postures of quadrupedal animals in different gaits. These are then used to calculate global dynamics for

the body for vertical, horizontal motion and even banking around bends. This adakted for bipeds
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by Torkes andvan de Panng1998) was incorporated intd dzi 2 RSa1 Qa o5 {GdzRIA2 wn ¢
part of the Character Studio animation system. The Biped system is still available in current versions of
ldzi2 RS41Qa y26 YyIYSR oR& al E®

Arai (1993) usednverse Dynamics from a kéyamed animation sequence to generate joint torques,
then used these to drive the motion for some parts of the bqawerridingany previously defined key
frames. He applied this to an arm throwiram arm swing during a walk cycle aadull body during a
jump. However, because this method overrode the key frames (and timing) for the height and landing
position of the jump Figurel3), it takes important control away froithe animator, andhus limits the
FyAYLl G2 NIDamam Peneditydikey frame animatiofSection3.3).

Onelimitation of the Inverse Dynamics methodlmt the animator needs to be able to make informed
decisions about which body part or action is to be animated using dynamics and which part with key
frames. Making such judgements is a skill that must be leartdolwever]saacsand Cohen sedt as

anadvantage

WLG Ffft2ga GKS dzaSNI G2 GKAY]l 2F SFEOK LI NI 2F
adzA G 0t S (ISh&¥ICehenS198F)2 6 Q

Despite its limitations, Inverse Dynamicssidl usedfor driving dynamic simulations from key frame
animated moton, as it is hecessary to derive the torques and forces from the key frame animation to

provide the impulse for the simulatezbjects.

h@SNNARAY3I GKS FyAYFG2NDRa AyidaSyid FyR SELSOGAY3T i
jump for example # retrying different simulations until the length is right is far from satisfactory as a
workflow. Animators need to be able to make artistic decisions about the length and height of a jump

quickly. Stting key frames for eacand tweaking thegathsby eyeis a much simpler process.

WS@SNIiAy3 oFO1 G2 LallOa FyR [/ 2KSy QaverselDyddidics OKZ ¢
provides physically correct tweening as the motion of the character between key frames is derived from
forces. However, theris potential for enormous torques to be generateshd henceinstability, when

key frames define highly exaggerated or stepped motion. Such forces, while physically correct, have no

guarantee of being within the range of valid forces for a particulaNchaD 1 SN & &G NBy I K P

Using key frames as a constraint in this way, however, was further developedspsbesn that closely
approximated key frame animation but still integrated physics simulation in the character animétion
was thought thisvould minimise the new skills an animator would need to learn antdsanuch more

likely to become accepted: K A & W O pfirisatiditiesh&iRasknown as spacetime constraints.
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3.2.3 CONSTRAINEDPTIMISATIOMETHODS

In 1988, prior to their move to Pixar, Michaelsk<aand the late Andrew Witkin presented new
technique for creating physically valid motion called spacetime constraiitki( & Kass1988) Rather

than using traditional animation techniques such as key frames and tweening, they created an animation
controlled by kinematic constraints at specific points in space and time. The constraints were similar to
key frame definitions as they had positions and rotations defined at specific points in time, but they
could also include physical descriptors such pnning the object to the floor and minimising or
maximising impact force. Using the physical structure of the character and its physical resources (i.e.
muscles and static surfaces to react against such as a floor), their algorithm could then @egeally

valid sequence of motions to achieve these goals by treating it as an optimisation problem. (The
WYydza Ot SaQ 6SNB AYLX SYSYGSR Fa |y3dZ N aLINAy3Ia &
manipulated by the optimisation process.) Many poksibotions could meet the constraint functions

specified, so the optimisation was driven by an objective function, for example minimising energy use.

Figurel4: LuxoLamp animated using spacetime constraints
(Witkin & Kass1988)

LYyAdAalrt GSada 2y | LINIAOES gAGK I waSi SyaiysSaox
proved to be relatively trivial. The abstraction required to extend this idea teermomplex models (in

GKA& LI LISNE ¢ sedFiguddsinedesitaied & cbompleX system of mathematical function

boxes wired together in a graphical useteirface (GUI) to perform symbolic differentiation ata

generate the matrices. However unintuitive this method may be, and despite the high level of
abstraction, the procedure generated anticipation, squash and stretch, falowsugh, and timing on

the three examples presented (basic jump, jump over a hurdle, anflisip). Additional tests were

conducted with a heavier lamp base and a soft landing (by including minimal impact force as an objective

function).
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The primary advantage perceived at the &imf writing was the efficient production of physically correct
animation from a sparse set of key frarilee data. Additionally, Witkin and Kass identified the potential
for alternative objective functions (such as minimising the impact force) to chédmeganimation of a

character based on its motivation

W/ 2YyAARSNI F2NJ SEFYLIX S aSOSNIt OSNEAZYyaAa 2F | OK
walking on hot coals; in another, walking on eggs; in another, carrying a full bowl of

hot soup; and in still anothepursued by a bear. Plainly the character's geaisd

attendant criteria of optimality; are very different in each case. We would hope to

4SS GKS&aS RAFFSNAYy3I 3I2| &Xash BB SOUGSR Ay GKS Y2

The Luxo Lamp experiments were limitecdntiovement within a 2D plane. It turned out that spacetime
optimisations for any more complex rig (even a simplified human) moving in three dimensions were
significantly more complex. In order to reduce the complexity of spacetime optimisations, various
techniques have been tried (Cohd®92 Liu et al, 1994 Fang& Pollard 2003) but none could increase

GKS NBftAFOATAGE AdZFFAOASYyGEe FT2NJ YIAYaliNBlIY dzaSo

W yF2Nlidzy 6Stes F2NJ O2YLX SE OKhréllighyi SNE (G KS b S¢
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Their solutionwas to reduce the complexity by concentrating on momentum alone and not simulating
muscles, and they produdeealistic animaibns with very few constraints. However, without muscle
AAYdzZ FGA2y S NBFEtA&AGAO Wi Nweekithérexdnypibadel ar Gefinedibik NB dz3 K

the animator.

Despite the lack of suitability to key frame animation, spacetime constraints s used widely for
editing and modification of motion capture data (Abe et aD0Gt 2 LJ2&tkin, 1999 Rose et a.

1996 Safonova et al.2004 { dzf S 2 Y &Y RILID BA5)H where the final motion is generally not
radically different to the input motion resulting in better convergence. Tak et al. (2000) used the same
optimisation procedures to find the physically correct anticipation when modifying captured ballistic

motion such as jumps and runs.

Gleicher (1997) uses them pyovide constraints when modifying existing animation and removes the
physics aspect to reduce computation and achieve interactive speeds. Removing a physics based
objective function; Gleicher esl similarity to the existing motion to drive the optimisation. While this

puts the onus back on the animator for physical correctnesfiditead to the most notable application

of spacetime constraintfor retargeting motion data to characters of diffmt sizes and proportions
(Gleicher1998), though thisvas quickly superseded by less computationally expensive methods (Choi

& Kaq, 2000 Lee& Shin 1999).
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Most physicsbased motion synthesis techniques take too much control away from the animator.
Spaetime constraints appeared to be a kikgme-like physicdased solution but the mathematics does

not work reliably on nodinear problemssuch as a human characed Y 290 a2 1o physidsased
motion synthesis solution works in a way that dirgatissists key frame animator3hus, the specific
properties of keyframe animation need to be considered in order to assess why, and how that can be

resolved.

3.3 KEY FRAME ANIMATION

“TEO® ~ Mouscle Setup” peppeteeriovnge.com

Suchan 2011 sechanspot.blogspet.com
FigurelsY ! 1 Se& TNI YBDOKI NF OGSNJ NARIT W
(Bajracharya2011)

Key frame animation is the longest standing CG animation techpigjtiough in the early days,
animation was specified using a bespoke computer language to define the objects and their movements
at a fundamental level (Catmull972. Key frame animation is now produced using bespoke CG
applications such as Maya (Autodesk, 2005), 3ds Max (Autodesk, 1996), Blender (Blender Foundation,
1994) and many others

In all but the oldest of these applicatior) key frame character animationlbased on a character yig
sometimes builtinto the animation programmend sometimes proprietarpr bespoke(Figurels).

Character riggompriseof the following pars (paraphrased fronPetty, 2018)

0 The skeleton hierarchy

O«

The control nodes used by tlimator
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0 A functional definition relating the deformation of the character model to the movement of
the bones (i.e. skinning or a separate deformation rig including muscles and flesh simulations)
0 Various additional controls such as Invet§@ematic solvers (IK), which calculate the joint

angles of a limb based on the desired position of an end effector (i.e. the hand or foot)

Character rigs are designed to meet the needs of the animator to manipulate the character as tractably
as possible.Animators can use this manipulability to create highly dynamic and plausible animations

depending on their experience and skill.

Despite being created with different toolBD key frame animation has its roots in traditio@&lhand

drawn animation. The point of key frame animation is not to produce realistic animatiomotion

capture does thignore reliably Key frame animation is used to produce exaggerated motion with

appeal. Such animation still has to look plausible. Walt Disney called this prSY G KS & LJX | d:
AYLRR&aaArof,S¢ YR &al AR

W52y Qi RdzLJX AOFGS NBFE I Ol 4m@ngivelaNdaridaire gf3a | 4 G KS8
fAFS YR FOGA2Y X 2dzNJ g2N] Aa | OFNAROFGdzNE 27

Disney was keen on understandingthhysics of motion to produce animation saying,

WL RSTAyAGSte TSSt ¢S OFyy2iquReswems Tl ydladao
1y2¢ (K&t DiBdy,inQuilliams 20R9

This is a commonly understood expectation on animators. Angel#olejpDreamworks Animation

says,

HyS 2F GKS dzyAljdzS O2YLRYySyGa 2FXFy ! yAYF{i2NRA&
realworld information and craft a caricature of that information to create the

performance.Animators take their understanding of anatomy, body mechanics, and

LIKeaAroa (2 &aKILIS GKS OKFNY OGSNDa ¥2@E8X8¢Ea | yF
2018)

To this end, animators frequently use video reference to help them understand motion during
produdion. This can only help with physically possible and safe movements. It helps with poses and
timing but as characters often have exaggerated proportions, the poses and timing from the video often
have to be reémagined on the character. Adjustments kao be made by the animator based purely

on their judgement of the character physics (mostly implicitly through experience, only occasionally

explicitly using bespoke tools).
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Squash and

Squashing or stretching poses to provide contrasting movéraed ensuring

Stretch the volume is preserved during this action

Anticipation Prior action to prepare the audience for the main movement (e.g. crouch
before a jump)

Staging SANBOGAY3 GKS | dZRASYyOSQa FGdSyda

Straight Ahead /
Poseto-Pose

Two different approaches to creating the animatigrither frameby-frame
or using key poses with tweening

Followthrough /
Overlapping
Motion

The continuation of movement of some parts of the body after the main
movementhas completed (e.g. during a walk, a tail continues to move le
after the hips have started to move right)

SlowIn and Slow
Out

Higher density of ifbetweens near each key frame to show acceleration a
deceleration

Arcs

Most movement follows arcs (e.gwinging arms, bouncing balls).
N.B. this is a loose term for curved motion and not a mathematical defin
of an arcg bouncing balls follow parabolic curves

Secondary Action

Actions other than the main storytelling action (e.g. lookangund while
walking)

Timing The speed of an actiochangests meaning (e.g. a head turning slowly whg¢
looking around or quickly when surprised)

Exaggeration Presenting reality in an exaggerated wagither for physical emphasis or
using metaphors fostorytelling

Solid drawing Ensuring the animation has a 3@ss to it in terms of volume, weight and
lighting as well as anatomical believability

Appeal Ensuring the audience relates to the character, the story and the situatio

Table3: The Twelve Principles of Animation
(Paraphrased from Thomas & Johnston, 1981)

Traditional animatioris very much considered an artistic endeavour with much of the discipline deriving

FTNRY 5AaySeqa t NNohson108%)kste@ifTabley. A YI G A 2 Y

t AEF ND&

recognisel the use of spline interpolation as a mechanism for Sllowand SlowOut, and that most 3D
key frame animation approximates to the PesePose method albeit bndividual degrees of freedom

and not necessarily with whole character poses. (Notablynisses out Solid Drawing completely from

w2 Ky

t6St @S

[ F23aSGSNI NBO2yOSA @SR

the paper¢ presumably taking the3-ness of the final output as a given.)
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Jeremy CantgrAnimation Supervisoat Sony Pictures Imageworlkextended these to 24 principles
which included Forces and Weight (Cantor, 2002). In the principle of Weight, Cantor discusses the use

of Centre of Graty (i.e. COM) for balance.

As with traditional animation3D key frame animation largely based on the Twelve Principl&hese
animation principles tend tsignpost some physical and some artistic ideas but do not provide any
specific rules for howo animate. This approach has continued through the introduction of 2D and 3D
computer animation, largely due to its success in producing animations with mass épsealy movies
throughouttheir history have become cultural iconsiiowever, it does iply a very particular working

process.

3.3.1 KEYFRRAMEANIMATIONNORKFLOW

Handdrawn 2D animation starts witlsignificant posegknown as key frames or extremes) within the
desired motion sequence, such as images where the character makes caittatihe environmentor
changes of direction occur. The gaps in the sequence would-filiethby a junior artist who would
drawallKS -048ilys SSy Q FNI YSa &P kepfamdadimaiidases disinBabworkiovid 0 ®

but the computer does the tweening.

The3Dkey frame animation workflow typically involves several stages that each build and refine the
final animation from asparse initial definition. The workflotypically follows thestages of layout,

blocking, breakdownsurve adjustmentsnd polish(Dixon, 2017)

The first stage, layout, is used primarily for staging; to arrange objects, characters and cameras in the
3D scene to best mimic the shots defined in the storyboard. Additional props or environments are
incorporated during this stage to add context to the animation. Layout is also used to get the timing of
the shots correct and ensure the movement of characiarghe scene occurs at the right speed and

allows for all the necessary interactions.

Ly GKS o0t201Ay3 &aGF3Ss GKS FyAYlI{GA2Yy Abhewnds?2 O] SR
for eachdegree of freedom (DoFyr any other parameter tht contributes to the definition of the pose

of a character or part of a characterre stored &key$¥amesat a specific time index.

b2GS GKS RAFTFSNBYyG YSIyAy3a 2F wiSeée FTNIYSQ O2 YL} NI
4SS NBIdZANBR FT2NJ YNNI GAGS 2N Y2GA2y RST
NEFSNNBR {2 | WS E (i NBWIiGrisQ200Q)yThréubouR thigidbcinfentf the vgfdh Y I (G A 2

&
wiSe FTNIYSaQ Aa dzaSR Ay GKS o5 IyAYlFLdiAz2y aSyaSo

to a significad LJ2

Ultimately, he computerwill fill A y G KS NI 5SSy T pliaEs Xrivdn as tweening

but the initial blocking out phase traditionally includesta@ening(Bloop, 201% the animationsteps
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into each new pose at the appropriate time index and conceesatrimarily on timing. In a key frame,

the entire character rig is key framed to lock the pose.

' FGSN) ot 201Ay3 2dziz WoNBF{R2sy 188aQ FINB | RRSR i
movements are constructed. A good example of a breakdsynis thelifting of the moving foot as it

passes the stationary foot during a walk. These breakdown keys arasalathynot tweened.

Breakdown keys do not define the entire pose of the character as for a key pose, instead they will add

definition to ane or moreDoFs0 modify the motion of one body part.

Keying breakdownsometimesrequires the animation created in the blocking stage to be tweened so
that a midpoint can be visualised.oomis, 2018)For example, when keying the foot lift of a walk cycle
Because there is no tweening the time index where the foot lift key should be placed, the character

is still in the previoukeypose. To allow the animator to lift the foot at the passingnpdhey need to

see the character in position halfay between each key pose. This is achieved by switching on tweening
for the pelvis so that the mid pose is visible. The foot lift is keyed by adding a key frame to the IK target
for the foot and the palis is also keyed with a breakdown key to ensure the pose remains valid. The

tweening is then switched off again so that the animation steps through the poses as before.

Breakdowns includadding overlapping motion (i.edifferent body parts start and fish the movement

at different timeg oradding oscillations to a walk cycle.

Animation curves are added between all keyed frames to generate theetween framesthrough
interpolation. In many cases, the default curves can provide a good approximation to the desired
animation¢ particularly for small movements. However, the final animation is often refined to give a

better sense of weight and force by adjusting m@mationcurves(Bloop, 2015

These curves aresed to define the values for the-between frames and to create a smooth motion

from one key frame value to the next. To make this look realistic, a Bezier curve is usually used where
the gradient of the curve coming inthe key frame is the same as the gradient leaving the key frame
(although the gradients can be unlinked if desired). The gradient represents the speed of the motion;

shallow gradients are slow and steep gradients are fast.

The curve for a simple case swahan object moving from one point to another starts and finishes with

a shallow gradient and has a steeper gradient in the middle, makifiglzape. (In fact, thanimation

curves are often calleficurves wherd has a double meaningjso 0 SAy 3 Iy F060NBGAlI GAZ2Y
This shape ensures the object speeds up as the movement starts and slows down as the movement
stops. In this way, the motion mimics the real world where objects must accelerate aneidgedb

and from a stanestill; effectively being a nosimulated physical effectt also satisfies the slown slow

out principle of animation.
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window that displays &D graphfor each DoFagainst time or in the viewport using &-dimensional

motion path. Using the Bezier handles, an experienced animator can adjust key framed motion to a
parabolic or circulapathby eye. There are other modes tatep (where tweening is turned off as used

in the blocking and breakdown stages), linear, fast and sbowxample.

Itis also common teeadjust the timing of the key framégither complete or certain DoFs only)even

add extra keys in this stage. rlFexample a heavy character landing from a jump may need to hold the

pose at the bottom of the crouch to emphasise the weight of the character and this would be achieved

by making a copy of the key frames for that pose at a time irdexor three frames ater. This new

1Se Ll2asS oAttt 2FGSy 06S IR2dzadSR atAakate G2 YIS
added to create overlapping action where the arm may still be moving after the character has landed

(Poignet 2017)

Because the animatiodata are sparsehe key frames can be modified directlynlike motion capture
data, meaning animationgre generallyblocked out thencontinually refined to produce ghysically
plausible(and appealingyesult This is inevitably timeonsumingwith typical key frame animation

production rates of 5L0 seconds per day per animat@iki,2013).

Some aspects are particularly difficult and require additional tools to assist the animator to get the right
DoF values to achieve a particularsge. A good example of this is trying to position a hand to grab a
prop. Changing the joint angles of the arm to get the hand to the exact position would require much
iteration. Instead, animators use a tool called/erse Kinematics.nverse Kinematg is a robotics

technique, first applied to computer animation by Korein and Badler (1981).

3.3.2 INVERSE ANBDRWARIKINEMATICHK/FK)

O\/W

Figurel6: Trajectories fofForwardand InverseKinematics

A: Forward Kinematics (FK) B: InverseKinematics (IK)

(Epic Game=019)

The method of animating based on rotating individual bones on a limb is known as Forward Kinematics

or FK(Figurel6A). In contrast, Inverse KinematioslKis a method of animating the posture ofrdnole

limb by calculatingts set of joint anglegFigurel6B), based on the desired location of the hand or foot.
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This desired location is known as an IK target. A limb animated using IK has positional key frames stored
for the IK target, there are no key frames storedthejoint angles (i.e. theotationalDoCa 2 F GKS f AY
boneg. The IK solution (i.e. the limb posture) is consistently recalculated every time the scene is

redrawn.

In Forward Kinematics, the -lmetween frames interpolate between two key framed ribiangles,
YSIEyAy3a GKS Fy3atS OKlIy3aSa 208SNI GAYS FyR GKS OKLF NI
of Arcs and produces an acceptable animation. For limbs animated with IK;likeeniaen frames are

interpolated between two positions, mearg the position of the hand changes over time resulting in

the hand following a straight line from the initial position to the final position. In otherds, IK

animated limbs break the principle of AréSdqurel6).

Breakdown keys can be used to help create thesraped movement required to give natural looking
movement if a limb is under Inverse Kinematic (IK) contooit it is preferable to animate such

movement with forward kinematics (FK) as this automatically producekkarenovements.

Although this is a shortcoming dfiverse KinematicslK rigs are universally used within key frame
animation. The reason is that many cases, it is much more efficient to be able to place the hand or
foot in the desired place directly rather than adjusting the limb posture to achieve the same end (e.g.
foot placement for walking, holding a handrail etc.). By key framing the fabeatame position at the
beginning and end of a movement (e.g. one step), IK allows the hand or foot to remain in one location

in world-space while the character moves.

To allow animators to have the best of both worlds, key frame character rigs car gaitblend) the
limbs between FK and IK so the animator can animate limbs witlikarmotion when required but also

take advantage of the positioning capability of IK.

IKand FK are typically used to position subparts of the object, not its gjmisition. Spacetime
constraints (Section3.2.3 offered a potential fulbody approah to global positioning which
incorporated physical correctness but suffered from unreliable optimisation solutions due to the high
levels of nonlinearity of the human body. The operation of a single limb is much less complicated and
the optimisations tlat generate joint angles to satisfy an IK constraint are much more religbl¢he

point that IK systems are ubiquitous.

Positioning the centre of mag€OM)of a character in world spacelso a difficult andime-consuming
process fordynamicanimation scenarioss its position varies with poseHowever where spacetime
constraintsphysically simulate multiple joints in the human body, the centre of mass is simply derived
from the pose and so positioning ti@K | NJ @0MSsNiddré akin to placing & target than running

afull-bodyphysics simulation.

K Pitts  The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Afitpfeame Animation 67



3.4 CENTRE OF MASISD THEANIMATION OF DYNAMIC MOTIONS

The centre of mass is recognised within animation as a useful property to conseéetion1.1),
particularly when animating scenarios where a character has to be balanced or is lifting a heavy object

but also in dynamimovements both grounded and airborne

3.4.1 DEFINITION OF TEENTRE OMASS

The centre of mass or COM is the point at which the mass of an object seems to act. For an object
floating in space, this means that all rotations will occur around the COM. An object hung from any
point will naturally rotate to an angle where tH@OM is directly below that point and if an object is to

be balanced, the COM must be directly above the point of contact.

When exposed to gravity, mass experiences a force called welyhere mass acts on the centre of
mass, weight acts on the centre gfavity. In most cases, gravity is a constaméaning that the terms

mass and weight are effectively interchangeal® technically, the balance of a character depends on
their centre of gravity and their rotation in flight depends on their centre okmaCentre of gravity is

the same as the centre of mass in uniform gravity fields. As a uniform gravity field is the norm, it is fine
for animators to use either of these terms when describing the COM. This research will use the term

centre of mass (COMor both scenarios.

For a 2Dobject, the vertical position of the COM is the point where there is equal area on the left and
right side of the objectSans, 2011)lt is widely accepted, if not stated in these terms, that OK I NJ O & S NX
/ ha Aa GKS &lYS Ia GKS OSy i NBAn2ekperiendds lanimatdr cahK S  OK

estimate this by eye to assist with balance for poses.

¢KS OSYUiNB 2F YlFLaa Aa RAaAGAYy Ol TmaRswnplé doBctsihy G NB 2
symmetry in all three axes (e.g. the aforementioned bouncing ball animatitim 6 | { GON &s

coincident with thebounding box centréut in mostsituations,this is not the case

For a3D object with uniform density, the centre of mass is equivalenthe tentre of volumda.k.a.

the centroid) Consider an objectade up entirely from smakquatsized cubic blocks or voxels.
Mathematically the centroidis the resultant of the positiomectorsof eachvoxel For objects with non
uniform density suclas a hammergart wood, part metal) or a human (fat, muscle, bone and voids such
as the lungs) the centre of mass is the weighted average of 8ctS Y Sy (i Q f.e. id@jhitell ByA 2 v
SI OK St SY)8ividédhy thertbtal mass.

CG objects are not solimit are simply a closed surfack the absence of any defined mass distribution,
CG objectsan be considered to haumiform density,so thecentroidisthe same ashe centre of mass.

In the cases that follow, Oba (2010) calculates centre of mass from the character mesh ¢ientthil),
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but the remainder used metadata attached to the bones of the character rigs, which gives flexibility to

use different densities.

Just & the centreof area is used as th® K I NJ GdMSdRHanimations, the use of the centre of
volume for theO K I NJ- @aMSr\BD animation does not seem unreasonablfile it is not possible

to access the metadata in the cases below to calculate the densitytivari®ba (2010) uses a uniform
density of 1g/cm3 (i.ewater) as a suitable approximation to all human body components and hence
equates the centre of volume and the centre of mass. The way in which the centre of mass has been

used in 3D animation is viad but limited.

3.4.2 APPLICATION GHYSICACENTRE OWMASS IMNIMATION

LY HAMH ! yAde ¢SOKy2f23ASa W yAdGe nonQ 3I+YS Sy3i:
humanoid animation system called Mecanim to aid with the retargeting and blending of medjuture

clips. Alongside usings®@F £ t SR WYdza Ot S alLl OSQ (2 y2N¥IfA&S 224
also normalises all imported motion clips to make the animation data relative to the centre of mass of

the character (Lanciayl2014).

© inspector
Idle_JumpDownLow_BackFlip_ldle Import Settings

Imbort Animation ~

1:01 (033.6%)

Asset Bundle

Figure 17: Unity's Mecanim characters retargeted from the COM
(Lanciault2014)
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The definition of the COM in Mecanim is based on nominal human proportions and densities and not
on the physical properties of the character. The hewftthe character is normalised to produce a scale
factor based on the COM being at a height of 1.0 and the gross body orientation is taken as the cross

product of vectorgepresentingthe directions of theupper and lower halves of the bodlyigire 17).

The rationale for this is thathe centre of mass and average body orientation are stable properties of
humanoid animatiorthat] leads to a stable root motign(Lanciaulf2014) This dbws movement clips

to flow smoothly from one to the other as the prinpaith of the character is the COM trajectory.

e Defender COM e Attacker COM e Compound COM

Figurel8 The COM trajectory of a 3D character
(Oba 2010)

While Mecanim is designed primarily for mocap clips (although can bewitednimation clips created

by any source), for key frame animatioopts that visualise key parameters of say a jump animation
can be very useful. Most animation software proddeols to show and edit the trajectories of objects
from their pivot point, and these can be used to evaluate movements of a character rig too. With a
simple example such as a bouncing ball, these tools produce simple results that are easy to interpret
and edit, but complex jumps such as a pike somersault can produce copgilesthat are not intuitive

to edit.

Oba (2010) uses MS Excel to produce graphs of motion such as a parabolic trajectory as visual guides for
animators, and a scripted tool to plohé trajectory of the calculated centre of mass for a 3D character
through an animation based on the character meSig(rel8).
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Figure19: Visualising theO K I NJ- ©aMSrhj@tdry and suggesting alternatives
(Shapiro& Lee 2011)
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Figure20: Cascadeuwith ballistic trajectories, fixed interpolation areas highlightegreen
(screenshots taken from tests with the beta version)

Shapiro and Lee (2011) producadystem that visualises dynamic properties such as centre of mass,
angular momentum and zero meent point to assist the key frame animation process. They visualise

the OK I NJ @aM3INdRgia jump and this produces a simple parabolic curve akin to a bouncing ball
trajectory.
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The animator can manually adjust the animation or (in the case obtiafiiovementd automatically
adopt a physically correct curve with either the same timing, the closest trajectorgnother
alternative Figurel9). When the anim@r chooses a trajectory to replace their ovamimated path
the software offsets the pelvis on each frame by an amount that translates frorarthmeated pathto

the chosen ballistitrajectory.

Shapiro and L& & & Was infeofated into a small opesource research application called DANCE
(Dynamic Animation and Control Environmgi&hapiro et al. 2005), and used in Alvin and the
Chipmunks: The Squeakq@®omast n n o0 I a LI vibdk at RAythrh &t HOESNE Q &

Nel 1 A DI Y S Q asoftwarea(Nekkik 30d8)dovides similar visualisations and tools in a more
modern user interface(Figure 20). Cascadeur has been in use since 20Q@ofer, 2018 as a
proprietary irthouse tool developed with Banzai Games and was used to animate their Shadow Fight
series of games. At the time of writintpe commercial version dascadeur was in a private beta test

to ready it for public release. h& following comments are based on the beta release.

Similarto{ KI LINK 2 Q& ¢ 2 NJ the ahimaioOto repfadeNte CONbde path as key framed

with a calculated ballistic trajectory. In botlases, choosing different trajectories means the anona
mustadd or remove key frames to accommodate the changed duration of the flight (under the same
gravity, a higher jump takes longer). Cascadeur also altbevsanimatorto visualise the angular
momentum, as does Shapiro, but Cascadeur provides aftoaorrecting the angular momenturg

changing the rotational velocity during flight to keep the angular momentum constant.

Cascadeur does not gitiee animatordirect control over theCOMnode though, instead it allows the
animator to use it as a pivot for thenimation, in this way the character can be rotated around the COM
nodeduring flight. However, the application is designed to allow the animator to block out the motion
using key frames and &m override that animation by applying physics. The overridden animation data
are defined for everyDoFon every framedza A y 3 WT¥ A E S [FigukeQ)i iBelddidg tht thel 2 v Q
resultant data is more like a mocap clip than a key frame animation. (At the time of writgwgoit
possible to export animation from the Cascadeur beta version to establish how sparse the animation

data are on completion of the process.)

Far fom being manipulable, in the majority of cases where the animator has access @khe NI O i S ND a

COM, it is merely a visualisation that moves in space as the character moves, or at best a pivot.

The COM in 3D is not something you can manipulate, smj@rtant to understand

how the COM flow determines character movemeri@ba 2010)

In some character rigs, animators do have access to the COM as a node for key framing. As introduced

in Chapterl, these fall into twacategoriesdumb COM Nodes andutomatedCOM Nodes.
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3.4.3 DumMBCOMNODES

Rotating
‘ the COM
J“!!f

oy_node01 & COM

< Pelvis

Figure21: Dumb COM node
(Annotatedscreenshots fromithias 2013)

Some riggingnethodologies include a separate GQcentre of gravityhode ¢ a misnomerg to allow

the hips and the main body control to be manipulated separately. In many cases, this is just there to

KSt LI G§KS OKI NI O {(Manstriy2o20madves it Ginkb& usddl tokaloith@ Pelvis to be

offset from the main pivot of the character (Athj@&9d13 Montgomery, 2012). To distinguish this usage

FNRY (GKS Y2NB 0O2YY2y KAL)l 6A33Ft ST (GKAA y2RBe gAff |
dumbCOM nodés hierarchically above the pelvis node, so moving or rotaidgmbCOM node moves

or rotates the whole character including the pelvis noB&(re21).

A dumb COMode provides a pivot other than the pelvis for the rotation of the characteris tnly
representative of the centre of mass if the animator chooses to position itBging sperior in the
hierarchy,a dumbCOM node is the main positioning node of the character rig, so an animator can block
out the character positiongincluding any jumypaths and then adjust the other body controls to create

a pose. The key (and only) ditface between alumb COM rig and pelvisled rigis that the pelvis can

be moved away from the COMdeas part of the pose creation.

An animator is able to animate the COM node through a paralpalib and then to offset the pelvis
according to the posef the character so that the COM node is visually lined up with the centre of mass
of the character. It is a good workflow to animate the COM node first, then to apply the pose to the
character before offsetting the pelvis, shat defining the pose anddentifying theO K I NI ©QMS NI &
within the pose are treated as separate tasks.)
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Figure22: Rubberbandingthe COM; 3ds Max Biped

(Autodesk, 2019)

This kind of node helps when visualising and animating balance and could support an animator with
complex dynamic moves by simplifying the maath while allowing the character rig to follow a more

complex trajectory or even orbit the COM node (effectyvdivorcing the animation of thpath from

GKS FTYAYFdA2y 2F GKS L12aS RdNAyYy3I FEAIKIOOD | 26SO!
placement by the animator, such positioning relies on their own visual understanding and experience.

Some moresophisticated methods are available to assist the animator in positioning COM.node

l dzi 2 RS&1 Qa oRa& (Autodesk, 2018)aRa COManGdS At the root of thig but the

animator does not position the pelvis offset manually, and the functionafityie node is limited. The

LISt dAa OFy ©6S Y2@SR I gte& FTNRY WHHEABE0L6NROBHMEXSRERS )
@lLftlyOoS FI O0G2ND

Rubbermand modegFigure2?2) is used when setting up the Biped skeleton prior to animation and allows
an offset between the pelvis and the COMdeto be permanently built into a character to assist with

animating balance when a character is permanently off balance (e.g. aGaayieavy rucksack).

Whereas rubber band mode allows a coff offset to be applied visually, thealance factoris an
animatable parameter associated to the C@btlekey frames that can have a value ranging from zero

to two. When the Balance Factord9, rotating the spine forward will have no effect on the position

of the pelvis and the character will look unbalanced. When the spine is rotated forward with a balance

factor of 2.0, the pelvis will offset backwards far enough that the shoulders rétainvertical
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Figure23: The effect of balance factor; 3ds Max Biped
(Autodesk, 2019)

alignment and a value of 1.0 is halhy between to give an aesthetically pleasing pelvis offset for a
character of conventional proportions (se@ure23). There iso mass data involved in this positioning,

it is derived solely from the horizontal positions of the shoulders and the pelvis.

The COMnode acts as a parent node for the rig as in a conventighahb COM rig, but the offset
between the COMode and the pelvis is world space instead of being relative to the COM as in the
Athias or Montgomery rigs. If the initial offset between the CdMeand the pelvis was horizontal, in

a conventionaldumb COM rig rotating the COM causes the pelvis to orbit because the offset stays
horizontal in the coordinate space defined by the COM (i.e. the parent space). In the 3ds Max Biped rig,
rotating the COMhode causes the pelvis to rotate without orbiting the COM. iffeet remains in its

original world space value.

Because the pelvis cannot orbit tt@OM nodethe 3ds Max BipedCOM nodecannot be used for
dynamic movements. The Bip&DM nodés only intended to be used for balance and it comes with a
shadow on theground plane, so positioning the CQlddein the support polygon is relatively trivialt

does however include an element of automation beyond being a purely dumb COM node.

3.4.4 AUTOMATEECOMNODES

Although not widely usednisome rigs th@osition of theCOMnodeisderivedas a function of rig data

and not controlled directly by the animatoiAutomated COM nodes give the benefits adumb COM

node in that the charact€2 & LaSdth@iA GOM nodecan follow differentpaths but additiondly it

takes the onus away from the animator of identifying the location of the COM node for any particular

pose.
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Figure24: Human posture optimisation usinghysically basedCOM
(Boulic, Mak Thalmann1995)

Soon after theintroduction of IK systemsa diverse range of ever more sophisticated IK algorithms

appeared, one of which (Boulic, M&sThalmann, 1996) included physically correct centre of mass as

part of the IK solution.

Theyrecognise that IK solutions often produce kinematic scenarios which may be physically implausible
and that fully dynamic solutions have too many degrees of freedom and are todinear to be

processed in real time (there is an expectation that techniquesat interactive speeds even then).

Instead, KS& LINRPLI2ZAS |y WLYGSNBRS YAYySGAOQ aztdziazy

with mass properties of the skeleton to provide areliue tool that maintains the centre of mass, and

hence balane, during reaching taskBigure24).

\

v,
A

Figure25: JACKhen and now
(Phillips 1991 and Siemen2017)
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In another example originally desigd for ergonomic testing for NASA space shuttle missions, Phillips
andBadler (1988) produced a character positioning and motion system called JACK. Figures are made
up of a series of definitions of articulated joints using a system called Peabodylefitiigons are not
hierarchical and so the entire figure can be rooted on any joint at will. In subsequent versions, a
constraint was added for the centre of mass of the character, which allowed the COM to remain in a
fixed position, or to be moved indepdently of the other constrained points on the character (i.e. feet

and/or hands).

Whe center of mass of an object is one of its most important landmarks because it

defines the focal point for forces and torques acting difBadler et al.1993)

Therewas recognition of the potential for th@ACKsystem to be used in animation (PhilligsBadler

1991) although the operation was limited to nelynamic motions with minimal inertial or frictional
STFSOGA 6APSd aqadl yRAY I btha étHed tirhing Arouiidk £d takihdg SInlli. T NB
aiSLia G2 GKS FNRyGs o601 O01zZ 2N G2 GKS aARSé0o® Ly L
key frame animation pipeline, but in this particular project, the ultimate goal was to produogation

that was controlled by highevel instructions and the motion is built from a series of timed commands.

JACHKs still used aa human simulation tool foergonomic and human factors analysis as part of Siemens

Technomatix range of manufacturing planning and simulation softweiggi(e25).
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Figure26: Physics mode in Cascadeur; a visual representation of mass property metadata
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In both cases, the centre of mass position could be defined by the ase constraintand the
optimisation process would offset the pelvis of the character by a suitable amount to align the

instantaneous centre of mass of the character back to the same position it had before the pose change.

The aforementioned Cascadeur software (NeRRiL9) also uses the true COM for animatiderived
from mass property metadata on the rigigure26). In Cascadeur, theOM nodg(in fact any node in
the rig) can be selected as a pivot for the animation. While the Cascadeur rig is hierarchi€a)Mhe
nodeis not part of the hierarchy ithe way that adumb COM node would be. The nodes in the rig do
not inherit position or rotation information from their parent in the way most character rigs work (i.e.
Forward Kinematigsmoving or rotating one node on its own leaves all the other nadekeir current

orientation and position.

Instead, the hierarchy is only used to assist the animator in selecting the nodes to be keyed in the current
key frameg clicking once on a node selects it and doutlieking selects it and all its childes asn

most 3D software. The selected nodes can then be animated about any pivot (e.g. the ball of the foot,
the pelvis, or the COM).

In the resulting animationS I OK Yy 2 RS Qa LJ2 &thadsforingd indiyidRal\N@wiilld spfacey
It appears from ging the software in practice thagither as the key is written or maybe on export, these
world space key frames would be transformed back to rotations in the local coordinate space to

generate data suitable fapplication to a standard FK rig.

In all the above cases, th€OM nodeis physically based, deriving its location directly from mass
LINPLISNIIASE yR a2 Aa Iy | O0Odz2NI GS NBLINBaSyialiAazy
PhysicallypasedautomatedCOMrigstend touse mass propertynetadata attached to each bone in the

character rig. This would includlee massandthe location of thecentre of mass of each lirgection

These values can be summed for different poses to quickly giveJde&a A G A 2y 2 F COMKS OKI N
The metadata itselfanbe sourcedfrom biomechanicer anatomicadata sourcegGrosso et. al., 1989

Dempster& Gaughran, 1967)or as a simple percegage of the overall body mass, as in Cascadeur

(Nekki 2019)and JACKPhillips& Badler 1988).

Applying mass property metadata to the bones in a rig is not required when crehimg COM rigs

making their implementation slightly easier. Some autordaOM rigs do not use mass property
metadata but instead derive their COM position purely from positional rig data. Such geometrically
derivedautomatedCOM nodes are nodes whose location is defined in some geometric way by the pose
ofthecharacter. THe NBLINB&ASY{ |y FLIINBEAYLFGAZ2Y (2 GKS G NUzS

that is not based on the physical properties of the character.
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Figure27: Rigging forflight ¢ geometrically derivedautomated COMnode

(Allen& Murdock, 2008)

In their book, Body Language, Allen and Murdock (2008) provide ebgtefep tutorial for the creation
of a character rig in Maya. They creatgeometrically derivedutomatedCM nodethat is positioned
at the instantaneous mean position of the feet, wrists, thighs, shoulders and head piresharacter

(actually the top and bottom ends of the spine) are offset to realign the COM node position.

The rig they describe is onlygsented as a special case to be used optionally when animating flight
(Figure27). It is limited to a fully FK character rig and the idea is not pursued througlethef the
book¢ an alternate rig would need to be used for niight scenarios (e.g. standing, walking etc.), and

there would need to be a blend function to transition between both rigs (not covered in the book).

While there are no examples wherephysdcallybasedautomated COMnode has been used as an
animatable node in a character rig, the Allen and Murdocksritpe only one that provides a physical

node that can be manipulated by an animator in the same waydsre COM node.

3.5 CHAPTERUMMARY

Motion capture (mocap) and motion synthesis are both shown to have shortcomings in creating
physically plausible motion. Mocap is limited to movements that can be performed safely and only

works well on characters of similar proportion to the acto

Motion synthesis is difficult to control due to the ndinearity of human movements and requiring a

specialist skill setor the animators All the tools evaluated had specific limitations and none was
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suitable forboth airborne and groundednimat2 y 6 SOl dzaS G KS& SAGKSNI 2 3SNNEP

or were too nonlinear to be reliable.

Neithermocap or motion synthesallows superhuman movements as they are both limited by physics

(inherently for mocap and intrinsically for motion synthesis)

Key frame animation is limitless creatively but the onus for physical plausibility is on the animator and
comes with experience. There are very few tools to help animators in this endeavour and none that

allow the animator to access physical correctnespas of their existing key frame workflow.

It has been suggested thaté use of Centre of Mass (COMispotential to improve physical plausibility
without limiting the animator to characters of realistic human proportions and physically possible

movemernts.

Ly FyAYLEF G2 NIOK N @aMSEanraapurely EsSa visualisation or using a specific node in
the character rig (either dumb or automated)his chapter suggests that giving the animator world
space positional control of th® K I NJ- @Divl $shEsar to the widely accepted Inverse Kinematic (IK)
solution than to more complicated and nonlinear physiesed character animation tools such as

spacetime constraints.

Using a COModeallows the animator to offset the pelvis from the C@Mn automated COM would
offset the pelvis(or any hierarchy rootnode) by the expected amount to ensure theharacter was
realigned correctly around the COM node. In the case of a physically daunechated COM node,
the character is offset bthe amount required to align the centre of mass for the pose back to the COM

node position.

This can be summarised as follows:

The pelvis offset is the vector difference between the COM nqatesition

andtheOK I NJ cdiiietNddtie of mass for the pose.

It is clear that most priowork where the animator has access to ek | NJ- COM@asbéspecific
scenariossome related to balance and some for dynamic movemaeants, so a contextual framework
is required to definea more generic understanding of the requirementsaof automatedCOM node

needed for a riguitable for both

The next chapteexplores how the motion of the centre of mass is affected by different types of human
movement and uses this to create a cortted framework that can be used to define the way in which

using a automatedCOM node can support the creation of physically plausible animation.
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¢ DSR SUGGESTIPINASE

The creation of an operational context for automated COM rig operaitiothe following chapter
O2NNBalLRyRa (2 (KS GNryaradazy FTNBY (KS WkglNBySa.
Oce Of So LG A& | =dneeptiizgtianiusetiz® deschbg prabkermsiwithin the dodain: W
FYR G2 &aLISOA TMarch&SithNLP9B)2 f dzi A 2y a ®Q o

¢KS 2LINI A2yt O2y (i SOSR cyhle in thdt t 2reate iizaherS @eads i Be ah WY A
awareness of the problem based on existing research, followed by suggestions and development. As
such, withinChapterdz (1 KS 2 LISNI} GA2yl f O2yG(SEG bDREFGHlI ®a NWSR5
its development, specific knowledge will be generated which, through circumscriptionyis the next

iteration.

Chapter5 explores the way in whichneaautomated COM rig should operate within tlogerational
context defined in Chapted. This will lead to a set of fundamental principles which define in a
generalistic sense the way in which an automated COM rig musttmefThese principles will inform

the abstraction and generalisatiocomponent of the emergent design theory.

W' aAy3d SEAaAGAY3T (y26ftSR3ISsE |y GGSYLWG A& YIRS

solutiort a tentative design is used to implement an artifam the [development]

LIKFAaS X OOANDdzYAONRLIIAZ2Y B8 |fft2ga F2NI I RSRdzOG A
LINBYA&aSa lo2dzi GKS FNIAFFEOG FYR Ala SYy@ANRYYSy
(Vaishnavi& Kuechler2004)

Within DSR,He Suggestion phase is closkhked to the Awareness of Problem phase, complementing
the proposal with a tentative desig(Section2.1.2. Chapter 6 presents the outcome of the DSR
suggestion phse, which is a tentative design for the automated COM rig artefétcbutlines the
practical details of the implementation of the initial prototype ready for the subsequent DSR

development iterations.
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4 OPERATIONAL CONTEXR USING THE
CENTRE OF M3S

The Centre of MassGOM) represents

Whe inner point within a character where its entire volume, weight and mass are

centrally focuse@White & Disney 2006)

In other words, the point at which the whole mass of an actor (or any object) operates. As such, the
trajectory of thel O (i ZONDI& the true representation of the trajectory tbfe actor, and theactor
rotates around their COM. However, whemla O (s posZhanges, the position of tin€€OM changes

relative to them.

W9 PSNE 202500 0AyOf dzR A gidity2WitNdutbills indo@di SN K a |
be in the dead centre. With a character it will be roughly at the bottom of the rib cage
(@bouttk S OSy i NB 27F {KS graviyisdal abvaysia the salie pladey 1 NB 2 F

within a character. It will change position a®& I NI OG SNJ OKI y3Sa AiGa o02Re@
(Roberts, 2007)

This chaptewill explorethe way in which the centre of mas®tion reltes to the movement properties

of COM trajectory, COlvbtation andposeof a real actor. These movement typesl then be analysed

in the context of animation workflow so that an operational context can be established for the
functionality of thefirst prototype. Commonalities between movement typesill be explored to
establish domains of operation for developjnggsting and evaluatingthe automated COM rig
prototypes in the latter development phase of the DSR Cyclde operational context will be
generalistic in approach rather than focusing solely on dynamic airborne and grounded movements, to

allow its potential use in further research encompagsinore generapurpose animation.

4.1 NOTE ONERMINOLOGY

The operational context defined within this section explores the physics of a real actor and the animation
workflow for a character with reference to their respective centres of mass. To distinggtisben the
principles in each case, and for clarity through the rest of this thesis, the usage of some particular words

needs specifying(These terms are also listed in the Glossary on [28de

Distinctions need to be drawn between real world and the animated action as well as between inferred

and intentional action.
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The wordactor will be used for anyealworld scenario, whereasharacterwill refer to animated
scenarios. As each has the centre of mass as a property, these will be referred t@emtieOMand
the character COM Where the words centre of mass or COM are used generically, there will be no

prefix.

The actor COM implies a true physical deiamitof the actual centre of mass ah actor including the
weighting of different elements due to density. The character COM, however, implies the result of an
algorithm, whether this is based on metadata, the centroid of the character mesh (as issthindhis

research) or otherwise.

The termCOM noderefers to a specific element of the character rig with the purpose of providing the
animator with direct control over the centre of mass. For an automated COM rig, an algorithm keeps
the character COMxA Yy OA RSy i 6A0GK (G4KS /ha y2RSY 4gKSNBIFa ¥F2N

responsibility. Rigs with no COM node will be referredgpelvisledrigs.

Inferred actions will be referred to using the termstion and trajectory. The motionof & | OG 2 NQ &
actor COM is inferred by the actions of the actor and is not directly controlled. It therefore follows a
trajectory. Likewise, in an automated COM tige movement of the pelvis is inferred by the choice of

pose and an algorithm and so follows a trajectory.

Intentional actions will use the termsiovement and path. A COM node has movement along an
animated path, where the path is intentionally definedthg animator. A movement for a character or
Fy FTOGU2NI A& Fy AyiSyidiazylt aSljdzsSyO0S 27F Ll2aSaszx F2I

motion of the actor COM along a trajectory.

4.2 EXISTINGIETHODS QROVEMENTLASSIFICATION

Much work has beenahe previously on the classification lmfimanmovement types based on their

commonalities

Ly GKS wmMoboonQa wdzR2tF [l oly ONBFEGSR | y2iGlFGA2y
(Hutchinson1970 Newlove 1993). Within this framework, Laban providebkierarchicabtyle notation

system for the movement of each human joitfiningt 2 OF t O22NRAYIF 1S deadisSvya o
at each joint. In some ways, this is similar to the hierarchical structure3@fcharacter rig(Section

3390 ¢KS yzialidAazy t2218R G Y28SYSyid FNRY aSOSNIf
and Flow) and combined them in a system designed to communicate movement and style. While the
Space continuum recognised the 3D nature of movemeirt the 3main axes (which he calls one
dimensional movements), in three orthogonal planes (2 dimensional) and in the diagonals of a cube (3

dimensional) it relates toan actoQ & 2 LJiA2ya F2NJ NBFOKAy3a Ayid2 &Ll Of
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space continuumthe origin of each of these spaces is considered to be the centre of massaator
The Time continuum recognises spaeidereasWeight and Flowelate tostylerather thanthe physics

of amovement.

Laban described pathways across space for an a@wersing the stage which were much more fluid

in definition and were punctuated with symbols representing the more precisely defined set of
movementsan actor use while travelling. The definition of the pathway was therefore more closely
related to the foot placement and the type of movement, than to the centre of ma$swever, within

Labanotation, there is effectively a separatiorpath and posg(Sectionl.1).

Other similar systems include Benesh Movement Notation (Benesh & Benesh, 1956), which plots the

pose (joint angles) of a dancer on irke stave similar to musical notation but includes no translational
movement information (i.e. no movement in the wdyl EshkeWachman Movement Notation (Eshkol

& Wachman, 1958) describes the movement of each limb segment in a spreadsheet based on a
KASNI NOKAOIf o02Reé | NNIy3aSySyiao CKAA Aad Ay (dz2NYy ¢
being the heavist as they control the movement of the legs and body. Again, both are similar ideas to

a 3D character rig hierarchy, buboth describe pose rather thapath, and neither address the

movement ofan actorin relation to their centre of mass.

In the early dgs of computer animation when bespoke computer languages were used to drive
animation, some of these notations were used a$ranework for character animationRadler &
Smoliar 1979 Calvert Chapman% Patla,1982). Their mainfocus I a ¢l a [ bpedfiwh@az 41 a

detailed definition of movementsrather thanjust defining movement through worldpace.

Classifying movement by pader Laban, was the key to describing and notating movements for actors
and dancers to follow However, there is minimal connection between the movement notation that

definesan actoa LJ12 &S laiRctoifR$ f 12g & Ko ¢KS 321t 2F [0l yQa

framework, but definition of the detail of movement to allow it to be documented aggkeated.

In animation terms, while the poses for a walk and a run for example may have commonalities that
might provide a conceptual definition for gait, there are many examples where the pose does not
provide a conceptual definition. For example, draracter is stood with both feet apart and both arms
stretched to make a star shape, the character could be stretching, midway through a star jump or doing
a cartwheel. These are clearly different motions conceptually, whether examined physicallgronsgn t

of animation workflow. Equally, a flying character could have almost any pose and it would not change
the concept of a character flying (be it powered or ballistic fligi@pnceptually, pose alone does not

provide a useful framework.

Within gamedevelopment, movements need to be categorisedplayh. Cassification of movemerin

gamesis important because the game engine needs to select a valid motion capture clip for the next
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movement based on a classified set of clips. Valid clips are schedot®rding to a network of

allowable sequences of movements for a character, controlled by a finite state machine. Each valid
motion must also be able to be transitioned from the current movement. The valid network of
movement types and their transitianto each other is called a motion graph (Gleicher et24l02).

While motion graphs do provide a categorisation of movements, the nature of the classification is based

2y GKS LIXlFeSNna AydSyd yR y2i GK&meL)JKeaildaod Ld 2

Motion graphs could be generated manually, but as this is a-iaresuming activity, when the number

of motion clips increases, mocap clips are generally categorised automatically. Van de Panne (2014)
thus categorises motion data into motion fieldsle defines a motion field as a collection of motions

with similar velocities and poses. This enables responsive and intelligent transitions between clips to be
made based on the actions of a charaatdor example, transitioning between a quick walkdaa slow

run. For this research, the use of motion fields is not useful as a fast walk and a slow run would be
classified together, despite their differing gaits, but a slow walk and a fast walk would be classified

separately.

Labanotation whilst primary posebasedR2 Sa adz33aSaid Ad Aa o0SOémee 2 (K
movement along a path rather than the arbitrary world coordinate system. Conceptiddl\suggests
F Y2NB Wi 20t Q O022NRAYLIl (S charactérGOM alRrg) 8 path S1& provide (1 KS R

a better understanding of how movement types relate to the COM.

4.3 CATEGORISATIQRMOVEMENTS IN PATH SPACE

Figure28: Verticality of y axis maintained on a sloping surface
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Tounderstandan®2 Y LI NB Y2 @3SYSy(a abigalpathOifis-inabrant 6 fikd@dakd h a
some definition of the space the character is moving Trhis forms the suggestion phase in the DSR
cyclefor the creation of an operational context-ollowing on from thdocal classification concept in
[Foly y2G4FlGA2Yy o0{SO0GA2Y nom0OX GKS RSFAYyAGARZY 27

discussion of direction.

The xdirectionis considered as the longitudinal axis, along the path of motion ottizgact NEOM
(not necessarily the direction the character is facirldying the widely accepted animation convention,

y is defined as vertical. The z axis represents horizontal lateral movements at 90° to the path direction.

To ensure that gravity can alwape defined clearly, the verticality of the y axis will be preserved
regardless of path direction. For a character on a flat horizontal ground plane, the path would be defined
in the ground plane and would remain orthogonal to the vertical y a¥g@ngthe example of a character
walking up or down a slopd, is useful to have the y axis remaining vertical, i.e. parallel with gravity;

grounded characters tend to remain vertical while going up stairs or down a slope.

For charactersvalking up hilthe path will be defined on the surface the character is groundedTioe
vertical yaxis will stay vertical in all cases, so for characters on slopes;akis will not be orthogonal

to the yaxis(Figure28).

For flying characters, as there is no conceptual difference for a character flying forwards or straight up,

their path will alsobe considered ne-dimensional along the x axigo.

A char® (i SOOM @notion associated with walking (Sectiba.3 follows the path with some periodic
vertical(y) and lateral(z) movements. Aside from a slight changepoke and maybe gait, there is no

conceptualifference between the COM motion of a character walking on the flat or walking up a slope.

yawy

Figure29: Rotationaxes
(Babylon.js, 2017)
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Whilst a jump might be considered to lfilght along a parabolic pathpianimation,a jump is defined

by simultaneous vertical-axismovement andongitudinal xaxismovement to achieve the parabolic
shape of the path. So, a jump will be taken as a departure from the path in the verticattyoth. This

also allows the character to jump in the y direction regardless of their local orientation (e.qg. if they are

upsidedown duringa somersault).

Movements in the y direction therefore will be limited to variations in pose height and jurivagion

in the lateral zaxis isalsolimited to small movement modifications.

Real world rotation can take place in one or more of three axes simultanefitiglyre29), giving rise

to rolling, pitching or yawing motion. Roll is rotation about the forwasakis (like an aeroplane doing
an aileron roll or corkscrew), pitch is rotation about the lateralis (as in a boat pitching on the sea)
and yaw is rotation abduthe vertical yaxis (like a tank turret)[Note: The definition of rotation axes
without the requirement for orthogonality is common in animation, using the Euler method where the
rotation occurs in a specific order. The rotation of the first axis gharhe direction of the subsequent

axes. (Neale, 2019)

Where path and rotation are easily understood in terms of axes, pose is not. Pose is distinct in that it
has a much more complex definition involving every degree of freedom (DoF) of the chamge&ad
tSFRAY3 (2 | &aSSYAy3ate AYyTFAYAGS ydzYoSNI 2F LI2&aSa
make any categorisation by pose much more complex. Considering pose as separate (i.e. divorced) from

COMtrajectory andCOMrotation, allows me@ements to be categorised by translation and rotation axes

only.
GROUNDED No rotation X rotation Y rotation Z rotation XY Xz Yz XYz
(roll) (yaw) (pitch) rotation rotation rotation rotation
No translation Stood, seated, Pirouette, Cartwheel,
(static) kneeling, roundhouse kick| back/front flip
lying down, on the spot
reaching
X translation Walk, skate Skating in a Spinning walk, Cartwheel,
(direction of half-pipe roundhouse kick| forward roll,

travel ¢ including

Leaning around

while advancing

back/front flip

slopes) a corner
Y translation | Crouch, pictup, X &6 KA |
(vertical) lift, kneel down spinning
Running on the
spotlh
Z translation | Sidestep / strafe Side roll
XYtranslation Sit down X & KA | Burpees, falling
Run, skip, hoph spinning over forwards
XZ translation Walking X 6 KA
diagonally, spinning
do-sido
YZ translation Falling over
sideways

XYZ translation

Table4: Grounded motions categorised BYOM pathaxis
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AIRBORNE No rotation X rotation Y rotation Z rotation XY Xz Yz XYz
(roll) (yaw) (pitch) rotation rotation rotation rotation
No translation Hovering Hovering and| Hovering pirouette Hovering X with complex rotations
(static) rolling somersault
X translation Flyingmh Barrel roll X 6 KA MmX 6 KA f
(3D direction of (corkscrew) spinning somersaulting
travel)
Y translation Vertical fall / X & K} MmX & KA f X 6 KA f
(vertical component] 2dzy L rolling somersaulting somersaulting
of a jump
Z translation Flying X &K MmX & KA f MmX 6 KA f
sidewayd b rolling somersaulting somersaulting
XY translation Parabolic fall /| X 6 K MmX & KA f MmX 6 KA f
2dzy L rolling somersaulting somersaulting
XZYZ, XYZ
translation

Table5: Airborne motions categorised by COpath axis

Using the path space coordinate systemgwaments were categorised into 8 translation and 8 rotation
headings (x, Y, z, Xy, Xz, yx, Xyz and none), making a total of 64 possible categories. Using the two primary
reasons a COM node has been used in the past, balance and flight, a further distiwes made
between movements that are grounded, where some part of the body is in contact with the ground and
require balance, and those which are airborne, where the body is not in contact with the ground. This

made a total of 128 possible categories

Classification of movement types by their translational and rotational axes are shoWabla4 for
grounded movements andable5 for airborne movements. While these tables provide a fairly
complete list of typical example animation movements, it should be noted that it should not be
considered as exhaustiv&he grounded movement pes explored only populated 17 categories and

the airborne movements, 40 categories

Movement types are not very well distributed between classes. There are apparently arbitrary
categories that are empty, some very narrow in scope (e.g. grounded Zdtianswith x rotation only
contains a sideways roll), and some with a wide range of movements (e.g. grounded, y translation with
not rotation). Using this classificatiomethodas part of a practical evaluatiomould require the classes

to be prioritised, favouring the larger categories and possibly missing movements in smaller categories.

Despite this the tables are populated enough to draw conclusions about the efficacy of this

classification

For groundedmotion, the number of categories was much reduced as rotation mostly occurs in only
one axis whereas for airborne motion, rotation can occur in any combination of one or more axes. More
than one axis gives rise to complex movements like a spinning sontieosdor all three axes, chaotic

spin However, in the 40 airborne movement categoridslfle’5), there was little to distinguish the
types of rotation conceptuallyThe act of divorcingath from rotation is the same whether thgathis

vertical, parabolic or zeroThus, ategorisingungrounded movement® this way is meaningless.
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Also, many of the classes are not very distinct, having the same movement wétfediffotation types,
and some have directionality as the only difference. There is no conceptual difference between flying

forwards and flying sideways; and falling over forwards is in a different category to falling over sideways.

With the grounded mweements it quickly becomes obvious frofable4 that the types of movement
that fit into each class are quite distinctly different; e.g. running on the spot and crogiddath have
0 KS OKICRM @ansahdd @ the-gxis and no rotation but are completely different movement
conceptsand are animated in different waysConceptually, the categorisation of movement types by
direction and whether they are grounded airborne is not sufficient to inform the design of the first
prototype. Examples such asunning on the spotvs. crouching show that the way in which the

movements arggenerated is important in distinguishing the type of movement.

2A0K GKS @GASgs 2F GKS 2LISNI (A 2y NIDRYVIIGEG &R NE A \dzilz
the above circumscription requires a new view on the awareness of the problem of ripfam
operational context. This requires a new development cycle and a new iteration of the operational

context.

4.4 COM MOTION FOR A REAL ACTOR
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Figure30: Centre ofmassand the support polygon when standing
A: support polygon B: evenly balanced C: weight shifted
(imageadaptedfrom Garcia, 2015
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For an object to move it needs to be accelerated by a force. The force that makes an actor move is often
created by the actor themselves but can have other sources T choice of force (e.g. pushing with

I £tS830 RSTAYySa GKS Y2@0SYSyid 2F GKS FOG2NJFyR tSIR
gKAES GKS I O0Ol2NRa Y2@SYSyd OFy KF@S 3INBFG OFNARILFG
few simplerules based on the direction and magnitude of the forces involvddssectionwill examine

the relationship between differenttumanmovements and the motion of theCOM

4.4.1 BALANCE STANDINGSTILL

Balance is a consideration for all grounded motions is thapter. This section introduces some key

concepts of balance which are then applied to different grounded movements in subsequent sections.

C2NJ GKS LlzN1LI2asSa 27F ol | yiedefiedlinghe for® df bubvéx edvlghé | Ol &
that encompasses all points of contact as projected onto the ground pRigere30A, above. This is

known as the support polygon. When an actor is balanttezlf COM is in a position verticallgbove

any point within the support polygo(Shapiro and Lee, 2010The point wherehe COM is projected

vertically onto the ground will be termed the COM shadow.

Balance for an actor in most cases is relatively trivishegwill have two or more supports. This could
be two feet when standing, two hands, two knees and toe tips whemlbfours etc.An actorcan be
evenly balancedRjgure30B) or biased towards one leg or the othdtigure300) by positioning their
COM shadoveentrally or towards the edge of the support polygon. Such positioning has more to do

with body language than physics, and as such is a narrative driven, creative decision for an animator.

E . [r—
——r Y A : ?{— -

X — Center B - N

Of Gravity 7 . N

Figure31: Bending over and balare on one leg
A: bending over B: balance on one leg
(Garcia2015
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An actor sitting down is also required to be balanced but as the contact area is large, balance is easy.
Balancing on one leg follows the same rules, but the support polygon is sigthficediuced Figure

31B), so it is harder foan actorto maintain balance and the range of suitable poses is more limited.

For pose changes, balance mussill be maintained by keeping the O (i £QMshadow insidethe
support polygon. This allows for a limited horizontal movemerdroactorCOM in the xz planePose
changes wilalsooften produce a verticahovement ofan actoQ @OM lowering or raising ito ensure

the feet maintain contact with the ground.

So, bending over for example meaans actorhas to move their pelvis backwards to keep their balance
(Figure31A, abové and it will also move their COM down (if th€ OM stayed in the same vertical
position, the feet would lift off the floor). The movement is more precise and efficient if ©@@M
moves only vertically, but there is leeway for horizontal COM movenvaite the COM shadow remains
inside thesupport plygon. Movement of the COMhadowoutside the support polygoresults inthe

actor fallingover.

U  FALLINGOVER

Balance is a state of unstable equilibrium, in that movement ofGEM shadowo a position outside

the support polygon leads to a state of imlhnce where the actor falls over. In a state of imbalance, an
actor will rapidly adjust their posture (or try to produce a corrective angular momentum by windmilling

their arms) in an attempt to bring their CO8fhadowbackinsidethe support polygon.

When an actor loses balance and falls over their COM follows an inverted pendulum trajectory
(Oba,2010)either until the fall is broken and the actor stops, or until the actor loses contact with the

ground (as in falling off a cliffhereuponii K S I ON @oNlEfallow atballistic trajectory.

During the inverted pendulum phasen actoQ& / ha OFly 65 O2y&a8ARSNBR {2
situated at the edge of the support polygon. In reality, the motion is more complex as the actor may
crouch as well tdower their COM and reduce the effective length of the pendul{#ujiwaraet. al,

20049). In either case, thactor COMwill follow an arelike curve (a true arc if the length of the pendulum
remains constant). Note that the COM trajectory has a faiymple definition for what is quite a

complex movement.

U HANGING
Although a muctess commorkind ofactionfor most actors to do, hanging is a special case of balance

wherean actoQ @OM is below the support polygamdthe COM shadovs above the actor.

Unlike balance where the actor is in a state of unstable equilibrium, hanging is a state of stable
equilibrium. In the simplest scenario where an actor is hanging by one handCO&will always be

positioned vertically below the suppt point regardless of what pose the actor adopts. If the actor is
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hanging with more than one support (e.g. two hands),db®rQ @OMshadowis free to move anywhere

insidethe support polygon as the actor adopts different poses, just &mlance.

Movement ofan actofQ @OM shadowio a position outside the support polygon will result in gravity
accelerating thie COM back to a stable position below the support polygén.actorhas a wider choice

of pose when hanging in comparison to balary, as poses where tleCOMshadowfalls outside the
support polygon are still valid. An actor can hold such poses by the use of force (e.g. the flag position in
Chinese pole acrobatics where the acrobat is suspended horizontally out from the paéehadaiing on

with both hands), but once the force is released, the actor will return to a stable position.

All balance cases relate to the relationship betwesnacto @0M and thi& grounded parts ands

applicable for any grounded movemerit requires a slightly different definition for an actor in motion.

4.4.2 CONTINUOUEOMMOTION; PATHBASEOIMOVEMENTS

Standing still might be considered as the simplest type of movemear astoQ @OM is generally fairly
stationary and remains that way through the ardtion. There are scenarios whegia actoQ @0M is

moving, but also does not vary much through the animation.

U SrEADYSTATE

I aGSIRe aidlGdS NBTFSNB (2 Fy 202800 QaTheairare y G KI

Webster Dictionargefines it as

Wteady statenoun a state or condition of a system or procesthat does not change in time
broadly: a condition that changes only negligibly over a specifiedXime
(MerriamWebster,2020)

Ly LIKeaAolf ( SNdsanissiudtions®her all the foicds $1¢blved are in equilibrium
In the simplest case, when an actor is standing still, the reaction force with the ground exactly balances

the weight of the actor.

In the caseof an actor Bteady stat€oes not mean thathey are unchanging, merely that the motion
of their COM is not varyingln practical termssteady state motionsvill be definedas wherean actof a
COM motion is not varying much; for an actor standing still, small movements such as gestiaulation

breathing will not significantly change the position of th€ OM.

An object in motion can be in a steady state if standing still, or if the velocity is constant. lanfact,
actor standing still is actually standiran Planet Earth moving around the Sun at 30 km/s (Herman,
1998). At constant velocity, the forces trying to stop the body (drag, friction etc.) are balanced by an
equal force that maintains the motion (an engine or motor for example). An actor staodiagocket

powered skateboard or train travelling at constant speed in a straight line valsddthusbe in a steady
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state. An actor coasting on ice skates could also be considered to be in a steady state (certainly from an
FYAYlFG2NRa LISHcEobXsréel KPS0 akF 28 6AKIKSY R26Y A& YAYAYI |

likely to continue for the duration of the movement.

U SMPLETRANSIENVIOTIONS

To instigate any change in speed (including starting and stopping), it is necessary for an acterdategen

or lose momentum through a longitudinal force (either with or against the direction of motidhis is
RSTAYSR Ay bSgiliz2yQa [sa 2F thaRl(Gi A2y @ bSgiiz2yQa TFAI

EBvery object persists in its state of rest or uniform motion in agtrdine unless it is

compelled to change that state by forces impressed@n it

WForce is equal to the change in momentum (mV) per change in time. For a constant
mass, force equals mass times acceleration. F& ma

(NASA, 2016LJ- NJ LIK NI & SR PrihcBid Math&niatica, 1626)

bSgid2yQa FTANRG ¢ INRdzLJA WNBAGQ FyR WdzyAF2NY Y2
can also cause a change of direction. While longitudinal forces will speed up and slowrdaetora

lateral and verticaforces will change the direction tfeir motion. Velocity is directional, so forces can

cause a change of speed and/or a change of direction. In physics, change of direction and change of

speed are conceptually the same.

As well as changing the veigc(in any direction) and hence tl@OMtrajectory, transient motions also

have an effect on balance.

U BALANCE FOBONTINUOUSOMMOTIONS
For actors in steady state motion, balance will always be vertical, an actor experiencing a simple

transient motion sigh as speeding up or going around a corner will need to lean to balance.

When there are no additional forces (apart from gravity) balance reqainescto© @OM to be vertically

above the support polygon. This applies whether the actor is moving at constant speed or stationery.
An actor stood on a train going in a straight line at constant speed is in exactly the same state of balance
as an actor stood on thground. However, when the train goes around a caorspeeds up or slows

down, the actor has to lean to stop themselves falling oi@arcia, 2011)

Asthe acceleratiorforce pusheonan actof tK S ySi F2NOS 2y GKS | O0G2NRa /|
of the vertical force of gravity and the horizontal centrifugal forcethif Wt A y S 2 F Imét OA G & Q

force vecto) points outside the support polygon, the actor falls over.
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Resultant A
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Figure32: The lateral forceperceived by a passenger on a curve
aY FOG2NRa YlFaaT 3Y I OOStSNIGA2y RdzS G2 3ANI@AGET
Ni: normal contact force; £compensating reaction force

(Wright, 2015)

To remain stablean actormust move their COM so that ¢hnet force vecto(the resultant)points at

the support polygonKigure32). There are two wayan actorcan move their COM; leaning or adjusting
their pose (e.g. stking their leg out). Adjusting their pose has the effect of changing their mass

distribution and as thé O i EOMiisithe effective centre of thranass distribution, the COM moves.

This suggests a conceptual difference between grounded steady state motion and grounded transient
motion, but in fact only requires a slightly redefined definition of balané#en balancing, it is the net
force vector acting oan actoQ @OM that must pint to the inside of the support polygon for the actor.
In the case of an actor with no additional forces, the only force vector acting is gravity, so the net force

vector points straight down.

This situation holds regardless of the sideways force; &r d&ans into the wind when it is strong, an
actor leans backwards in a tug of war. The net force vector must point at the support polygon whether

the actor is going around a bend on a train or if the actor is walking or running around a corner.

Whilst @ntinuous COM motion wheran actoris grounded always requires balance, an airborne actor

has no connection to the ground and therefore balance does not apply

U ARBORNEIOTION

The main scenario that has driven this research is where a character is airlasrwegth previous
examples Allen & Murdock2008 Oba 2010 Shapiro& Lee,2010; Nekkij 2019). Airborne movement
represents the state in whichnaactor has no connection to the ground or any other waesace
constraints, this results in the entire &N & Y20dA2y o0SAy3 oFaSR I NRdzyR
airborne motions can be considered as steady state.
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An actor who idloating either has no forces acting and is weightless or has an additional vertical force
such as buoyancy orjatpackto cancé out the acceleration of gravity. This too is a steady state, as is
the scenariofor an actoris in powered flightat a constantvelocity where the driving force exactly
cancels out the draglt is accepted that, whilst completely acceptableammation, this is quite a rare

scenario for a real actor.

Aspreviouslydiscusseddivorcing theCOMtrajectoryand COM rotatiorirom the pose means that there

is little to distinguish between different types of airborne moveme(g8ectionl.1). Flying, hovering

and long jumps can all have any kind of pose based around the centre of mass and the only difference
is thetrajectory ofthe I O (i £OND A powered flightirajectory can be any-8imensional path, but
ballistic trajectories such as jumps or falls (which arguably form the majority of airborne character

animation) do have specific requirements on the trajectory.

o1 Geavityfree
Gravity-free
+ Fath
Pamabolic Trajectory
. anecl:l].e] ot grawity's mfluence)

Vertical
Motion Only

Figure33: Parabolic trajectory derived from horizontal and vertical components

(The Physics Classroom, n.d.)

The simplest ballistic scenario is actorfalling from a height. In this scenariem actoQa / ha Y2 @S4&
in a vertical trajectory straight down with increasing velocity as gravity accelerates the actor. Given an

initial upward velocity, as in a jumpn actoQ& / ha GNIX 2SOl 2NE gAtft adGAtt
slow to a stop as gravity eelerates it downwards, at which point it will take the exact same falling

trajectory as before.

Any horizontal component of ballistic motion can generally be considered to be constant as the effect
of air resistance (or drag) that would slow an objectwh is usually minimal. Sogifi actorstarts with

some horizontal momentum, thisan be considered agmairning constant through the flight resulting

in a constant horizontal velocityThe combination of the constant horizontal velocity and the veltica

acceleration of gravity results in a parabolic trajectory in a-thraensional vertical plan@rigure33).
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An actor undergoing ballistic motion is not in a steadyetas their vertical motion is not constant. Any
acceleration is a change in motion (i.e. it is not continuing unchanged into the future) and as such is

transient rather than steady state.

U PATHBASEIMOVEMENTS

The various movements described in théstionare influenced primarily by external forces, and usually

result inthe actolQ &  following a smooth trajectory.In all the abovemovements an actoQ @0M

trajectory and COM rotatiorare fairly continuous whereas their pose can be rapidly changing and
instantaneous. RR Y |y | yAYLl (8 KBa OKIB NE 06 6 UR@IdHedéfiied by R N2 ( |
a sparse series of key framed positions wveitiimationcurves. (Standing still has only ongéciory key

frame.) The pose ofin animatedcharacter at any particular timghould not influenceheir path and

so the pose and thpath remain divorced.

Conceptually therefore it is applicable to view steady state motions, simple transient mabiahstic

motions and flighin a single categoryeferred to from here on apath-based movements

[Note: This is distinct from the previous discussion al§gath spac®the coordinate system for defining

ALL motion on a pathPath-basedmovements ag a subset of athovementdn path space.]

4.4.3 DISCRETEOMMOTIONS, POSEBASEOMOVEMENTS

Where path-based movementsire influenced primarily by external forces, it is more common for an
actor to drive their movement by generating their own forces. As diestrin the previoussection
every time aforceactsdny | GOM inckeagetheir velocity (direction, speed or both). This results
in adiscretemotion which can be combinetb createmuch more complex trajectoriebut there are

discreteCOMmotions whichcan be combined to malkemooth trajectories likpath-basedmovements

These gamples of COM motianwhere an actor is responsible for maintaining the movement
themselves through a periodic application ditcreteforces such as using f steps to walk will be
calledPeriodic Steady State movement3echnicallythese arenot a steady state, but given that the

periodic forces themselves remain (mostly) unchanging into the future there is commonality here.

U  PERIODISTEADSTATEMOVEMENTS

During periodic steady state movements, the forward motion is ideally continuous as in steady state
movementsbut can also become periodic as the movement becomes less efficient. A good example to
illustrate this is an actor running, who effectivélymps from the left foot to the right foot to the left

foot repeatedly to travel forward. The forward motigh¥ | y | Osicdnitidiudus whirarunning
normally and the forward momentum is maintained. However, doing a series of standing jumps
alternating from left to right foot to travel forward requires a lot more effort because the momentum

gained on each jump is lost again when the actor lands and slows to a stop between each jump.
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inverted pendulum spring-mass model
= walking = running

Figure34: Locomotionmechanismga) inverted pendulum, (b) energy absorb / release
(from Dickinson et al., 2000)

Ywo basic mechanisms have been proposed to explain the different patterns -of time
variant forces measured during walking and running. When animals walk, the body
vaults up andver each stiff leg in an arc, analogous to an inverted penduuia

travel faster, legged animals change to running gaits that are analogodmtecing

on a pogo stick. As a leg strikes the ground in a running gait, kinetic and gravitational
potential energy is temporarily stored as elastic strain energy in muscles, tendons, and
ligaments and then is nearly all recovered during the propulsivangdralf of the

a0 yOS (Dickinsca &ath 2000)

2 KAES GKS T2NBI NR 0of 2yga@MisddRallyyeonfiniousy their fedtigal agd¥atetaly | O
motion (and usually some pelvis rotation and body twistyies with time. When walking, the vertical

and lateral motions follow a periodic motion based on an inverted pendulum motion (similaditayfal

20SND a GKS Od2NR&a /ha STTSOUGAGDSE &ir ONDowerss 2 @S N.
then raises slightly when a foot is grounded as the actor absorbs then releases energy by bending their

knee (a Springtoaded Inverted Pendulum; SL#PH then follows a parabolic trajectory when in flight

(Figure34).

The SLIP motion is a combination of inverted pendulum and a spr&s3 motion. The springass
motion represents kinetic energy being absorbed and released resulting in a translational movement of
the I O (i £0ONN &The sprinmass motion would also apply during the anticipation and takeof a

jump as well as the landing and folletwough.

These dferent types of motion (Grounded and Ballistic) need to be considered in more detail.
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U GROUNDEGAITS
In a grounded gait such as walking, some part of dleéor remains in contact with the ground

throughout the motion.

During a grounded gaign actoris supported by one leg or other for the majority of the motion cycle,
only using two legs for support during the transition between steps. These phases are commonly

referred to as single support and double support.

With the right foot grounded, in ordefor an actorto move their COM from the right support polygon

to a new support polygon under the left foot on the next step (i.e. where the left foot is about to land),
the actor must necessarily move their COM outhaf right support polygon and go out of balance. The
FOG2NRA /ha gAff R2 (GKS &l YS AyoSNB&oMIAY YR dz dzy
the fal is broken by the left foot.

ground reaction ground reaction
force of the left foot force of the left foot

Lateral movement of
the centre of gravity

ground reaction force ground reaction force
of the right foot of the right foot
N lateral deck B B
= displacement P b P
~ - ~ -
- - . - Time
lateral deck -7 -
velocity

performed work
(pos. work = raising,

neg. work = reducing) Kl Kl Z Z Time

Figure35: Lateral movement of the centre of gravity when walking
(Heinemeyer & Feldman2009)

If an actorwas taking only one step, tireCOM would start above the right support polygon, and follow
a downward ardike trajectory (inverted pendulum) until the left foot made contact. As the right foot
leaves the ground, the momentum gained by theD (i ZONDduring the first part of the step then

used to carry thee COM in an upward a#ike trajectory until the actor is above the left support polygon.

However, during a continuous wadi actoQ @OM will aim forward of the left support polygon. The
lateral component of the momentum witle reversed as theCOM passes the grounded left foot and
the remaining forward momentum will be used to continue the forward walking motion with the net

momentum aiming forward of the right foot on the next step and so on. IrT@®OM will oscillate
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between the alternating support polygons forming the periodic lateral motion discussed dbauee

35).

Energy for the forward motion is conserved by absorbing and tleégasing energy from the ankles

acting like a spring. A slight addition of energy each step is all that is required to maintain the motion.

Just as periodic motion in the forward direction is inefficient, large periodic motion in the lateral
direction isalso inefficient, so these side-side movements tend to be quite small for most walking
styles. An actoQ @OM does not necessarily fully enter the support polygon for one individual foot apart
from at the start or end of the walk. The introductioneofnomentum element in the motion eliminates

the requirement for an actor to be balanced according to the previous definition.

0  BALLISTIGAITS
In a ballistic gait such as runnirag actoralternates between a grounded state and a ballistic state. The

free flight between each footstep allows a longer stride length and hence a faster travel.

Interms of y I @OM Mddan, there is not much difference between grounded and ballistic gaits.
L¥ GF1Ay3 2dzaid 2y S aidSLl T NHrym beihghBoie the 8updorBpbliighn (G KS |

on the right foot to being above the support polygon of the left foot just as in a grounded gait.

Likewise, during a continuous ram acto &0OM will aim forward of the left support polygon. The
lateral component 6the momentum will be reversed as t€COM passes the grounded left foot and
the remaining forward momentum will be used to continue the forward walking motion with the net
momentum aiming forward of the right foot on the next step and so é&m actoQ @OM will oscillate

between the alternating support polygons forming a periodic lateral motion again.

For grounded gaits, the periodic lateral and vertical motioarf O (i £®Nsdternates with a roughly

equal amplitude and timing. For ballistic gaitsis is not the case. When the foot is grounded (SLIP
motion), y | OthaEa Y2 3SYSyid OFy o068 NBtFGASIfCOMEN! f f ®
trace a much larger motion depending on the height the actor achieves. The timing too is different with
the grounded phase generally being much shorter than the ballistic phase. The result of this is an

asymmetrical periodic motion.

U  OTHEHPERODICSTEADYSTATEMOVEMENTS

Other more unusual gaits exist, such as a gibbon swinging through the trees. In hanging gaits, the same
principles are involved. While hanging is a state of stable equilibrium, this does not dramatically change
the type of COM motion. A hanging gait with double supports is still defined by a pendulum motion
(albeit not inverted), and a ballistic hanging gait alternates between pendy&inh® motion being

inefficient upsidedown)and ballistic phaseertram et. el., 1999).
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Hanging gaits are able to have much larger lateral and vertical movements (and rotation) as balance is
not an issue. If a gibbon swings outside its support polygon, gravity will lsiggivback to the main

trajectory. This momentum can then provide welity for the next swing.

There is a small subset of airborperiodic steady statenovements; vinere an actor would flap their
wings to stay airborne, the wings provide both lift and forward motion. The lift is a periodic force against
gravity and resultsn a rising and falling of thieCOM just as an actor who is walkingheflight is
considered more efficient if the forward momentum is continuous. Swimming too is a periodic steady

state motion, albeit waterborne instead of airborne.

U SMPLEPERIODIGRANSIENMOTIONS

From a periodic steady state motion, acceleration and deceleration can be achieved by allowing a
temporary controlled imbalance (e.g. leaning forward to take the first step). It can also be achieved by
pushing off (e.g. a runner in starg blocks). In either case, this is realised as a longitudinal acceleration

or deceleration ofinactoQa / ha F O02YLI yASR o0& a2No8nadQNZA OF £ |y

When accelerating through imbalanam actoQ @OM is moved to an owtf-balance position either by
lifting one leg forwardsleaning forwards or a combinatioof both. After the initial movement, the
motion of ther COM can then be considered as an inverted pendulum. The motion if left uncorrected,

would result in the actor falhg over but the other leg breaks the fall in taking the first step.

When pushing offan actoQ& / ha @Attt | OO0OStSNIXGS Ay | RANBOGA2
vector of all the forces involved (e.g. the forces from each foot in the starting bdockgravity). The

COM then follows a ballistic trajectory until an additional force is encount@edmani, 2014)

Running from a standing start is a combination of imbalance and pushind\onfactorwill start with
the inverted pendulum movement buwtill add in a springnass movement by bending the knees. This

will result in a SLIP motion until the actor is airborne.

Deceleration requiresn actorto shed momentum. Using imbalanaa actorcan lean back prior to
stopping; using their momentum agest gravity to slow the actor to a stop. (They could also use an

external contact force such as pushing against a wall.)

The predominant effect of accelerating or decelerating is the change in longitudinal velocityaaftthe
COM. The vertical and &rlal motions associated with that depend on the mechanism used to change

momentum.

When hanging, it is also possibler an actorto changethe position of ther COM to generate
momentum, however rather than moving theCOM outside the support polygon, which requires
significant force, the momentum is usually acquired by smaller movements inside the support polygon

(e.g. from the left hand to the right hand). Arample of this would be a gibbon swinging along a branch
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(Bertram etal., 1999) For twehanded support, the support polygon is widest between the hands and
so there is more opportunity for movement. Gaining momentum perpendicular to this is moutiffi

as the support polygon is at its narrowest. This would be the case for a trapeze artist starting a swing
from nothing. Generally, momentum in this direction is generated prior to contact with the support by

launching into the swing.

For corneringan actorapplies a lateral force (i.e. orthogonal to the direction of motion), resulting in a
change of direction. Because momentum is a vector (mass x velocity), a change in direction is also a
change in momentum. In this way, walking around a cornetbearonsidered the same as accelerating

or decelerating. When an actor goes around a corner, they introduce a centrifiatahrds)
acceleration (usually through a controlled imbalance) to instigate a change of direction. The same
methods can be used tapply the required force; an actor can either allow a controlled imbalance or

can push off.

For hanging gaits, the much larger lateral motion available can be used to change direction in the same

way as someone walking uses a controlled imbalance, buthlege can be much more rapid.

The forces that accelerate, decelerate and change direction can be intentional (i.e. generated by the
actor) or imposed (e.g. a strong wind or a bungde)posed forces result in the same acceleration and
deceleration ofanactorQ&iha RA&0dzaaSR Ay {(KS LINB@GA2dza aSO0GA2y2
reaction. An actor being blown or pulled forward will be forced into a lean as the imposed force and

the reaction force with the ground combine to produce a turning mameAn actoris then likely to

compensate for this by leaning the opposite way, or by taking a step to compensate for any imbalance.

For an imposed sideways force such as an actor going around a bend on a train requires the actor to

compensate for an agigd centrifugal force resulting in the same kind of behaviour.

Imposed forces are generally defined at an anglemoactor(e.g. a northwesterly wind is at 45°).
However, by considering these forces in terms of the longitudinal and lateral comporppiisdto the
actor, there is no physical difference in their effect onitheOM compared to intentiondbrces. The

only difference is an artistic decision on how the actor reacts to the force.

U ONEOFFMOVEMENTS

SmediscretemovementsareA Y RA @A RAEIFfA QW2 y § dzOK Y2 @SYSyida YAIKG A
stroke a dog or sitting down on a chair. These movements can be characterised as short movements
which start and end with zero momentumThis meansan actofQ £OM is accelerated antthen

decelerated either by the actor or some external force. For example, when crowahagjoruses their

leg muscles to bend their knee which acceleratesrtB®M downwards. Their leg muscles then absorb

the momentum and slow the COM motion to atep at the bottom of the crouch. An actor sitting in

GKS OKFANJ A& af2sSR o0& (GKS OKIFIANI F0a2NbAy3a GKS | (
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This kind of motion results in a translation of theO (i £ONRand, if the force vector does not point
through ther COM, a rotation In most casegf the force is intentional, the force vector is a combination
of forces that creates a vectonat does pass through tHe O (i €DM2 Zhe exception would be pushing

off for a somersault or roll where the force veciatentionally produces rotation.

Ore-off movements are simplénvolving a single COM motion. More complex movements that do not

fit one of the previous categories are best considered as compound movement

U COMPOUNDMOVEMENTS

Any discrete movements can becombined into a sequence to produce a compound movement.
However, within a compound movement, eagiscretemovement must start with the momentum from

the previous movement and end with the momentum required to start the next movement. In the real
world, any compound movement will start from a steady state with zero momentum, and ultimately
finish with a steady state with zero momentum, but in animation it is common to animate a shot where
the character is already moving at the start of the shot and ica@s to move beyond the end of the

shot.

Compound movements are more efficient when the speed (momentum) in the direction of motion is
varied smoothly or maintained at a constant value throogithe movement (as with periodic steady

state movement).

U POSEBASECMOVEMENTS

Where theCOM trajectory, COM rotation and pofm path-based movements clearly have minimal
interdependence(Sectiond.4.2), in thesediscretemovements, the two are much more closely linked.
The pose ofin actoris defined by a particular force requirement which in turn produces a particular

COMtrajectoryand rotation

To distinguish all the above movements from the previously discupstltbased movementsthis

category of movements will be referred &sposebased movements

In pathbased movementsan actof £OM trajectory and rotation arecontinuous,and pose is
instantaneous. The same can be true of some gmssed movements (e.g. walking) but pdsesed
movements can haveapidly changing trajectories and rotations. The key difference is not how
continuous or instantaneous the properties of the movement arg,Whether they are continuously or

discretely defined

Path-based movements have trajectories and rotations that are continuously defined, whereas pose

based movements have trajectories and rotations that are discretely defined.
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4.4.4 ROTATION

Rotation has pisical properties similar térajectory; both are defined continuously for patrased
movements and discretely for podmsed movements There islsofunctional equivalence between

linear momentum and angular momentum abdtweenmass and moment of ingd.

In flight,l y | QofialoNd éentred on thie COM. Any angular momentuam actorhas at the start

of the flight is conserved until thydand orare subject to another external forceFor rotations where

the pose stays constant, this means the speed of rotation also remains constant, but when the moment

of inertia (i.e. the distribution of mass based on the pose) changes, the rotational velocity changes
inversely. This is demonst&R RdzNAyYy 3 | (dzO01 a2YSNREIFdZ G Ay GKI QG

during the tuck phase as the moment of inertia is lower.

Therequirement for angular momentum to be conserved that applies in ballistic flight no longer applies
in powered flight,as additional forces such as rockets could feasibly apply a turning moment to the
actor. An actorstill rotates about th& COM regardless of the magnitude or direction of the turning
moment Powered flight however,is more efficient if the angular momentuis conserved as changes

in angular momentum require energy.

For grounded movements$, y | GadfafioNJBIs0 occurs around tireCOM. A crouching actor that
twists around in a vertical axis will still rotate their body around their COM in order to eiaibalance,
but other rotations are not so clear. It is arguable whether an abtording overotates about their

COMwhile keeping their feet still or if it is bett@onsidered as a change of pose.

While most rotations are based aroundy” | @G tR&e3ception is when the actor undergoes an

orbital motion such as swinging on a lamppost. In this casé, @@M orbits a central point.

Orbital motionsalsoinclude falling over and swinging on a trapeze. On a trapeze, the axis of rotation is
through both hands, and swinging around a lamppost, the axis of rotation is defined by the connecting
hand and the foot contact with the floor. Orbital motigrssich as fallingr swinging can only occur if
alanactod O2y Gl Ol LI Ay llidearl TB rot&idralypitiok dars bé icongdiied Gobe

anywhere between thig contact points. The COM orbits the pivot in an atike trajectory.

'y OG2NR&a LrasS Aa ySoSaalNAte NBaGNAROGSR o6& GKS
can move thér COM towards or away from the pivot. This produces a change of moment of inertia
about the pivot and not thé O (i EOMXé&sulting in a change of angular veloaltput the pivot This

movement towards or away from the pivot means that thetion is not always circular. It could be

elliptical or just an arc if the motion starts and stops.
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These motions are characterised dny actoQ éentre of rotation being a point of contact with the world
or any object not on the same trajectory as thetorQa / Tha reaction betweean actof éontact

point and ther COM motiorcreatesa turning moment.

Orbital motions can be considered a special case jdith-basedmovementswhere an actoQ @0M

trajectory orbits around a point.

4.4.5 MOTIONPRIMITIVES

As stated at the start of thisection I y | @OM Madidn follows a few simple rules based on the

direction and magnitude of the forces acting on it independently of the detaihaictoa Y2 @SY Sy (i &
Through the movements discussed so ifarthis section there are four distinct mechanisms which

govern the form ofan actoQ &0M trajectory in certain scenariodsach mechanism has different

physical principles behindd@ndresults ina differentdiscretely definedCOMtrajectory.

These four Yhotion primitiveare inertial, ballistic, orbital and SLIP. This is meant to bean
exhaustive list of possible motionather a simplistic representation of k&gOMmotions caused by

distinct mechanisms.

U INERTIAMOTION
Any object that accelerates or decelerates exhiliitertial motion. Acceleration and deceleration
require an external force to release or absorb energy. As discussed in Skdt@ihis kind of motion

can also cause a change of direction.

In path-based movementsthe effect of the acceleration or deceleration is to increase or decrease the
speed of the COM or to chaaglirection. In posebased movementg is used in the anticipation / take
off movement before a jump and in the landing / follégtwough movement after, as well as odf

movements such as crouching.

Any transient movement that is instigated by a fer@ither intentional or imposed) produces inertial
motion which means it governs much of the detail of any movement. It can be seen in grounded gaits
where the ankle absorbs and releases energy for the subsequent step (Sedti§rand is also seen in
almost any change of direction of any body part as these are instigated by muscles absorbing and

releasing energy.

0  BALLISTIMOTION

Ballistic movements such as digior jumping aralescribed inSection4.4.2 however ballistic motion
exists withinposebased movementas well such as the ballistic phase of a run cycle. The same physics
applies in both thepath-basedand posebased classes and is based on the vertical acceleration of
gravity, usually combined with a constant horizontal velocity componEigufe33 on page95). The

resultant COM motion is parabolic.
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Path-based ballistiecnovemeris havebeen one of the main driving factors to create an automated COM
rig, where the divorcing df O K I NJ Caindrdtadidn/pdsk darklead to a huge variety of possible
movements as discussed in Sectif. Within posebased movements, the ballistic motion primitive
is a simple (often small) parabolic curve used as a component of a larger movementbaBede
movements that incorporate a ballistic motion piitige do not typically include large rotations or pose

changes during thairborne phase

U0 ORBITAMOTION

In orbital motion,an actofQ @OM orbits a specific point. This is seen in ftbed movements such as
falling over and swinging on a lamppost (&#t4.4.4). In its simplest form, the orbital motion primitive
takes the COM on a circular path, however with additional radial forces such as bending the elbow or

knee, the trajectory becomes more cohax.

The inverted pendulum motion seen in grounded gaits (Sectidnd is also an example of orbital
motion; during walkingan acto @OM orbits over the grourgdl foot during the single support phase.
In fact, as previously discussed, the inverted pendulum phase of a walking gait is technically the same

as an offbalance actor falling over except that the fall is broken by the passing foot becoming grounded.

0 SLPMOTION

As previously discussed (Sectidr.3 SpringLoaded Inverted Pendulum (SLIP) motion is seen in
ballistic gaits, where a springass (inertial) motion is eobined with an inverted pendulum (orbital)
motion. The COM trajectory is complex in this kind of motion, following a combination of the

acceleration of an inertial motion and the orbital motion of an inverted pendulum.

SLIP motion is generally only a ciolesation of posebased movements as it occurs in the transition
between two short ballistic motions, but it could be argued that a fiydotpr that lands feetfirst and

instantly takes off again has SLIP motion built into their trajectory.

4.4.6 SUMMARY

Byexp 2NAYy 3 GKS NBfFiA2yaKALI 0Si6SSy Iy | oaCamna Y20
this section has derived two key movement types; pa#tsed and poséased. Patibased movements

are characterised by smooth COM motion and the minimal effdctith 'y O 2 NDa LJl2asS KI 2

Iy | @O tdjEciory and rotation are continuous whereas their pose is discretely defined.

In posebased movementd, y | (Qdbe ddd@sithe trajectory. This can produce a continuous COM
motion (e.g. when walking) but also can produce complex trajectories where pose changes are rapid

and varied (e.g. in dance). y I @OAtidjExtory, COMrotation and pose are all defined discretely.
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Thetype of movementn actoruses is alsoategorised into four motion primitives which represent key
movement types that each produce a different COM motion. These are inertial, ballistic, orbital and
SLIP motions (Secti@n4.5).

CKS gl& Ay G6KAOK Iy IiQIOMMREmplax2wiiSdistnygtiy differgnfBoiana  §( K S
types derived from different movements. One of the key issues with previous pibases baracter

animation has been the extra knowledge (often multidisciplinary) required to create an animation
(Sectionl.1). As an operational context framework for amation, t is important to place the above

exploration into an animation context to establish how the various movement types and COM motions

would be tackled by an animatolif the framework requires a significant divergence from a key frame
animation wokflow, as say spacetime constraints did (SecBah3 then a COMentric method of

character animation may not be feasible.

To continue to develop this operatiohaontext so it is applicable to animation, the physical

relationships described in this section need to be viewed in the context of animation workflow.

4.5 APPLYING THE COM MOTION FOR A REAL ACTOR TO ANIMATION

For balance and dynamic animations an animatoyraleast be cognisant of th® K I NJ- ©@MS NI &
motion (SectiorB.4.2. However, much of the previous section will be unfamiliar to most animators as
it is a heavily physidsased description of movement types and not representative of the way an

animator woutl generallyapproach animating O K I Ndo@inehts.X) &

In this section, each of the movement types identifiedhe previous sectiowill be discussed from an
animation workflow perspective to establish if a significant change of workflow is requiredtzatdhe

animator needs to consider regardiagcOMcentric workflow

Comparing types of movement based purely on ti&®M motionwhen they may be animated using
different tools and techniqueg or viceversac would be counterproductive. Considerimgprkflow in
this waywill highlight anyexceptions within the above framework and algdl help to define any

necessaryghanges to the animation workflow when animating with @automatedCOM rig.

This section aims to provide the link from tipdysics of ¢ | O G@vdat@dn to the animation
workflow to allow the operational context fautomatedCOMrig animation to be a DSR construct that

will inform part of the suggestion phase for the first development iteration ofahtomatedCOM rig

prototype.
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4.5.1 BALANCE

As discussed in Sectidnl, the predominantly documented use of centre of mass for those learning
FYAYFGA2Y Ad F2NI ol yOSYFHRQIKE 2 8B202¥KBy G &MY

Animators do recognise the relationship between theK | NJ OGM ahid the support polygon
discussed in Sectiof.4.1 (Figure36, below), however, the centre of mass is not the only factor in
RSOARAY 3 | OKI Nwi@ie Sabbca wdulgd sudgdst stable/syniiretficipases, animators
are encouraged at all opportunities to break symmetry and create poses with flowing lines of action and

strong silhouettes.
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Figure36: Balancegcentre of gravity(masg and the support polygn

(Ostergar, 2016)

Falling over is common in animation, but the physichiged expectation to follow an orbitalath
around the grounded foot is superseded by the requirement to make the animation have appeal
meaning characters can follow a rangepathsincluding hanging in the air, leaping after a trip or sliding

along the ground.

During a walk, balance is also regui (as discussed in Sectié.3 but the movementof OK | NJ O S NI
COM as the momentum changes from foot to foot is never calculated. Animators are taught ¢o add

hip sway movement so that the pelvis moves sideside over the grounded foot during a walk. This

can be subtle, approaching the true physical solutigmere an actoQ &0OM never fully reads the

support polygon, or exaggerated to the point where B | NJ geldisSoNdibalances on each step.
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Balance, for an animator, is a consideration for standing still or lifting poses and any more complex
application of balance in areas such as falling over, or walking are either overridden by other animation
principles or governed by wedtihown animation conventions. In both 2D and 3D animation, the

visualisation of the centre of mass is normally done either explicitly or implicitly by eye.

There are some examples where the centre of mass is visualiseD fanighators (SectioB.4.2. Such
visualisations are inherently useful, especially for balance. Although not directly within the scope of this
research, it wouldeem that also supplying a visualisation of & | NJ- CDMShdb# would provide
added assistance to an animator. (An automated COM rig would include a necessarilyG@ible
node) This would undoubtedly help when creating balanced poses but edaddbe of benefit during
jumps and other more dynamic movements as it would help to visualise the path of the COM node.
There is also potential for a future project where Bk | NJ GOMS iy takes account of the net
force vector to allow the anintar to create valid leaning poses where additional forces act such as

centrifugal force or the tension on a rope.

4.5.2 PATHBASEIMOVEMENTS

Patho F SR Y2@SYSyida F2tt2¢ al LI GK OGKFG O2dAZ R 0SS
with animationcurved ¢ 0 { 44@ii k 2 patkbased movement such as an ice skater spinning, the
movement properties which are continuously defingrith and rotation, aredefined garsely in the

layout animation stage.The discretely definedgse detail is added in the blocking and breakdown
stages (Poignet, 2014Theanimationcurves provide an instantaneous value for fhasition along the

path or theamount of rotation on angivenframe.

Where the root of the character is the pelvis, changing the pose of the character in the blocking stage
will change the position of the pelvis previously defined in the layout stage, and hence chamggtthe
For a character rig with a COMde (dumb or automated), thEOM nodgpath can remain as previously
defined. As the pose definitions are added, the pelvis position will again be defined for each pose, but
the animator can choose not to add any further change to @@M nodekey frames. In this way the

pose and thegpath can remain divorced.

In either case e transient motions of acceleration, deceleration and corneringdafanedby changing

the definition of the path. The simplest path is a straight line defined by stard end key frames. If

the movement requires constant velocity (i.e. steady state), dhamationcurve that defines the in
between frames is a straight line. Acceleration and deceleration (slow in slow out) are achieved using a
Bezieranimationcurvewith a shallow gradient when the velocity is slow and a steep gradient when the
velocity is fast. For an object that accelerates and then decelerates, this requires the aforementioned

f-shaped curve that is the default on most animation software (Se@&i8ri).
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A path defined by three or more key frames can have corners and bends for the character to follow. The
spacing and timing of the key frames govern the spafeeiachsectionof the pathand any acceleration

or deceleration is controlled by thenimationcurve. The default Bezier curve on each world space axis
provides control over the rate of change of direction at bends; changing the gradient of the cane in

out of the key frames on each axis controls the sharpness of the.b@mte the path is defined, the

way in which the character reacts to these transient movements is defined by the animator

CNRY Yy FYAYF{2NRA LISNA LISddys@Smotion Knfl a tRaAse® Bdlidhy OS 0
is the choice onimationcurve, or more specifically the choice of tangent in and out of each key frame
in the path definition (i.e. straight or Bezier tangents). There is no difference in the workflow when
producing either. This further validates the categorisation of both steady state and transient

COM moations as pathased movements.

In Section4.4.2 standing still islao considered as steady state as the motiormofactoQ @0OM does
not change significantly over time. Standing still is regarded as abgatd movement with only one

path key frame (pag®6). However, from an animation perspective this categorisation is not valid.

U  STANDINGSTILL

Sanding still is a steady state whemn actoQ &£&OM path is zero but allowing for some small
translational movement$Sectiornd.4.1). An animatorwould start a standing stiinimation by placing

the character in a worlépace position defined by th@ K NI OG0 SNR& LkzaAiAdzamy Ay
camerain the layout stage They will then apply key frames to the pelvis based on key poses (a.k.a.
extremes) which will allow th® K | NJ GOM® NeReismall movements withithe limits defined by

the balance criteria defined in Sectidn5.1

The pelvis can move anywhere provided contact with the ground is maintawéthin the defintion
of standing still, he pelvisdoes not need to remain above trsipport polygon(e.g.in situations such
as crouchinybut a good animator will ensure that the characterkept in balancdy keeping the
OK I NJ GoM&bakeihe support polygdar each poseby eye

AOKI NI} OGSNJ Oy ©6S O2yaARSNBR G2 0SS waidlyRAy3a aidGat
one leg Standing on one legiisally just a weight shift to 100% on one kagmbined with a change of

pose that lifts the othefeg off the ground What if, while standing on the right leg, an animator chooses

to touch the left foot on the ground in a new position? It could be argued that still fits in the definition,

even if the charactestood on their right legouches their left foot on the ground in a variety of places.

If that character touches their left foot on the ground and then shifts all their weight onto the left foot,

this also fits the definition above. However, if they then repeat the processdiingiup the right foot

and placing it in a new grounded position, this constitutes a sfegood example of this definition is in

basketball rules, where players must not travel while carrying the ball. A player veteniing still
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dmay pivot, usingeither foot as the pivotfoat o6 dzi A& O2y & A RS N®BhentiedtheK I @S G|

[pivot] foot touches theflooe 6 b . ! £ HAMOpUL P

Taking stepsven irregularly and infrequently, constitutes locomotjoand as the frequency and
regularity of the steps ineases, the locomotion becomes a periodic steathte movement. This
shows that standing still, erratic locomotion and periodic steady state locomotion are all part of the

same continuum and thus should be categorised together.

When animatingpath-basedmovements are primarily defined during the layout stage of the animation

and then the detail is added in the form of key poses. gamebasedmovements, thepath and the

posedetail are created during the blocking stage. The only layout requirementlodiacter standing

still isthat its positionis defined(either in world space or standing on a moving object). Most of the
animation takes place in the blocking stage.KS (G NI} 2S00 2NE 2F | OKIF NI OG SN
standingstill animations (i.eslight weight changes) bthe trajectory definition is discrete rather than

continuous.

So, despitehe characterhaving a COM that is in a steady state, standing still should be classified as a
posebasedmovement when considering the animation process. A similar argument can be made for
hovering animations. The character does not move along a path and therefanémsted primarily

using key poses.

U BALLISTIELIGHT
Thepathfor ballistic flight is usually defined sparsely in the layout staigie the detail of the movement

beingadded in after

/N A >
AN
.__ y
B ’17 Parabolic Trajectory & s
A 7
Neutral Anticipation ~ Jump (contact) Mid-air Fall (contact) ~ Recovery Neutral

Figure37. Ballistic phase of a kefyjamed jump
(adapted from Williams2009)

The path is a parabolic curve starting dhe Jump Contact frame={gure37), which isthe point the
character left the groundi.e. the last frame of takeff), and finishing with thd~all Contact frame, the

point the character touches the ground (i.e. the first frame of landingjhenanimatorscreate these
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key frames, it caitroduce a discontinuity in the movement and malegtiting the jump more difficult
(3D Animation Hub, 2019)The contact frames do not form part of the initial definition of thath and
are usually adjusted to fit thpath between the lowest (anticipation / recovery) and highest (raig

extremes.

On 3D character rigs, the transition from IK to FK at-akend viceversa on landing takes placa

the airborne frames adjacent to the contact framebhe contact framesust be IK to ensure the feet
remain fixed in worlespace until the character has physically left the grou8d, for takeoff, the Jump
Contact frame would be fully IK, and, to ensure a smooth transition, a few frames later the pose would
be fully FK. \Wen landing, the transition from FK to IK would start a few frames before the Fall Contact
frame where the pose would be fully IK again. The timing of the FK/IK transition usually needs to be

adjustedasthe takeoff and landing discontinuities are smoeith out.

Thepath between theanticipation, midair and recoverkey frames should include a parabolic curve

but will also have an acceleration from thaticipationkey frame (slowout) and a deceleration (slow

in) into therecoverykey frame. For takeff, the acceleration phase needs to be complete by the time
the foot leaves the ground, so the curve looks parabolic. Likewise, the deceleration phase cannot start
until the foot touches the groundFigure37). So, the sparse definition of the path for a ballistic

movement may often have inferred start and end points rather than specific key frames.

The ballistic phase where the character undergoes a paralpalib is ckarly pathbased, but the
OK I NJ gath &intR takeoff and landing is much more like a pdsased movement as the poses are
used to define thgath poseby-pose.

While a true parabolipathis physically correct, it is often the case that the animatil use a subtly
different curve for artistic reasons¥ 2 NJ SEF YL S Al A& O02YY2y F2NJ I OK

longer to emphasis the ballistic nature of the movement.

Likewise the physical requirement for angular momentum to be consdrvesulting in changes of
angular velocity when the pose changes is not relevant. While animators will generally include this
principle to make the animation look more plausible, it is never based on calcul@fapiro& Lee,

2010) For an animator, #mangular velocity will more often be inferred by the amount of turns required
before landing, and changes in angular velocity due to change of pose will often be exaggerated for

artistic effect.

In the ballistigoath, the vertical acceleration due to giiwchanges the vertical componentafl O 2 NI &
velocity through a force known as weight. While this point is very important in physics and engineering,
for an animator it is a simple change of theimationcurve (distance vs. time) between two key frames.

While a true ballistic movement will be characterised by a parapalicand angular velocity that varies
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inversely with the moment of inertia, animators cannot be restricted by these principles angltloeyd

be considered only as a guideline.

The ballistic phase of the jump, now reduced to a simple path definition, is not conceptually that

different to any flightpath.

0 POWEREBLIGHT

For powered flight, it is assumed that gravity is cancelled out Ibyesadditional force allowing the
character to take anyath in three dimensions. As such, the animator is not limited to a-two
dimensional parabolipath as in ballistic flight and uses artistic licence in the chosen path, usually

accompanying any changesdirection with changes of pose.

Figure38: ZeraG dance sequence in We
(Stanton, 200& picturefrom Pixar2017)

Acharacterunder powered flight at constant speed has a strailyit animationcurve and aharacter
aceelerating and decelerating has tfishaped curve described in Secti®i3. While an animator needs
to be aware of the choice @himationcurve, there is little coceptual difference in the way an animator

approaches the animation compared to ballistic flight.

The additional forces for powered flight may be generated by objects visible to the viewer such as
rockets or, more often, by imaginary forces such as adlguperhero. In the case of visible forces, these
are normally animated after the layout stage (i.e. when blocking out) to match the desired motion. This
often means changing the pose of the character to allow them to point the rockets in the relevant
directions. Good examples of this are Ironman (Favreau, 2008), or the beautifubzbance sequence

in WallE (Stanton, 2008) where Willuses a fire extinguisher to propel himself through sp&igute

38). Invisible forces are also often accompanied by changes of pose to help with the anticipation of the

movementas inthe Agent Smith fight in Matrix Revolutiofg/achowski& Wachowski, 2003pr to
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provide a visible representation of effastich asi KS  W{ dzLJS NJ¥ KDgrder, 1978) A Thcke thd2 a S

would be animated after the initial layout stage.

In airborne cases, such as swimmorglying while flapping wings; thpath is animated in thdayout
stage and the wings are flapped by blocking out key frames. For a real act@Qilidrajectory of
airborne periodic steady movementgould be controlled by the periodic action of the limbs, but in
animation workflow terms, these aradded retropectively, so periodic airborne movement is path

based, as with all other airborne movements except hovering

As with ballistic flight,hte rotation of a character in powered flighhouldstill rotate around thér COM
More complex physical requiremengsich as the conservation ahgular momentum no longer applies

(discussed irsectior4.4.4) so the rotation rate of the character becomes a fully artiddcision.

Airborne scenarios, ballistic or otherwise, therefore exhibit the same -paded definition as for
grounded movements where the transient movements of cornering and acceleration / deceleration are

animated by changing the path shape and #mmation curves respectively.

So, while flight is a thredimensional path, it is animated in the same way as the offath-based
movements with the path being defined first and the detail added over the top. The key difference for
flight animations is théack of grounding and therefore balance is not required. For an animator, this

means the character has no active IK targets for these movements.

4.5.3 POSEBASEOMOVEMENTS
Pathbasedmovements are primarily defined in the layout stage and are then enhanced by relatively
few pose changes in the blocking stagBosebasedmovements are constructed primarily in the

blocking stage.

Posebasedmovements are animated by creating key pese extremes that define the movement
using the posdo-pose animation method. While this method is also usedbfth-based movements,
posebasedmovements define the pathrotationand posesimultaneouslyusing key posesather than
defining thepathfirst and then adding the pose definitions to it. Likewise, the rotation of the character

is defined by each key pose.

CNRY Iy | yAYl G2 RRE NLIBIMBANIE &di defth&dsby disfafse set of key frames,
rather discreetlyby a series gboses in quick succession. However,@hi I NJ GDMBathEXifl tends

to be smooth in many cases as this is a characteristic of energy efficient matimnbreakdown keys
and curve adjustments would enable thpath and the rotation to be smoothed duto make the

movement appear more flowing.
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So, whilethe pelvisin apelvisled rig would follow a rapidly varyingath defined fully by the pose, a
COMnode could followa smoothempathwhich is potentially more editable. TI2K | NJ gdse SAMID &
even be modified around theCOMpath retrospectively and therefore still provide a level of divorce

between the two.

U ONEOFF ANIDOMPOUNIMOVEMENTS

The animation of a oneff movement is tie simplest posédased animation to create. Oxdf
movements such as crouching down comprise of a single discrete movement and are animated using a
start key frame and an end key frame. The more subtle motion within the movement would be created

using beakdown keys and curves.

Pure oneoff movements however are quite rare. Crouching down would normally be enhanced by
movements such as picking a flower or looking around wihichuld not affect the motion ofa

OK I NJ GaMSrudh dut would be made froauditional key frames. An act such as sitting down is
more often made up as a compound movement where the character might have intermediate poses to

put a hand on the back of the chair, turn or test their weight on the chair for example.

Compound movemeistare made from a sequence of key poses defined at the points in time where the
motion of the whole or part of the character changes direction. These are also known as extremes as

they represent the furthest point a particular pose reaches before the ghani direction.

As discussed in Sectid4.3 in a compound movemengachdiscretemovement must start with the
momentum from the previous movement and end withet momentum required to start the next
movement In animation, this is controlled in the curves stage of the key frame animation workflow.

The defaultanimation curve would automatically provide a smooth continuous motion through each

key frame to givelte illusion of continued momentum, but the gradient of the curve or the sharpness

2T GKS OdzNBSQa (dzNYyAy3a LRAYyG ¢2ddZ R 0SS 02y GNRff SR
animation more convincing. The tangents of the curve at the key framealsa be broken (unlinked)

to create a sharp corner which can add the impression of speed, jerkiness or impact to a compound

movement.

U LOCOMOTION

As a periodic steady state motion, locomotion is characterised by having a continuous moveomat in
direction (which can have a small periodic element) accompanied by a periodic oscillation and rotations
of the pelvis. This would suggest an animation method similgratb-basedmovements, where the

forward motion is continuous, and the periodic motion iseefively an addition.

However, periodic steady state movements for locomotion along the ground are much more common.
Animators use key poses to ensure the feet are in contact with the ground at the right places and for

the right duration. (Trying to g¢he feet to land in the right places and to stay still when grounded after
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first defining the path is more difficult.) Periodic steady state movements are usually built from key

poses, as are compound movements.

To animate a walk, the rig needs to apte with the legs set to use inverse kinematics (IK) to allow the
foot position to be defined in world space. The foot positiand pelvigath are generallymapped out

during the layout stage and then the poses built around those positions. The main key poses would be
the double support poses for a grounded (or a hanging) gait and the lowest and highest points for a
ballistic gait. The periodic translatioasd rotations along with other details such as the k@& motion

would be added in using breakdown keys and curve adjustment.

As with compound movementspdomotionis a sequence of repeatediscretemovements where the

start momentum and end momentumf@ach individual movement is the sam&he gradient of the
animation curves provides the continuation of momentum between each elemaffhen animating
locomotion, animators canoncatenatea sequence of individual cyclic unfiimation clis) such asa
complete leftright-left walk cycle. There are often several versions of these clips with compatible start
and end posesand speedgcurve gradientso introduce variety into the animation. Such animation is
often made from motion capture clips editeid have identical start and end poses. While this is
common in games, locomotion can also be animated in full as a single sequence to give more personality

and variation to the character movement. Both techniques are valid.

The different forcesn actorusesto create locomotion (and other movements) each produce different

types of COM motion or motioprimitives(Sectiord.4.5).

4.5.4 MOTIONPRIMITIVEE COMPARING ACT®IRTION TO CHARACTER MOTION
Motion primitives (Section4.4.5 are the types of motion resultindrom four different physical
mechanisms used in the movement of real actors. They are inertial motion, ballistic motion, orbital

motion and SLIP motion.

Inertial motion appears commonly in all movements, e.g. a character crouching or launching for a jump
for posebased movements or an iekater slowing to a stop for patbased movements. In fact
because any moving object not in a steady state undergoes inertial motion, the dafémiationcurve

(the aforementionedf-curve ¢ Section3.3.1) meets the requirements for an animatoiollowing the

slowin slowout principle of animation.

The only real distinction between pattased and poséased for this motion primitivés scale. The
inertial effects tend to be larger and happen over a longer time on the @aikthan they do on pose
changes. Whether pathased or pos#ased, an animator changes the feel of the inertial motion by
changing the Bezier tangent of tlemimaion curveat each key frame In physics terms this woulzke

absorbing or releasing more or less energy. A shorter curve makes the acceleration faster which gives
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the impression of more speed, agility or lightness, and making the curve longer givegptiession of
power or weight. When the movements are larger and more significant, the mechanism that creates

the movement is more important to the final visual effect of the animation.

As discussed in Sectidm.3 locomotion is generally driven by the remaining three motion primitives;
orbital (inverted pendulum), ballistic and SLIP motions. In the real world, these are usually complex

motions such as the centief mass lift when walking that results from a complex range of forces.

For COM lift, the main factors are: the stride length, the relative movement of the COM in the body as
the legs alternate between being apart and together, the movement from healgomn the grounded

foot, the extension of the foot when pushing off with the toe and which muscles are contracting at any
particular point (Cavagna & Margaria, B)6 These movements when recorded for biomechanical
purposes seldom produce smooth curves, but within biomechanical analysis andniimation
purposes, approximating them to a simple oscillating motion is commonplace. In fact, animators

regularly managéo produce believable animations without addressing the phys$iazue39).
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Figure39: Periodic motiondor an animated walk cycle

(Williams 2009)

While the oscillations are complex in the real world, they are generally small compared to the other
motions in a walk cycle and so it is usually adequate to use the default Bezier interpolation, tweaking

the Bezier tangents slightly tachieve the desired movement.

Oscillations are created at the breakdown stage. Consider a walking animation where the hips sway
from sideto-side. The animation is blocked out using the double support poses and breakdown keys

are used to create the additnal movements such as the foot lift. The breakdown stage is also used to
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modify the pose slightly so that the hips alternate left and right through the walk cycle to accommodate

the shift in weight and the pelvis is rotated slightly to make the reaamoh step more efficient.

Generally, these three motion primitives, as with inertial, are all animated by adjustment of the
animationcurves by eye and depending on the required precision of the movement, the adjustment
may be minimal; walk cycles are rarely adjusted but a more explicit movement such as a Grand Jeté in

ballet would be adjusted to a more parabolic shape.

The differentmotion primitives often combine or blend from one type to another in pbssed
movements, meaning that even if an animator has a good understanding of the physics, it is unlikely
they would be able to factor every subtle detail into a péssed movemenby understanding alone.
Animators generally use the simplified approach of tweaking the Bezier handles anithationcurves

by eye, usually to match a reference source. This means the use of one simple tool instead of a complex

physicsbased approach.

During orbital motion, the character effectively orbits another point in world space (e.g. they orbit a
point on the edge of the support polygon when falling over). As discus&ettiord.5.2 the character

can be linked to a norenderable object situated on the axis of rotation. However, this only really
applies when the character is doing the same motion for a whole shot, due to the problem of animating

the character in the parent space of the object and not in world space.

For a character that regularly has to do orbital motion such as a trapeze artist, the character rig might
have additional nodes the animator can use to pivot the character around theshsayl Cascadeur

(Nekki, 2019) allows the character to pivot around any point during the creation of an animatidn,
conventional key frame animatian G KS 2yt & 2LJiA2Yy A apathl®yeypdBind¥ NI Y S
the object. This would normallype achieved by placing a few key frames alongpidith and then using

atool to view and adjust thpath by eye. It is better to use a sparse definition (maybe 2 or 3 key frames)

and use theanimationcurves to smooth theathto suit as this leads to smother movement.

There is potential for these curves to be created by addition of some bespoke Bezier tangent options
the curve editor (it is quite possible to imagine a parabolic or circular tangent optibr® setup for
such curves coulgotentially be more complex than the simple Bezier handles currently favoured by
animation applicationsConsider an orbital curve. The animator would have to define the centre point
of the pathin 3D spacdo inform the tangents of the X,y and z curves in the eueditor. Thecurve
would alsohave to take into consideration any radial adjustment during the movement which deviated
it from a circulapath. Any ballistic curve tool would need to take account of the potential for an inferred
start and end point (se€igure37 on pagell0) and would therefore need to take inttonsideration

the point at which the character becomes truly airborne.
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Also,once created, garabolictangentis likely to be modified for artistic reasons. In fact, the animator
will rarely focus on the ballistigath alone, rather the whole movement inaling the inertial motion at
take-off and landing would be treated as one motion. They will tweak the ease in and out values (Bezier
tangents) by eye to make the weight of the character seem right (including the amount of time the

character hangs in thei.

In the absence of specifemimationcurve types for each movement type, animators still use Bezier
curves to approximate each of these requirements, but more adjustments and iterations are required
to achieve a realistically plausible movement. Tise of 3D motion paths helps visualise thath
allowing the animator to make an orbital motion look circular or a ballistic motion to look parabolic.
Again, video reference is often used to compare with the animated movement, which can subsequently

be exaggerated for artistic effect.

So, motion primitives do not require any specific consideration in this research due to the absence of
generally available specific tools. All motion primitives are approximated to Bezier curves in the
standard animation wdkflow, so the only consideration is that the COM rig can accommodate curve

changes.

45.5 PATHBASED OROSEBASER

As previously discussed, using the standard animation workflow, algsed movementvould be
animated along the path using sparsely distribukey frames to define the path (layout stage) and then
GKS RSGFAT 27T (K SouldKdahaed aftevbydhe dfentdS of &y pbses (blocking
stage). Theath of such animationgs often highlightedd.g. byusing a motion path tool) and w®aked

during the blocking stage to ensure the movement flows.

An animation where an iegkater loops and swirls around an ice rink is clepath-basedc once the

path is definedin the layout stage pose adjustments will complete the animation. A kimker
shadowboxing is clearlyosebasedcA i R2Say Qi NBIFffe YFGadSNI gKFG LI G
what matters is the moves they dand these are defined by poses in the blocking statmwvever, the

above classifications of locomotion as pdmesed (Sectiod.5.3, and of ballistic flight being patbased
(Section4.5.2 is a simplification as animators may approach these movements in different ways

according to factors that do not relate to the physical movement of the COM.

The main factor in choosing to define an animation in the layout stage or the blostdgg is not based
on the type of movement, but more on the type of shot and the purpose of the moverfteggins,

2015). A walking animation could be animated either way depending on the requirements
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A character pacing arounith a roomwhile talking wold be posebased The layout stage of the
animation would be minimal, probably not involving any travel and the movements would be blocked

in as key frames in the blocking stage.

On the other hand, a following shot of a character walking and talkingutitr the countryside would

be defined during the layout stage and then the individual steps could be animated during blocking. In
this example animators will often be pragmatic by either keeping the camera close, so the legs are not
in shot and characteonly needs to be bobbed up and down through the animation, or by using a

procedural walk tool to block out each step. Either way, it is closeptatlabasedmovement.

Between these two examples, there are cases where the path and the poses are agpalitant. A
character walking from their car to their house needs a lot of attention in the layout stage; they have to
shut the car door and lock it, walk a certain distance to the house, and unlock and open the front door.
All thathas to fit intoa cetain shottime, the walk has to have the correct number of steps to cover the

correct distance in the time allowed and each step would have a particular stride length.

The layout stage would include a pdthsedpath definition when the character is tralling, as well as

static phases when the character is standing still ready for fpased animation to be added in the
blocking stageAfter the layout stage, the steps would be defined by key poses. The poses on each step
are going to be important as ¢hcharacter will have to turn, adjust their body position and probably
walk on uneven ground or steps. This can be quite a complicated animation to construct as the key
poses are either restricted to a specific stride length which limits the artisticetaithe animator, or

they define the stride length which means the number of steps laid out may chdngmases lik¢his,

the boundary between the layout anblocking stagetends to blur and the animator might include

some key poses during layout define travelpathsafter blocking out static poses.

It is more common though for this type of shot to be designed pragmatically using cuts to break the
sequence up into multiplshorter shots such as closgps (e.g. the keys being inserted into the front
door) or camera angles where the legs cannot be seen (e.g. car in the foreground). Each of these shorter

shots would bemore clearly defined as pathased or posdased.

In another scenario, lhen a character is doing some large ballistic movement likéghadive, the
ballistic phase of the movement is cleadgth-based, whereas théake-off and landing are strongly
posebasedmovements, being mostly standing still with a focus on the crouch, the arm position, how

much the body bends over etc.

The path is defined using thanticipation, midair and recovery key frames (Sectiérb.2 Figure37),
and the transition from poséased to patHbased occurs at the jump and fall contact points. This
transition is also the point where discontinuities occur which need adjustment for a snaoatiation.

It would betricky to animate takeoff using a pattor to animate a jump smoothly using key posésne.
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Each element clearly requires its own approach. This provides a level of validation of tHeapath/
posebased frameworkbut also lighlights the flexibility required within the framework. To say that
blocking always follows layout is not true if an animator blocks out the key poses feoffatkeinform

the path of the ballistipath. However, as with the walking example above, itiéividual elements of

a movement (e.g. takeff, ballistic phase, landing) are more clearly defined in one or other of the

domains.

45.6 APPLICABILITY PELVISBASEDIDRCOMRGS

When animating with a pelvigased rig path-based movementsvould have thepath defined on the
pelvis node during the layout stage. In the subsequent blocking stagh,key poseouldadd an extra
key frame for the position and rotation of the pelvis into the definition of the path. Whisld make
the path less easy to modifater and could also affect the interpolation along the path resulting in a

less smooth motion.

Posebased animationsbeingdefined fully in the blocking stagevould startby defining the key poses
which in turn define thegpath. Thepath couldbe refired retrospectively using the motion path tool as

above.

The use o0& pelvisbased rigor path-basedor posebased animationgould ultimately result is a similar
looking definition withpelviskey frames defining both the poses and the path. The only difference is
the order in which the keys are created. A pétised animatiorwould have thepath defined in the

layout stage with the pose changes defined after during blocking out. Almssdanimation also

needs a start and end point and pose changes in between but these would usually be created
sequentially. This means in both cases the pose key frames and path key frames are indistinguishable,

and therefore there is no way of separatingethath from the pose.

Thisoperational context thoughdoesprovide a distinction when a COM node (dumb or automated) is
present as itallows for the key frames fopath and pose to be&kept separate (Sectioh.1). Any key

frames that define the pose would reside on the other rig elements independently of the COM node.

In pathhbased movements, thpathwould be defined on the COM node during the layout stage and the

pose definitions would be added to the rest of the rig, not affecting the COM, meaningétthe

definition would remain in its sparsest form. For pdmesed movements, thpath, rotation and pose

would all be created together in the blocking stage, b phathwouldstill be defined by the COM node

FYR O2dzZ R LRGSYydAlIfte 06S WiKAYYSR 2dziQ RdzZNAYy3 SR
path.
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4.5.7 CATEGORISINAOVEMENTYPES

GROUNDED No rotation X rotation Y rotation Z rotation XY Xz Yz XYz
(roll) (yaw) (pitch) rotation rotation rotation rotation
No translation Stood, seated, Pirouette, Cartwheel,
(static) kneeling, roundhouse kick| back/front flip
lying down, on the spot
reaching
X translation Walk skate Skating in a Spinning walk, Cartwheel,
(direction of half-pipe roundhouse kick| forward roll, KEY
travel ¢ including Leaning around while advancing | back/front flip —
slopes) a corner
Y translati Crouch, picki| X 6KA RalinSeeer
ranslation rouch, pictup, ] 1
(vertical) lift, kneel down spinning PoseBased
Running on the
L3RG T
Z translation Sidestep / strafe Side roll
XY translation Sit down X & KA | Burpees, falling
wdzy ¥ a1 spinning over forwards
XZ translation Walking X &6 KA {
diagonally, spinning
dosiR2 MY
YZ translation Falling over
sideways
XYZ translation

Table6: Pathbased and posdased gounded motions categorised by COM axis

AIRBORNE Norotation X rotation Y rotation Z rotation XY Xz Yz XYz
(roll) (yaw) (pitch) rotation rotation rotation rotation
No translation Hovering Hovering and| Hovering pirouette Hovering MX with complex rotations
(static) rolling somersault
X translation Flyingrh Barrel roll DX G KA f X 6 KA f
(3D direction of (corkscrew) spinning somersaulting
KEY
travel) B
Ytranslation Vertical fall / | X . G K A X & K Af mX 6 f<7\ f Path-Based
(vertical component] 2dzy LI rolling somersaulting somersaulting
of a jump PoseBased
Z translation Flying X 6K/ X 6 KA f X 6 KA f
sidewaydh rolling somersaulting somersaulting
XY translation Parabolic fall /| bX & K X 6 KA f X & KA f
2dzy LI rolling somersaulting somersaulting
XZ YZ, XYZ
translation

Table7: Pathbased and posdased arborne motions categorised by COM axis

The categories of pathased and posbased are much broader than the categories generated from the

translational and rotational axes of COM motions (®ec4.3).

By highlighting movements that are pallased and poséased withinTable5 and Table6 (page89), it
is clear that generally, podeased movements are grounded and pdtased movements are airborne
(Table7 and Table9).

The exceptions are not common animation scenarios (skating and hovering), so it could be taken as a
general ruleof-thumb. However, as the layout and blocking stages of the animation workflow are key
to the definition of the patkbased / posébased operational context, it is better to approach COdsed

animation this way.
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Layout Stage | > Blocking Out Stage
GROUNDED

C Iceskater ) C Shadow boxer )
( Standing still / sitting )

Locomotion- long )

Locomotion- medium
( Locomotion- short
C Swinging olamppost )

( Compound movement )

Powered flight
Powered flight flapping

Powered flight with visible forces )
( Hovering )
AIRBORNE

Figure40: Visual representation ofthe operational context for this research

While not conventional animation categories, pdiased and poséased movementselate to the

layout and blocking stages of the animation workflow and provide a useful framework for discussing the

way in which COM motion needs to be considered in different animation scer{&ignge40).

Most animations have elements of both with sopath-based elements, created in tHayout stage,

and someposebased elements, created durirtgockingout. Theaforementionedkickboxerwould

need some layout if they were fighting an opponent to define the path the fight takes, and tskater

could change pose many times ey change direction The choice opath-basedor posebasedis

more like a continuum than two distinct cateiges. Because the layout stage precedes the blocking

phase, there is also a sequential aspect to the continuum. Most animations can be considered as a blend

of path-basedand posebasedand are constructed in a sequence where theth-basedelement is

animated before theposebasedelement.
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4.5.8 SUMMARY

The previously defined categories of pdthsed movement (Sectioh4.2 and posebased movement
(Sectiord.4.3 relate directly to the animation workflow stages of layout and blocking respectively, as
the layout stage is predominantly concerned with defining the path of the charaisteugh the shot

and the blocking stage is concerned with key poses.

This means the pathased and posbased categories are more of a continuum and different movement
types may use both methods (e.g. jumping) or offer a choice to the animator depemdfetiie

situational requirements of a shot (e.g. walking along a path) (Seé4tmf).

Much of the complexity of the COM motidor a real actorthat is derived phyisally from different
movements is simplified when approached from an animation perspeciitre. bur motion primitives
defined previously(Section4.4.5 that descibe different COM motions resulting from different
mechanisms (inertiaballistic, orbital and SLIP), are reducedatimationcurve changes. The exact
shape of thepathis not as important for small movements; animators frequently use simple curves for

these motions and tweak by eye based on timing rather than physics (Sdchi@h

Animationcurves als@rovide the main mechanism for ensuring momentélow between posebased

movements and for transients along the path (i.e. acceleration and deceler&8ewcjior4.5.2.

Standing still and hovering, whilst bogiteviously identified asteady state conditions (Sectigh4.2
are better categorised as podmsed movements as they are primarily defined in the blocking stage of
the animation workflow. Also, as it is not possible to distinguish between locomotion and standing on

alternate feet inturn, standing is conceptualbfoser to a posdéased movement (Sectich5.2).

CKA&E Aad GKS FTAYyLt OANDdzYaONRLIWIAZ2Y €221 Ay- (KS
I NI S A tii@(DSR cycl€igure5, page43), this requires an evaluation to feed back to knowledge
contribution by another circumscription loop. To evaluate this gatised / posebased operabnal
context, it is necessary to use the context for the purpose it was created, as a DSR construct in the wider
automated COM rig DSR cyEle (i 2 dekcfiHe Ipfob¥ms within the domain and to specify their
solution)(March & Smith 1995) Thus, theoperational context will be evaluated alongside the

automated COM rig towards the end of this research.

4.6 CHAPTER SUMMARY

In this chapter} y 2 LISNI} A2yl f O2y(iSEG NBfFGAy3a GKS Y2GAaz

workflow for different types of movems is developedto provide a construct for the development

testingand evaluatiorof an automated COM rig prototype.
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It suggests (Sectioh5.4) that the physical dtails of how a movement is created (motion primitives) do

not really change the animation workflow as m@sith changes are made by adjusting the animation
curves. This is particularly true for small repetitive motions such as the flight phase whenguami
these are usually approximated with a simple oscillating curve. Likewise, larger physically distinct
movements, such as the ballistic phase of a jump or deceleration when running, are also defined by an
animator using animation curves and as suchndt¢ require separate categorisation. As such, this
framework does not require the animator to have detailed understanding of the physics but allows them

to use artistic judgement in their consideration of the COM.

Animated movements were divided intdour domains path-basedairborne, pathbased grounded,

posebased airborneand posebasedgrounded depending on when, in the key frame animation
workflow, the path and pose were defined. The two domains were derived from a physical
understanding of howan I O (i ZEBD &notion is affected by different movement types and then

reconsidered from an animation perspective.

Path-based movements have ttgath and rotationdefined in the layout stageas these are continuous
movements, and poses which are discretelydefined, in the blocking stage, where podased
animations definepath, rotation and posdogether duringthe blockingstage as all are discretely
defined All airborne animationsire considered patibased (except hovering where there is no path)
whereasgrounded animations can be either pebased or patkbased with the majoritybeing the

former.

As each domain relates to stages in the animation workflow, themniglement ofdirectionality
between the two domains dependant on how much of thath is defined in each animation stage
(Figure40). Thus, the two domains can be considered more like a continwhiere some movements

will have elements defined in each domain. This also leaves flexibility for the animator to choose how
to approach their animation (i.e. how much of a movement is defined in the layout stage and how much

in the blocking stage).

Thischapter hasalsoshown that the three properties of any movemen€OMtrajectory, COMrotation
and posec canin principleall be treated separatelyln practical terms, they need to be defined using
separate DoFs (Sectidrb.2. Movements in the pattbased domain allow th€ OMpath, COMrotation
and pose to be divorced from each other when being created or edited. -fassed movements allow
these three propertis to be edited independently (for example to smooth the Cdth) but must be
created together. In posbased movementshe path definition (and the rotation)would usuallybe

less sparse and therefore require more key frames to be changeth editing
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5 FUNDAMENTARRINCIPLES FOR AUTOMATED COM
RIGS

W/ NBFGAY3a I NAIISR OKIFINFXrOGSNI A& tA1S o0dzAif RAy3
foundation. With that in place, you can build youuke and even add upgrades. Just

as a sound foundation allows you to build a stable house, sound rigging practices

YI1S @2dzNJ NAR3 aSOdzNB yR dzal of So . 2dz Oy (KSy
(Allen& Murdock, 2008)

TheAllen and MurdocK2008) automated COM rigwaslimited to airbornescenariod & G KS NRA I Q& |
only operated with forward kinematics (FK)or more generapurpose rig, both forward and inverse
kinematics (IK) would be requiredrevious examples for grounded characté?hilips & Badler1988

Boulic, Mas& Thalmann, 1996 all require optimisation of the pose.

Before creating the first prototype rig, it is important to understand the scope of influence of an
automated COM node on the rest of the character rig, and the wayhich the different movement
types defined in the operational context, patfased and poséased, can be implemented within that

scope.

5.1 GENERICITY OF FRHHOMATEQOM RIGVITHIN THIS RESEARCH

Inverse Kinematics (Ikgn automatedCOM nodeor any other innovative tool that is designed to assist
animators must be useful within a particular set of animation scenaridsiitgcreated for a specific
reason. However, there are other animation scenarios where the tool may not be useful and emay ev
become a hindrance. For example, the IK tool is useful for positioning limbs in world space but breaks
the principle of arcs (Sectio8.3.2, where using IK is actually more difficult than reverting back to

Forward Kinematics (FK) for these cases.

Despite the obvious support for use of the centre of mass within animation from tools such as
Cascadeur, there has been very limited work on thiegration of automated COM nodes into a
character rig. And where they have been integrated, they have been for a very specific purpose and

havenot been animatable in the wagumb COM nodeexamples have beefBection3.4.4.

The use of a COM node is clearly a recognised tool for animators in certain animation scenarios. It is
also clear that the two key areas wheseCOM node is useful are balance and dynaitight. While

balance is quite a common scenario when animating characters, dynamic flight is only encountered in a
limited number of dynamic movements such as jumps and dives. Even when a character is being

animated in a dynamic flight scenario, it alsh@lways occurs between states of dynamic motion where
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the character iggrounded(Section4.4.3); typicalexamples would include running (where a character
alternates between being grounded and in flight on each step), doing a Grand Jeté in ballet or falling off
a cliff. It is not clear from any of thpreviouscases reviewed how the different types of COM node are

to be used in a dynamic grounded scenario, or wiwiiching between dynamic grounded and dynamic
flight. There are also many other animation scenarios and it is not ttlerarprevious researctwhat
advantages or disadvantagesutomated COM rig have across the full repertoire of animation

possibilities.

Character rigs are sometimes made for specific animation scenaricall the above caseSections
3.4.2though 3.4.4), the COM rigs were designed for very specific scenaridpst character rigs
however,are designed to be generpurpose to suit a wide range of swios. Even with a toolset as
advanced as Cascadeur, it is unlikely that an animator would choose that as a tool for two characters

walking along the street chatting.

Animator Carlo Sansonetti, put it like this on the Animation Mentor blog:

When riggilg a character, always keep in mind the way the character is going to be

used in your productionYou might be rigging some characters that are only seated.

LY GKIFIGQa GKS OF&asSz GNB y2i0 (2 &aLISYyR (22 YdzOK

when the chaacter is standing.Try to tailor your rig to what the character is going to

do in the show.

On the other hand, if there is any doubt regarding how the character is going to be
used, then expect anything and rig the character in a way that can be pushé#d i

directionsSansonetti, 2016

This research is concerned with identifying operational issues and beokfitsautomated COM rig
different animation scenarios (Sectidn2). Maybe, as with IK, there are some scenarios where an
automated COM rig restricts the animator too muyebthichwould then suggest a requirement to switch
the automated COM nodeoff, in the way that IK can be switched to FK for-ldte posespace

movements.

The rig used for this research cannot be limited to one scenario such as the Allen and Murdock flight rig
(Allen and Murdock, 2008), or the rigs such as JA®GHlifs & Badr, 1988 or Boulic, Masand
Thalman® 3K rig Boulic, Mas& Thalmann, 1996 designed for balanced grounded poses. The
automated COM rigieeds toinclude all the functionality required for grounded and airborne scenarios

to allow its genericity to bassured

By selecting asuitable pre-existing generatpurposerig, this research aims to avoid modifying the

existing functionality of the underlying rig to ensure that any issues in the genericity afitbenated
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COM rig derive from the implementation tie COM node itself.This can be validated by using the

underlying rig without a COM nodge. the pelvided rig)as a baseline control.

In the hierarchical structure of the previous examples, COM gadeas a parent to the existing root
nodes of conwentional (pelvisled)rigs. TheautomatedCOM node can be directly manipulated, but the
only effect it is allowed to have over the rest of the character rig is to move the pelvis by an offset value
that realigns the COM node and tleharacter COM This des not affect the functionality of the
underlying rig as an animator could move the pelvis to the exact same position by eye. Using this
approach also allows for the possibility (fact) that there are many subtle differences of implementation

between geneal-purpose rigs.

To ensure that the genergdurposeness of the ri@.e. its suitability to both grounded and airborne
movements)s maintained, the only elements that can be modified by the development process are the
way in which the COM node automatilyaoffsets the pelvis and any factors relating to the direct
manipulation of the COM node. This functionality will be coded into the rig, so the prototype
development process is primarily founded on the development of the algorithms used to drive the

automation.

The expectation is that thautomated COM rig will allow thepath, rotation and pose to be divorced
either on creation of the animation for patbased movements, or during editing for pelsased and
path-based movements by ensuring tipath key frames only reside on the COM node (Secdlidny).

Some techniques for keeping elements of animation separate already exist.

5.2 ALTERNATE METHODS OF DIVORKNNGATION ELEMENTS

It is not uncommon for animators to want to keep key frame débins for different elements of an
animation separate for editing purposesAnimation layers for example,are often used for editing
motion capture datao allow a sparsely defined modification be applied to the densely defined mocap
data Section3.1). Layers could potentially be used to provide a more detailed set of pose definitions

over a sparsely defineglath.

5.2.1 ANIMATIONLAYERS

Animation layers & additive modifications to an existing animation. Each animation layer has its own
key frames andnimationcurves such that the existing animation is seen as the base layer. Each DoF
can have its own distinct animation layers. During playback, eaofefis evaluated by adding the key
framed or interpolated value from each layer as appropriate to give the final value. In this way, if the
modification layer has a value of zero, the original animation remains unaltered. Any other value

provides an offet to the original valuéPitts, 2016)
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Figure41l: Modifying a posebased movement with layers

Use of layers, while not commonplace in key frame animation, could provide a method of divorcing the
pose and the path fgpath-based movements. 1@ layercould contain the sparse definitiaof the path,

and a second layeould contain thekey frames for the changes of pose-eute. Animation layers are
additive, so the second layer only key frames the difference fronmptigtion already defined by the

first layer.

Each layer is defined in the same Cartesian s@ecthe object being animategarent space for a limb

joint and world space for a world space object such as the pelvis or IK targets (Autodesk, 2021). In world
space, thican limit the editability of theanimationlater on. In the ice skatesxample (Sectioi.l),

adding a sidgo-side pelvis movement as a layer would create a world space offset to the pelvis; say the
skater was travelling in the x direction tpelvis movementvould be an offset in the z direction. If the

path was later modified so that the skater was travelling in the z direction, the pelvis offsets would

remain in z, and would cause tpelvis movemento be forward and backward relative to the character.
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For this reason, layers would not normally be used except for quite minor retrospective adjustments to

the movement.

This dilemma would occur for any woidghace animated object such as the pelvis, IK targets or COM
nodes and means only simple path defioits could be separated out using layers (e.g. adding forward

movement to a static walk cycle animation).

Layers can be used on pekased animations to modify theath retrospectively by applying a global
offset to the individual key poses such as imauching walk (seBigure41). This works retrospectively,

but to use a layer to separate the path and the pose for possed movements would requirdé
animator to consider whether each key frame belonged on the path layer or the pose layer (or a
proportion on each). This is nptacticalfor posebased animationsvherethe path is derived from the
poses. Itwould not be possible forthe animator todefine the path in advance, only to modify it

retrospectively.

Thus layerscould notbe used to separate thpath from the poses for posbased movements as they
could in pathbased movements because this arrangement only works if the path is definecetibio
poses. Even on patkbased animations, layemould offer only limited application in separating path

and pose due to the limitations of defining the pose key frames in world space rather than path space.

Any suitable system would need to operate in path space.

5.2.2 PARENTING
Parenting is a method wheretiy KS | yAYF G§2NJ gAf t WLI NBgbiinade KNI Wt Ay

targetsand any other world space nodes in the)riga moving object prior to animng.

I
I
|
I

Figure42: Character animated in the parent space of a moving object
(imageadapted from Cooper 2013)
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This act does not impart any animation to the character but merely redefines the space in which the
animation takeglace Figure420 ® ¢KS OKIFNYOGSNDa 1Se& FTNIYSa ogAftf
by the orientation and position of the parent object (i.e. parent spaxstead of world space). After
parenting, the animator will animate the character as if it were stationary, following the exact same

workflow.

In fact, most rigs have BRSode (Transform Rotation Scale nodehich is parent to all elements of the
chamacter rig and allows the entire character to be placed in the sceotated and scalegbrior to
animation(Maestri, 2020) It also defines the animation space for the character, so parenting this node
to a moving object has the desired effect. Parentorgits own does not require any change of

animation workflow, however there are certain caveats.

The parenting method works well if a character is doing this kind of motion for a whole shot. However,

if the character jumps oftheir moving object, the dosequent animation becomes more difficult

because the animatiohas to change frorparent space of the objedb world space. Mst animation

applications provide tools to allow the parenting of a character to be changed in situations like this
(Autodesk,2017b),and such tools would normally be added to the character on amegslsbasis. In

simpler cases such as a character jumping onto a skatebwoaetfly before jumpingoff again, the
FYAYFG2N) g2dzf R LINRPOFO6f & |y A Y IskatBboaidkbeye(&r Imdie liRalyS NDa |
viceversa) for the duration of the stuntlt is also common to cut to a different camera angle in such
transitions, which avoids any change of animation space as the parent space and world space animations

can be animatd separately.

For a pathbased movement such as the aforementioned ice skater, the charectdd be parented to

a nonrenderable object such as a locator or helper and animated in the same way as a chsiGmter

on a moving object.The nonrenderableWLJ (1 K  y 2 RS Q path ldzf flames arid khe pbseS

would be defined separately. Asthed@e]l | 4 SNDa Y2@0SYSyida 62df R 06S FyAY
the path node the animator would define poses based on tfieection theskater was facingn path

spacec maybe choosing to animate the skater going backwarttais providinga clear advantagever

layers

There is no difference between a character parented to a-remderable path node or an object such

as a skateboard; parenting simply represents a change of the space in which the animation is created.
However, conceptually, the path node is completelyidated to the character rig whereas a parent
object such as a train has its own distinct purpose in the animatfidre addition of a nomenderable

WLJ { K cay & Rod<ered as addingother hierarchical level to the character.righis conceptual

difference is useful in understanding the hierarchical position of a COM node in the character rig.
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In all previous dumb COM node examples (Se@idid), the COM nde has been parent to the pelvis.
This allows the pose to be defined in the space provided by the dumb COM node.péttirend the
rotation of the character are defined using the COM node, this equates the parent (COM node) space

with the path space fothe movement.

5.3 HOW SHOULD A COM NODE CONNECT TO THE RIG HIERARCHY?

At first glance, usingrey COM nodgdumb or automated)s comparable to a character parented to a

path node as describeid Sectiord.5.5because moving or rotating the path node moves or rotates the

entire character. This is true of a COM node when a character is in flight; the limbs all operate using
forward kinematics (FK) and so effectively #etire character is completely influenced by the root

node. Moving or rotating the COM nodmoves or rotates the entire character hierarchy including the

feet and hands. Having the entire character parented to a COM node is desirable when in flight and
allows thepath and pose to be divorced as previously discussed in Chapded evidenced by Allen

FYR adz2NR201Qa Fdzi2aYF SR / ha Vy2RS&Mumldck, ZDE8).A & RS & A 3

In the Allen and MurdocK2008 example, the character was parented to the COM node. In that case,
where the rig was designed only fdight, there was no world space constraint on the feet, so the whole
character operated in path space. This is implicit because when the limbs are used in FK mode, they are

parented to the pelvis which is parented to the COM node.

However the path node aalogy does not suit grounded movements.owhg or rotating a path node

is different to moving or rotating a COM node because the path node includes the IK targets in its
hierarchy. The purpose of the IK targets is to represent world space, or in thevbase a character is
parented to a moving object, the parent space. On a train, for example, holding a grab bar is effectively
locking the hand to a specific point on the train. Rotating the train rotates both the character and the
environment and beaase the hand is connected to the environment the entire character rotates

without changing pose.

It is clearly beyond the remit of a COM node to change the definition of the environment as well as the
character. This is evident in the previous exampidkias 2013) where the COM node has no influence
2OSNJ GKS LY GFNBSGao® az2@Ay3a 2NINRGFOGAY3I ' GKALFAQ
pose of the character (Sdeigure21 on page73) because the COM node does not (and should not)

influence the animation space of the entire character.

In apelvisledrig, the pelis and the IK targets are all situated in the same coordinate spiaher world
space, or in the parent space offRShode. The IK targets cannot be parented to the pelvis as they
need to be placed independently of the pelvis to make grounded poske.same rationale applies to
aCOM node, in fadll the previousCOM node exampldsr use in a key frame workflogAthias, 2013
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Montgomery, 2012Autodesk 2018) all situate the COM node and tharKlse same coordinate space
with the pelvis parented to the COM noddNote: Allen and Murdock (2008) do not have IKs on their

flight rig]. This is necessary to achieve the divorce between @@t/ rotation and the pose.

TheCOM nod@@athandrdi | G A2y RSTAYS (GKS OKI NI OGSNDa LRaAAGAZ2
of a moving object, such as a train). It is right that the IK targets also operate in the same space as they
define situated foot and hand locations. (This is of course the fomsepelvisled rig where the pelvis

and IK targets are all situated in the same space.)

wO N RigPlacementNode
wO N RigCOMNode
po N RigPelvis
»© N RigllegIKTarget
»© N RigRLegIKTarget

Figure43: Parent space for COM node, IK targets and pelvis
COM node and IK targets in world space, pelvis in parent spabe GOM node

By allowing the pelvis to operate as a child of the COM node, it can be positioned and rotated
independently of the COModeA y I W LIFiguB43p WitredtBet® isdo IK operational, the entire

rig, including the hands and feet, operates in pose space, so the pose can be completely isolated from
any position or rotation required of th€OM node Changing the CONRbde position or rotation will

not affect the pose.

When IK is operational, the pelvis and torso (and any FK limbs) remain in the pose space, while any IK
limbs operate in the same space as {B®M node Using the example of a character twisting while
crouching(Figure43), the bend of the spine and the movement of the arms will remain independent of

the twisting movement caused by the COMderotation. The feet however will remain grounded in

world spael YR G KS / ha y2RS Ydzad NBaARS Ay GKS alyS$S aL
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adjusted This relationship is implicit in the hierarchical requirements of an automated COM rig and

thus forms a principle for all automated COM rigs.

Automated COMRIg Principle &

The COM node and any other worgpace nodes such as IK targets must operate in

the same coordinate space. The pelvis, and by association, the torso and any H
fAYO6az 2LISNIGS Ay wWLRasS aLl 0SQs 4

5.4

THE EFFEOF CHANGINBATHROTATIOMNDPOSE

K
KAOK Aa

The properties of any movement can be broken down into COM trajectory, COM rotation and pose

(Sectionl.l). For patHbased movenents, both path and rotation can be key framed sparsely (e.g. a

single rotation key frame at the end of a somersault to define the number of rotations), whereas in pose

based movements, both would be defined from the sequentially key framed poses crentbe

blocking stage of the animation workflow.

Rotation can also be independent of path in either case as it is controlled by a different set of DoFs. By

separating the COM node from the pelvis (and its descendants in the rig hierarchy), pose da@ also

independent of anything the COM node does. So, path, rotation and pose are all divorced on a rig with

a COM node.

Due to its position in the rig hierarchthe COM noddecomesthe prime movement control node for

the character rig, taking that roleom the pelvis. The pelvis operates independently of the COM node

in the parent space provided by the COM node. For a dumb COM node, this means the pelvis can be
SR AYRSLISYyRSyiGfte o6& GKS FyAYF{i2NE LINE@ohRAY 3

Y2 O

Oncethe relationship between the COM node and the pelvis is et COM node merely acts as a

handlec in effect it is just the ability to pick up and move the pelvis from a different pivot point. There

is a direct relationship between the COMdepath and the pelvigrajectory.

For automated COM nodes, the COM node also acts as a handle for the pelvis, but rather than being

offset directly by the animator, the offset is adjusted automatically by the pose of the charaitérg

direct contol of the pelvis offset away from the animator.

5.4.1

COMNODEPATH ANORDTATION

In pathbased movements, the path and rotation would generally be defined during the layout stage

and then refined by creating key posesring blocking out (Sectiof.5). For posédasedmovements,

the path, rotation and pose are defined simultaneously in the blocking stage.
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Figure44: Path and rotation forgrounded pathbased movement
A: path only B: rotation for a rigid character C: rotation for world space rig nodes

Defining thepath and rotation br flight animation(i.e. pathbased airborne movements} the simplest
scenario, asreating and modifyintghe path or rotation of the COM node is the same as animating any
other node The entire character rig follows the COM node due to the hierarchical relationship. Until a
pose change is defined, the entire character acts as a rigid body (envisage plagiid toy) and

animating thepath or rotation is entirely at the command of the animator.

For pathbased grounded movements (e.g. an-geater) the CONhodepath and the IKpaths(and any

world space rig nodes) can all be defined sparsely in the layout stage.

If all world space nodes arsoved as one ankey framed at the same time, the relative trajectories will
all be the same (although they will have different absolute comtiis) and theirrelative positions will
not changg(seeFigure44A). $, as with flight animation, there will be no change of pose asptid is
defined. The plagt toy analogy still holds, bittdoes not apply for rotation.

Rotating a rigid plastic toy has the effect of imparting an orbital motion to any parts that are not on the
axis of rotation. Such rotation, if applied &ogroundedcharacter during the kout stage would also
impart path changes to the feet if the COMbdewas rotated(Figure44B). For a character usingK(i.e.

in flight), this is acceptable because tpath of the feetonly needs to belefinedimplicitly, due to the

rotation of the entire hierarchy.
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If the foot path is defined in world space usinif (i.e. grounded) then the foopath would be
interdeperdent with the COMhoderotation. The combined worldpacepath of the character (i.e. all
of its worldspace nodes) is still independent of the C@bHe rotation and of the pose, but the

individualpathsof the world-space nodes are affected by the C@btie rotation.

For agroundedcharacter, rotating th&€OM nodén the vertical axis withoullowing thefoot positions

to orbit the axis of rotatiorresults in the legs becoming crossed. Rotating each foot in the same axis
does not uncross the legs but nedy makes sure the feet are pointing the same way as the lisely
Figure44C) Defining the rotation of a grounded character necessarily changes the pose, so pose and

COM nodeotation are interdependent.

In posebased movements, thpath, rotation and pose are all defined at the same time in the blocking
out stage (Sectiod.5.3. There is n@pportunity to separate the act of creating thgath or rotation
from that of creating the pose. However, tipath, rotation and pose can be adjusteetrospectively

as the definitions of each all use different DoFs.

Whether airborne or grounded,path-based or poséased,the COMnode path and the COMhode
rotation are defined using different DoFs and can therefore be key framed independently afteach

but for any character with active IK, the pose is affected if

1 any of the Iathsare different to the COMode path (in relative terms)or
1 there is any rotation of th&€OM node.

Thus, for any movement with IK, tipath, rotation and pose can only be edited separately if the edits
are applied to all the world space nodes together. This suggests a further principle for automated COM

rigs.

Automated COMRIgPrinciple #2:

The three poperties of any movement; COMnode path COMnode rotation
and posec canall be treated separatelynly in situations where

all parts of the character move together.

This is implicitvhen using=orward Kinematics, but for Inverse Kinemapeash,
rotation and pose will only be independent if the IK targets move with and orbit the
COM node.
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5.4.2 Pose
9OPSNE GAYS I OKIFNIYOGSNRE LI2asS OKlhg@BraidseaiFe@ionOSy (i NB

3.4.1) also changes and needs to be realigned back to its origthl

The pelvis offset is the movement required to realign tharacter COMo the position of the COM
node, or in other words, it is the vector difference between the world space positiotie E§OM node

and the actual centre of mass of the character in its new pose.

Within the posespace defined by the COM nodbke pelvis is the root node of the character.rigoving
the pelvis by this vector moves the entire character andligracterCOM Therefore, by offsetting the

pelvis, thecharacter COMan be aligned exactly back to the location of the COM node.

Pelvis Offset = COM Node positiocharacter COMposition 1)

Figure45: Action ofan automated COM node in flight requires only a single pelvis offset
Red: pelvis, Green: COM node, Blue: charactem

When the character is in flight the pose can be adjusted independently opé#tle with the pelvis
automatically changing its offset from the COM node to ensure the COM node amtidngcter COM

remain aligned.

Figure 45 shows hovhe process is brokenoavn by showing the pelvis, COM node and character COM
for a character adjusted manually for each step (as are all subsequent images in this chapeer).
animator changes the pose which means & I NJ O (i Schdreéi of maSdinales away from the
COM rode Figured5A); the pelvis node is then automatically offset to realign tharacter COMo the
COM nodeKigure45B).

For a grounded character, the process is slightly more complicA#ten a character is grounded (i.e.
one or more nodes, such as the feet, remain fixed in world space), offsetting the pelvis node now

changes the posbecause one or more limbs remain tied to their world space position.
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Figure46: Action of an automated COM node grounded produces an iterative loop
Red: pelvis, Green: COM node, Bleigaracter COM

This causes a@ependencyloop that manifests itself in the following way: The animator changes the
pose which means theharacter COMnoves away from the COM node as befdrgg(ire46A). Again,
the pelvis node is automatically offset to realign ttiearacter COMo the COM nodeKRigure46B), but

this time moving the pelvis while tifeet and handsemain fixed results in a change of pog&he arms
and legs become stretched trying to reach the IK targéithg change of poseeans thecharacter COM

is no longer aligned witthe COM node agair-{gure46C). The pelvis node needs to be offset a second

time to realign thecharacter COMo the CQ/ node fFigure46D). This causes a change of pose etc. etc.

The dependencyoop is fundamental to anyautomated COM node. Hierarchically, the rig has a
dependencybetween the pose of the character and the pelvis offset (whetheflight or grounded)
because the child nodes of the pelvis have a direct influence over the position of the pelvis. In flight,
this dependency simply results in one offset to be applied, butwdp@unded, it results in an iterative

loop where the pelvis offset converges asymptotically.
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Dumb COM nodes do not have thiependency loopbecause the pelvis offset is not updated
automatically when the pose changes. There is no feedback from thé ¢hdr SN & L2 asS G2

offset because there is no requirement for tiembCOM node taemain aligned tdhe character COM

In Cascadeur (Nekk2019), the COM node is passive throughout the key frame animation process
meaning that the character is not automatically reposed. The animator does not have direct access to
the COM except when using the ballisticd angular momentum tools to pegtroduce the animation.
These tools are designed to only be used in flight and therefore do not require iteration. aflien

a dzZNR 2 O1 Q a & Mudkdack, ®008) fadaiy is only intended for use in flight and so the iterative

solution is not required.

Both the JACKsystem(Phillips & Badlgrl989 and. 2 dzf A OX al & IK sbRtior{B&uid, Mas y' y Q a
& Thalmann199%) are designed purely for balance and use the COM as a constraint in an optimisation
algorithm to derive a likely pose. The optimisation aldpons are iterative and therefore automatically

take into account the iterative nature of thequired solution

In summaryan airborne character will require only a single pelvis offset wheposed to realign the
characterCOMpositionto the COM nodeosition. A grounded character will require multiple iterations

of pelvis offset as each offset will itself cause a change of pose. Therefore, after the animator has set
the pose(usually by dragging a gizmo attached to the selected natie)rig needgo perform Host-

drag(lterations to refine the pose.

This method of operation is an implicit principle in the requirements of an automated COM rig.

Automated COMRIgPrinciple #8:

The pelvis must offset by an amount equal and opposite to the vectofatiénce

between the COM node position and theharacterCOM

Automated COM Rig Principled#

Grounded poses requiran iterative approach as the pose changes

when the pelvis is offset
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5.5 ANIMATOR CONTROL OVER THE PELVIS AND/OR COM NODE

5.5.1 MOVEMENT

Whenusingadumb COM nodgthe pelvisoffset is created manually, whereasitivan automatedCOM
node, the relative position of the pelvis is controlled algorithmically to ensure it is offset by the correct
three-dimensional vector to keep theharacter CONined up with the COM nodeAs such, movement
(translation) of the pelvis nodeamot be accessible to the animatotherwise it would override the
correct offset As such, the COM node must be the main control node for the charadthis is

consistentwith previous examplegPhillips & Badlerl988 Allen & Murdock2008).

Whenin flight, the path of the COM node will be representative of the whole character trajecatong
a parabolic path or otherwise. As previously discussed, the pelvis off$etiloiv the character pose

and thepathto be divorced.

Moving the COM node when grounded will change the pose and will therefore require an iterative
recalculation of thepelvis offsetto ensure that thecharacter COMtays aligned to the COM node. So,

for example, moving the COM node down will cause a standing character to crouch with the knees
moving forward. This will cause a slight shift of tharacter COMorwards and will instigate an equal

and opposite pelvisffset to move the character slightly back.

Moving the COM node like this will cause a change of pose that has not been directly controlled by the
animator. However, in the crouching scenario it is relatively clear that the animator could simply move
the COM nodeslightly forwards or backwards to achieve the jmféset pose suggesting that the pose

would be determinate.

5.5.2 ROTATION IRLIGHT

Figure47: Rotation of the pelvis node for anutomated COM rig in fligh
Red: pelvis, Green: COM node, BlclgaracterCOM

K Pitts  The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Aftbpifeame Animation 139



For apelvisled rig in flight (i.e. using forward kinematics), rotating the pelvis would rotate its child
nodes, effectively rotating the whole character. The effettotating the pelvis with arautomated

COM rigonce a pelvis offset is addésishown inFigure47.

After rotating the pelvis, theharacter COMvill take on a new worlégpace position that is nlmnger
coincident with the COM node (séggure47A). A new pelvis offset will be calculated resulting in the
pelvis remaining the same distance from the COM nodejijusdifferent directiory, effectively orbiting

the COM node (sekigure47B). This results in an effect where rotating the pelvis node in flight has the
same effect a rotating the COM node. (The pelvis trajectory created if the COM node was rotated is

shown as theed dotted line inFigure47.)

While this effect would suggest thabtating eitherpelvis or COM noderas a suitable solution, when
animating and producing key frames for a rotated pelvis it becomes clear that rotating the pelvis is the

wrong choice.

When the pelvis is rotated in flight, a new key frame gets createdhi®irotation value. As the pelvis
now automatically offsets, a key frame is also needed to store the new pelvis position. The positional

key frames effectively form an orbit around tOM node.

10°290° 3180° 4270° 5360° 10°2180° 3360° 10° 2360°

Figure48: Key frames for rotated pelvis for aautomated COM rig in flight
A: 5 key frames B: 3 key frames C:2key frames
Red: pelvis, Greet€OM node

The interpolation between the positional key frames does not produce a circular (orbital) motion by
default. While this makes the animation slightly less realistic with a few key frames, it causes more of a

problem when there are very few keyafnes.

This is shown ifrigure48. Using 5 key frames 90° apdftqure48A) makes a reasonable circulzelvis
trajectory. Making only 3 key frames 180° apafig(ire48B) means the resulting pelvisiotion no
longer orbits theCOM nodébut akternates position across the diameter of the orbit. And worse, making

2 key frames 360° apafigure48Q) Y SI ya GKS LISt gAa R2SayQi. Y20S |y
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The future editability of the pelvis position key frames is also an issue. If it is required to adjust the
animation of the rotation, each of the pelvis position key frames must be either overwritten or deleted

to modify the motion.

In contrast, rotatig the COM node inherently applies an orbital motion to the pelvis as the pelvis

inherits its motion from the COM node

5.5.3 ROTATION WHEGROUNDED

When a character without a COM node is grounded, the animator is often required to rotate the pelvis
node to posehe character correctly (e.g. during bending over, the pelvis node would be rotated forward
to position the entire upper body). When grounded, such a movement prodaic&grative loop of

pelvis offsetgFigure46) due to the change of pose.

T AT ‘

P
o>

‘A-Rotating the pelvis—

| [

B: annfing the COM node !

Figure49: Rotating the COMode or pelvis when grounded
Red: pelvis, Green: COM node, BlclgaracterCOM
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In the scenario when the character bends over, rotating the pelvis seems more intuitive as the main goal
is to change the posérigure49A). However, if the character twists while crouching, it seems more
intuitive to rotate the COM node as the pelvis should orbit 8®M nodeg(in a horizontal plane) to
maintain balance.Rotaing the COM nodewnhen grounded has the same advantage as in flight where

positional key frameare not needed for the pelvis node.

In the cases where the animator wishes to rotate the pelvis to cause the character to bend over, the
same effect is achievday rotating eithempelvis Figure49A) or COM nodeRjgure49B). Whenrotating
the pelvis, the character adopts a new pose with a single DoF change (pelvis rotated 90°). The result of

refining the pose through the required iterations settles on a specific pased on that DoF change.

When the COM node is rotate#ifure49B), the pelvis orbits th€ OM nodeand so comes to a different
intermediate pose. However, as the pelvis position is subsequently changed again by the iterations, the
only DoF that effects the final pose is the pelvis rotation. As the DoF value is the same, the final pose is

the same.

As with airborne rotation, the end pose is the same andigisees around having to key frame the pelvis
position (i.e. the pelvis offset) when rotating the pelvis seeRigure48 still apply, so rotating th€OM

nodeis stillthe preferred method.

For both movement and rotation, therefore, the COM node must be the m@ontrol node for the

character, and the pelvis must be controlled algorithmically.

Automated COMRIigPrinciple #5:

The COM node must be the main contnobde for the character and the pelvis

offset must be controlled algorithmically.

5.6 VERTICAL COM ADJUSTMENTS

It can be seen ifrigure46 that for a character bending over, émet result of iteratively realigning the

COM node to the character COMa T2 NJ 4 KS OKI NI O SNna FSSG G2 AT
the action of bending over lowers ttolaracter COM The character then gets raised up when the pelvis

offsets upwards to align theharacter COMback to the COM nodeThis is also something th8adler

et al.recognised with thadACkKsystem (Philips1991).

RS OK GAYS GKS FAIdNB Y208as GKS OSyusSNI 2F YI

location updated g that the center of mass remains at the same global location.
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This approach works, but it does not give good control over the elevation of the center of
mass, since the center of mass is effectively constrained to a constant elevation as well as
locationin the horizontal plane. The figure appears to dangle as if suspended from its waist
with its feet reaching out for the floor. This is particularly true during an operation in which
the center of mass normally goes down, such as bending over. In ordéefbalance
behavior to function naturally, the elevation of the center of mass must be allowed to float
up and down as requiceXQIACK | a S NXP&IllipB 1R

Ly K YaSNRa DAZARSQ 6t KAffALA mddpmUOirEd by &ier / h a
movements (e.g. the spine bending) but maintained its horizontal world space position. While the COM
constrainedhe position of the character, the pelvis was used to control the body orientatt@n.a real

actor bending over, thé O (i 20MMould lower, so changing the height of theomated COMnode

would allow the character to maintain contact with the ground during posing.

5.6.1 HEIGHT oF THEOMNODE FOR GROUNDEQHARACTER

The height of theeharacter COMs fully defined by the gse. However, changing the pose will change
the position of thecharacter CONn all three dimensions. While it is desirable for the vertical position
of the COM nod¢o be allowed to rise and fab match the height of the character COMe COM node
position in the horizontal axes must be maintained to ensure the character remains balahcéuds

way, the COM node is effectively passive in the vertical direction but acts as a horizontal constraint.

Pose change Pelvis Offset Vertical COM
X Adjustment

Figure50: Pelvis remains level after Vertical COM Adjustment
Red: pelvis, Green: COM node, BlelgaracterCOM
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The pelvis offset is the vector difference between the COM node andhheacter COMSection3.5),
the vertical component of which is the height difference betwdlha COM nodeand thecharacter
COM

This means that if the COM node is allowed to rise and fall to match the height ciéinaecter COWit

will move by the same amount as the vertical component of the pelvis offset, metrengelvis will
remain at he same level. This can be seeffrigure50. In this example, theorsois rotated forward.
This means theharacter COMblue) changes positioriThe pelvis offset then raises the pelvis (red) and
moves it backward to align theharacterCOM back to the COM nodé&he height of the COM node

(green) is loweredo the same height it waprior to the pose change.

This is to b expected. For a character without a COM node, the pelvis would remain at the same height
unless moved by the animator and tiebaracter COMs inferred by the pose. The pelvis offset moves
the pelvis horizontally to realign the horizontal position bEtCOM node to maintain balance which
would be achieved on pelvisled righby manually moving the pelvis horizontally. An animator would

also be likely to adjust the pelvis height to make the pose seem more natural.

The animator needs control of the COMde to manipulate theharacter (Sectiob.5), so inorder for
the algorithm to change the height of the COM node to suit the pose, it needs to make an additional
adjustment to the vertical component of the COM node positidhe amount that the COM node rises

or falls ishereonreferred to as Vertical COM AdjustmeiMCA).

\

Q.
)

Figure51: Options for VCA height adjustment
A No VCA B: Keeping pelvis level C Keeping feet grounded D: Natural pose
Red: pelvis, Green: COM node, BlclgaracterCOM
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While the simplest interpretation of a VCA is matching the COM node height to the height of the
character COMit is not the only possiliy. Provided the end result is that the COM node and the
characterCOM are coincident, adjusting the CQidde height by different amounts may produce

benefits such as more natural poses.

Figure51Ashows a pose created with no Vertical COM Adjustment. The COM node remains at the same
KSAIKG YR GKS OKINI}IOGSNDA TSSO fAFG 2FF GKS INE
y2i NBLINBaSyid GKS I yAYl (sithion forhay dirSoyhé characterkhetedo A i A &
pose optimisation is required, in this example the feet still have an IK target active on the ground. The

legs try to reach the target resulting in a straightening of the knee and a slight pointing of $heToes

change of pose changes the centre of mass (albeit slightly) and results in an iterative loop to refine the

pose to its final solution.

In this scenario it is obviously quite feasible for the animator to adjust the height of the COM node
manually b make the completed pose. This has an advantage of giving full artistic control to the

animator.

Figure51B shows the simplest example where the pelsdmains level (as shown Figure50). In this

pose, the simple VCA model does not fully lower the character to the ground. After iterating to achieve
the final posethe horizontal movement of the pelvis means the legs are again stretched, this time only
slightly, meaning the heels float unnaturally above the ground while the toes touch. Further refinement

of the pose is required by the animator by again moving@i@M node manually.

While it might seem like this leg stretching is problematic, it is a common enough event when animating
with IK. In the scenario where an animator is animating a walk cycle, the animator will move the
character forward which often overgtches the legs, and then have to lower the character slightly to

bring the legs back tomormal posegas seen iishley, 2018or exampl8.

Thepose resulting from allowing the COM to float up and ddwrthe JACKnodel (Phillips & Badler
1988 is not clearly defined.As foot planting was one of the optimisation constraints available in the
JACK systenit would be expected thathe character wouldform an equilibrium ensuring the pose
remains natural and the feet remain planted as positiongdte user. In Figure51C the COM node
has been lowered slightly more to allow both feet to be fully grounded as they were at thelSgute
51.0).

Where the JACK system allowed foot constraints, and the user is able to choose to constrain a foot or
not, using foot constraints is not part of thek frame animation workflow. The closest equivalent is

the use of Inverse Kinematics (IK) where the tapgtitiongoal for the foot islefined by the animator.
However, the relationship between the foot itself and the target is not constrain&d doso would

require additional controls in the underlying rig which could adversely affect the genericity of the rig
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(Sectiorb.1) and is beyond the scope of this resga A foot under IK control can be fully grounded, on

tiptoe or even unable to reach the target. If the VCA was to aim to place the foot flat on the IK target,
GKA& ¢2dzZ R 6S YIF{1AYy3 | &a&dzY hid soBly réquite addlidadal g | y A YI
0KS OKI NI Tis BoNraquite Sd@diication of the underlying rig and therfore falls outside the

remit of this research

While Philips and Badler did not go so fiire fourth option ofadopting a totally natural pose as in
Figure51D may also be possible but would require the optimisation to include strength data on the
charactermodet YR ¢2dzf R &adGAtf YIS laadzYLlianzya | o2dzi GKS

Both solutions would add complexity to trutomated COMrig algorithm and might put additional
requirements on the animator for example by requiring the animator to identify constraintsetdinal
solution. The necessary mathematics for either of these scenarios has been explored in the field of

motion synthesis and results in highly nlmear optimisation problems (Secti@?).

For these reasonshe Vertical COM Adjustments (VCAS) in this research useptien of keeping the
pelvis height level. Adding more criteria to potentially produce more natural poses would add

unnecessary complexity but could form the basis of future research

Automated COM Rig Principles#

For grounded posesjertical adjustmens must be made to the COM node tmatch

the height of the COM node to the height of the true centre of mass.

In this research, where the underlying rig must remain unmodified, these Vertical

COM Adjustments (VCASs) have the effect of keeping the pelvis level.
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5.7 CHAPTER SUMMARY

This chapter has established the operational expectationsa@aomated COM rigfor grounded and
airborne dynamic animations withithe operational context irsectiond.5. This resulted irsixgeneral

principles for automated COM rigs.

1 | The COM node and any other wodgace nodes such as IK targets must operate in the s
coordinate space. Thepelvisfain 60 & | aa20Al GA2Yy > GKS G2N&
AL 0SQ> BKAOK Aa RGetop3)R 08 GKS / ha y2RS

2 | The three properties of any movemeqtCOMnodetrajectory, CONMnhoderotation and pose;
can all be treated separately only in situations where all parts of the character move toge|
(Sections.4.])

3 | The pelvis must offset by an amount equal and opposite to the vector difference betwee
COM node position and the charac&OM position (Sectiorb.4.2

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

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

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

Table8: Thesix principlesof automated COMrigs

This chapter s shown thathe three properties of any movemenCOMtrajectory, COMrotation and
posec can in principle,all be treated separately However, in practical terms, this only works if the
entire character moves as one. This is implicit for airborne movement where the entire rig is FK, but for

grounded movementsequires all the world space nodes to be moved and rotated as one.

It hasvalidated the use oA COM nodgdumb or automatedps parent to the pelvis (or other existing
root node) and the requirement for other world space nodes in the rig such as IK targets to remain
independent of the COM nodeThe COM node and other worltpace nodes should all operate in the

same coordinates space.

All world space character movement and all character rotation should be achieved by moving and
rotating the COM node. The animator should not need access to the pelvis wihitsh should be
controlled algorithmically,and will use the COM node ats direct replacement. For grounded
movements, moving the COMode will create a dependency loop, each COidde movement

producing a change of pose, and require an iterative approach to achieve thpdsl

As with theJACK system, the COM node should be allowed to rise and fall during grounded movements

(Philips, 1991) These Vertical COM Adjustments (VCAS) result in the pelvis remaining level when the
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character pose is changed. The VCA is not just a cosmetic requirement as keef@Mheodeat a

fixed height would €d an extra constraint to the rig meaning poseation would be less intuitive.

As well as these general principles it was established that, within this res¢eckcope of influence

of the automated COM node shouldeave the underlying rig unchanged This is to preserve the
genericity of the undeyling rig, thus ensuring that any issues that arise from the use of the automated
COM rig in certain scenarios can be directly compared using the underlying rig on its own as a baseline

control.

The basic principles of automated COM rigs derived in thigtehéorm the suggestion phase in the DSR

cycle. Based on these principles, the first prototype artefact (automated COM rig) can be created.
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6 TENTATIVE DESIGN AN AUTOMATED COM RIG

8D packages provide a number of ways to create joints for your huchaigoiThese

range from readymade biped skeletons that you can scale to fit your mesh, right

through to tools for individual bone creation and parenting to create your own bone

structureQ 9 EGNI Ol FTNRBY !'yAde ' yAYFGA28) 520dzySy il GA

6.1 RIG STRUCTURE

Figure52: Pepe rigged with a CATRig

T2 StAYAYLFGS dalyeée oAlba AYyGNRRddzOSR o6& GKS aiAatt f
(Section2.2.1), and to ensure the preservation of the genericity of the underlying rig (Sebtihnthe
prototypesg SNB o6+ aSR 2y GKS /! ¢ @hisdvasiajsasedgridrdoRie Starkbé o Ra ¢

this research as postanimation proof of conceptAppendix .

/1T ¢wA3d O6LI NI 2F oR& al E Wbich foffns & badisSoNdhigroyotypglisiah 2y ¢ 2
relatively simple rig with FK/IK switching on the limbs. It is a modular system that can be incorporated

into characters or creatures of any shape. The Character Animation Toolkit (CAT) of which CATRIg is a
part includes a layer managesrfanimation layers (with both world and local adjustment layers) as well

as many other features not required for this research such as a procedural walk generator.
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The CATRIigwas applied to a character called Pepe that was first usedhm 3ds Maxtutorial,
WiotionBuilder Interoperabilitg{Autodesk, 2030 ® ¢KS 2NRAIAYIE tSLIS 61 &
system (now a legacy character rig) but wasigged using CATRIg for this research. (The Biped 8g use
a bespoke animation system natlaptable b use with an automated COM nodleThe Pepe model was

set to 150cm high for this research.

It was important that any physical accuracy in the animations comes from the rigzandot extracted
unconscioushfrom the physical reference. To this end, actter with unrealistic proportions/ias
used to ensure that the character posdil not exactly resemble the poses on the video reference.

Pepe Figure52) waschosen as he is slender with big head, feet and hands whiethim a significantly

different mass distribution to a conventional human character. (The slender build is also easier to skin

when applying a new rig). Pepe also has no complex materialegnites no texture maps so is more

portable.

CATRIg in its original form does not include a COM sodihe pelvisvas linkedto a 3ds Max point
helper (same aparenting toa locator in Maya) to extend thEATRigo operate as a dumb COM rig.
This waghen extended further using MAXScript to automate the pelvis offset resulting in an automated
COM rig. The main purpose of thedingis to align thecharacter COMo the COM node by offsetting

the pelvisand to provide Vertical COM AdjustmerfisCAs)

6.2 CA.CULATIONIETHODS

6.2.1 CENTRE AWASS

Mathematically, the centre of massf an object can bealculated by integration, where the body is
divided into infinitesimally small equal elements whose positions are averagediscussed in Section
3.4.1 it Is helpful to considean objectbeing made from equadized cubic blocks or voxelBecause
eachvoxelis the same, e positions of eaclvoxelcanbe averaged to get the centre of mas$his
objectis only an approximation to the shape of a real object due to the size afakels Reducing the
size of thevoxelsincreasa the accuracy of thealculationand reducing them until there is an infirt
number of infinitesimalvoxels provides a perfectly accurate solutionThe mathematical formula
derived from integrating an object provides an algebraic definition of the centre of nategrdtionto
create a formulais only possible for mathematidpl defined shapes. Complex shapes such as an

animated charactewould have to be calculated numerically using small but not infinitesimal cubes

It isvalid to calculate the COM of any CG object or chardngeroxelising it However, this process is
processorhungry and not practical for deforming objeets thecharactewould need to be revoxelised

every time it deformed
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Another more efficient method of calculating the volume and volumetric properties of an object is to

’

make tetrahedrons fromthedf @ 32y a GKI G RSTAYS (KS 202S0i0Qa adzN.

Figure53: Tetrahedrons method of calculating COM
(Green: positive volume, Red: negative volume)

Tetrahedrons (tets) are generated between a single arbitrary point and each of the triangles that make

dzL) 6 KS 202S00Qa YSaKo 9K OK GSG Aa I RAFFSNByld a
tet volumes. The volume and vector locatioio S| OK GSGQa / ha A dog@Hef Odzt | (S
Where the outward facing triangle of the mesh faces inwards on the tet, the volurradslated as

negative. In this way if the arbitrary point is outside the mesh, the volumes of the tets wieidutside

of the object are cancelled ouFigure5s3).
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Tetrahedron Parallelpiped

B B
Tetrahedron volume = é(Parallclpipcd volume)

Figure54: Volume of a Tetrahedron
(Chegg, 2015)

The volume of an irreguldetrahedron can be calculated using the three defining vector edges, A, B, C,

where the volumeV,is 1/6the volume of the parallelepiped created by the sa8wectors Figure54).

V=Ys(AXB).C 1)

w»
Q¢
R
Q
0)¢

The calculation method is based on the three verticgsiyw> T2 NJ 2yS 2F (KS Y

arbitrary point. If the origin is chosen as the arbitrary point, equation 1 becomes:
V=6 (Vox W) . \b (2)

¢tKS @OSNIAOSa GKFG RSTAYS SIFOK GNARIFy3IES FNBE | O0S3
according to the rightand rule, meaning that the volume is calculated negative when the normal points
inside the tetrahedron and positive whenpbints out of the tetrahedron. The total volume of the

mesh is therefore given by the sum of the individual volumes.
Vmesh=M+V+Vsb Xn b = (3)
The centre of volume (aka centroid), C, of the tetrahedron is the average of eachpfditien points.

C=(0+ovvi+\)/4 4

Where O represents the origin
The weighted sum of all the tetrahedron centres gives the global centroid for the mesh.
Gnesh= (GVl + G2+ Gvsb X nVrBJ/ Vihesh (5)

A MAXScript for performing th@alculation Autodesk 2017a) can be found in Appendix Al
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In all the previous example®lfillips & Badlerl988 Boulic, Mas& Thalmann, 1996Nekki, 2019)the

COM positionis calculated from metadata attached to each bone in th€sagFigure26 on page7?).

In this way, the calculation is faster (as there are many fewer bones in the character than polygons in

the character mesh), and it enables a predefined mass tadesl that can take into account density
variationsrather than just using volum The metadata is based on the relevant lisdztionof the

character rather than the bone geometry itself. It includes the relative coordinates of the location of

the limbsectioQad / ha ONBtFGAGS G2 GKS 02y S®cionlIh @20 LIR2AYI

The metadatacould bebased on biomechanical datasetsgenerated as follows. Each jointedction
of the character meslis detached turned into a closed volume anikasits own volume and COM
calculated (relative to the pivot point of the bone)hig would be added to the bone as metadata which

could be summedusing world space coordinatesf run-time.

While the metadata method is a simple solution and should require minimum processor overhead, it
requires the addition of metadata to each ofetlobjects in the rig and subsequent handling making the
script potentially more complicatedAdditionally, as stated in Secti@nl, the underlying rig should not

be part of the development cycle to ensure the genericity of the rig is not directly affected by the design

process.

The calculation ofmetadata fromthe volume properties of eadimb sectioncan be achieved using the
tetrahedron method fromKigure53). The centre of mass script could equally be applied to the entire
character mesh which would result in a simpler rig set up. (Thetseould also be slightly simpler as
the function to return the COM position would be eot-the-box.) For this reasorand despite the

precedent from previous projectsherigs used in this researalalculate the COM for the entire mesh.

With the Pepecharacter, consisting of 24,000 trigjsmethodwas quite slowvhen coded in MAXScript
but not prohibitively so, allowing live frame rates in the viewport ol frames per second.
Significantly faster calculation would be expected if the COM scrdst written in C++ or used GPU

processing.

6.2.2 PELVISOFFSET

Automated COM Rig Principle #3e€tion5.4.2 states pelvis offset is the vector difference between
the world space positions of the COM node and the actual centre of mass of the character in its new
pose. The pelvis offset vector is a direct measure of the amount the pelvis needs to be moved to realign
the character COMo the COM node position. In MAXScriptpves happen by default in world space
and are relative to the current position, so no further calculation is necessary, and the pelvis is simply

moved by the amount specified in the vector.

K Pitts  The Use of Automated Centre of Mass Nodes for Dynamic Grounded and Aftbpifeame Animation 153



For a grounded character (i.e. with IK active), moving theipehuses a change of pose resulting in an

iterative solution Automated COM Rig Principle #ection5.4.2). After the animator has posed the
character ¥ dzNJi K SRNWIYWALG? 3AG0 SNI G A 2y a | NBThaliBpjedzénhaloR of thig onNB F A y &
the initial prototype involvedrepeating the pelvis offset for eadteration resulting in successively

smaller pelvis offsetas the pose optimisedThe pose s considered optimal when threodulusof the

pelvis offset vector was smaller than a threshold val(Rost drag iterations were executed by pressing

a button on the initial prototype, but this was automated on subsequent versions.)

The threshold valugvas determined on the basis of beismall enough that no visual differenceuld

be determined between successive pose changes. For a full shot of a character such as Pepe at 150cm
high, using full HD resolution (1920x1080) results in each pixel beingxapg@tely 1.5mm. To allow

for closer shots and potential ndimearities in the final poses, a thresholdlue of 0.1mm was used.

Poses converged well using this methpish most casesakingless than 5 iterations

The JACKsystem(Phillips & Badler1l988 and. 2 dzf A O al & IK goRitiod(BoOuli€, Masy&y Q &
Thalmann, 1996) both used a gradient descent optimisation to find the optimal pa$ée improved
optimisation methods could potentially improve the convergence, the speed of optimisatisrfaga

enough to allow the rig to be developeshd evaluated

Using the pelvis offset also meansthatpBsNI 3 A GSNI GA2ya R2 y20 ySSR G2
movements When airborne, the offset does not cause a pose change and is therefeagalbptimal.

Once the offset has occurred, repeating the pelvis offset calculatisulted in a valuef zera

6.2.3 VERTICACOMADJUSTMENTS

Automated COM Rig Principle ¢&ectionb.6.1) statesthat the Vertical COM Adjustment for a grounded
character is equal to the height difference between the COM node andhheacter CONh their new
pose. This is also equal and opposite to the vertical component of the pelvis offset meaning that the

pelvis will remain at the original height after the offset and VCA have been applied.

Simply lkeeping the pelvis offset constrained to the same horizontal plégarodifying the pelvis offset
vector to have a zero in the vertical direction and retaining talei@s of the two horizontal components
is not a suitable method faensuring the pelvis remagrievel. Asthe COM node is parent to the pelvis
in the rig hierarchy, the pelvis inherits any vertical motion of @@M nodeand would move with it
when the \CA is executed Turning off inheritance from the COMde to the pelvis in the vertical
directionis not an option as the COM node is the main control for the rig andwioigld prevent the
animator from creating any vertical movemerithe vertical compent of the pelvis offset and the VCA

are both required to allow the COM node to move and to cancel out any vertical motion of the pelvis.

This means the VCA can be acquired either by
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1. COM Height measuring the vertical distance between the COM nodethedharacterCOM
2. Vertical Component using the vertical component of the pelvis offset vector
3. Relevelling Pelviscomparing the height difference of the pelvis before and after being offset

and moving the COM node vertically by that difference

U  VERTICACOMPONENMETHOD

After any pose change, the character C@M have a newposition. As seen in Sectidn4.2, the
difference between the positions aharacter COM and the COM node is the offset required of the
pelvis. This height difference is also required for the VCA and can be taken directly from the vertical

component of the pelvis offset vector.

VCA= ¢ (Pelvis Offset vertical component) 1)

U COMHEIGHMETHOD

This of course can also be calculated independently.

VCA=CharacteiCOM Height COM Node Height 2

U RELEVELLIN&ELVISMETHOD
This can be implemented by storing the world space pelvis height after the previous movement and

comparing it to theresulting world space pelvis height from the pelvis offset.

Pelvis Height ChangePrevious pelvis heighiNew pelvis height (3a)
VCA = Pelvis Height Chang (3b)

In the vertical component and COM height methods, the VCA is calculated relative to thex@ioM
position, but when relevelling the pelvis, the VCA is absolute. @@ nodemovement from the
animator would be ignored as the goal would be to level thevigdback to its previous position. This

would have the effect of preventing the animator making vertical movements.

To accommodate user movements of the COM node, any change in COM node height caused by the

animator moving the COM node was also measuned subtracted from the change in pelvis height.

This was calculated in the same way by comparing before and after COM node heights.

UserCOM NoddéHeight Change Previous COM Node heighiiew COM Node heigh{3c)
VCA = Pelvis Height Chargdser COMNode Height Change (3d)

Comparing heights before and after appears quite clumsy and might suggest that the relevelling pelvis

method is less suitable, but in Secti6r2.4it can be seen to have a clear advantage.
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U CALCULATIOORDER

Figure55: Vertical COM Adjustment with Pelvis Rotation \8OM NodeRotation
A: pelvis offset then VCA B:VCA then pelvis offset
Red: pelvis, Green: COM node, BlelgaracterCOM

Figure55A andFigure55B compae the difference between doing the pelvis offset first and then the
VCA offset againstoing the VCA first and then the pelvis. The leftmost two poses are identical, showing
the initial and adjusted pose and despite the different intermediate pose,itta pose is also identical.
(The intermediate pose need never be visible as both calculations are completed before the viewport

redraw.)

The order in which the pelvis offset and the VCA are executed does not matter as far as the final pose is
concerned however it does affect which options are available for the WCle calculated. If the VCA
iscalculatedafter the pelvis offset, theharactertCOM has already been aligned to the COM node during

the pelvis offset, so the vector difference between thesizero (or close to zero as there are still post
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drag iterations to complete)lf the VCA is executed first, the relevelling pelvis option cannot be used as

the pelvis has not been offset at this point.

Whichever method is being used, therelig2 G Sy G At O2y Ft A0G o
manipulate the COM node and the VCA.

w
c
Q
(s
w
<
c
A
TN

6.2.4 VCACALCULATION ANDFFERENISERMOVEMENTYPES

U COMNODEMOVEMENT

\ #

b 4

Figure56: Effect of VCA on COM notheight changedy the animator
A: original pose B: offset VCAlisabled  C offset VCAactive
AsVCAsct directly on the COM node, this potentially puts them at conflict with the animator who also

needs to move the COM node.

Figure56 shows the effect of the user moving the COM node down 20éfithout VCAsthe COM node
moves 20cm and the pelvis offset moves the pelwither down by around 6cm. With VCAthe same
20cmmove of the COM node results in a VCA of 4omelevel the pelvianeaning the COM node
effectively only moves 16cm. (The pelvis offset witenoffset VCAs disabled is 6cm and yet only 4cm
whenthe offset VCAs activedue to differences in the restifig poses
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With the VCAactive, when the animator moves the COM node down 20cm, the pelvis moves down
20cm and the COM node only 16cm. WHhke offset VCAs disabled, the COM node moves by the

exact amount the animator requested but the pelvis moves26¢

Enabling the offset VCA has the effect of ensuring the pelvis position remains at the height specified,
although in practice, the animator specifies the whole pose visually and interactively, so the same pelvis

height can be achieved just as easily gséither method.

On the initial prototype, both were tried, but having the offset VCA active while moving the COM node

was unnerving as the posirag iterations would appear to be undoing the pose, sotbe initial

prototype offset VCAs were disabled whehe user dragged the move gizmo to ensure that the
FYAYEFG2NRa AydSyd ¢l a K2y 2 dzNRBH offset VQkemaihed didatiledl 2y S O €
during the postdrag iterations to prevent the VCA modifying the C@ddle height once the animator

completed the pose. This was achieved using a siffgentVCAOffséiag that was set while the user

dragged the gizmo and persisted until the pdsag iterations were complete.

U COMNODEROTATION

Offset VCA

Rotation VCA

Figure57: Vertical COM Adjustment3/CA3 for pelvis offset andCOMnode rotation
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Additionally, vihen the COM node is rotated, the pelvis needs relevelling due to the orbital motion of
the pelvis around theCOM node This leads to theequirement for there to be two Vertical COM

Adjustments; a VCA due to the pelvis offset, and a VCA due ©@é nodeaotation.

Figure57 shows the character beforend after the COM node has been rotated. The rotation of the
COM node causes a change of height of the pelvis shown in blue. The change of pose of the character
causes a pelvis offset with a vertical component shown in orange. The COM node needsaerbd lo

using a VCA for the COM node rotation and another VCA for the pelvis offset (referredotatam

VCAand offset VCAespectively).

While the user isotating the COM noddive (by dragging the rotate gizmd)oth VCAsare required,
but for other rig movementgi.e. not rotating the COM nodebnlythe offset VCAs needed. During
postdrag iterations, the COM nodR 2 S &ofafe @ny further saotation VCAs againnot required.

Rotation VCA

Figure58: Calculation othe rotation VCAIn one rotation axis

In this situation, the relevelling pelvis method has the advantage that it doeseqgatre any distinction
between the offset VCA and the rotation VCA as the operation could be completed in on@edirst
prototype used this methodThe relevelling &s implemented on every step while dragging and in every

post-drag iteration. There are other calculation methods for the rotation VCA.
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The rotation VCA&anbe calculated using the distance between the COM node and the pelvis in the rest

position as a rierenced CKAA LISt A& NBTSNByrée8 RA&AGIYyOS A& RS

Rotation VCA p (1¢ sing) @)

Wheregis the angle of rotatio
With two rotationsin 2 axesthe formula becomes

Rotation VCA p (1¢ sin gk sin g) (5)

Where x and y are the horizontal axes (as is the case in 3ds Max)

In both caseghe sine ternrepresents the vertical component tife movement of the pelvis as it orbits
the COM nodédpre-offset). However, an easier approach to find the vertical component of the original

is to use a vector dot product.

When wsing the vector dot product methqé pelvis reference node was also parented to the COM node
to give a persistenteferenceof the position of thepre-offset pelvis. The pelvis reference nodes
used as a vector representation of the rotation of the COM node. The dot product of this pelvis

reference vector and a unit vector in the vertical direction also gives the same Vedioponent
w2aldAaz2y /1 T tStoxaMp wSTSNBYyOS +SO0@BNI w wnsz

Once the pelvis reference node was in place, the final VCA calculation was superceded by simply
measuring the vertical difference in world space between the offset pelvis and the pelvis reference
node and the COM node using equations (7a) & (7b) belows delvis reference node method is a

completely literal interpretation oFigure57.

Offset VCA = Pelvis Reference NogiPelvis z (7a)
Rotation VCA Belvis Referece Dist; (Pelvis Reference Node £OM Node z) (7b)

The different calculation methods were all tried but had no impact on the functionality of the rig.

U  IMPLEMENTATION

The wayVCAswere implementedon the first prototypedepended on which degree of freedom (DoF)
in the rig was changed. The three movempraperties COMtrajectory, COMrotation and pose) relate

to different DoFJCOM nodemovement, COM noderotation, and any other DoF changahd each
required different Vertical COM Adjustments.This strategy however was superseded in the second

prototype (see conclusions on suspending pdsag iterations in Section.3).

Table 9 (below) shows the logic thatvas employed for the pehd offset and the Vertical COM

Adjustments depending on how the pose changes are crefmethe first prototype.
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When Grounded

Pose
When the joints (bones) in the rig are-pesed

1. Pelvis offset calculated

2. Vertical COM adjustment for the vertical
component of the pelvis offset vector

3. Offset pelvis

Rotation
When theCOM nodes rotated

1. Pelvis offset calculated

2. One vertical COM adjustment for inherite]
movement fromCOM nodeotation

3. A second vertical COM adjustment for th
verticalcomponent of the pelvis offset

4. Offset pelvis

Path
Whenthe COM nodés moved

1. Pelvis offset calculated
(No vertical COM adjustment)
2. Offset pelvis

When Airborne

Pose 1. Pelvis offset calculated
2. Offset pelvis

Rotation Entire character rotated no change of pose
and no pelvis offset required

Path Entire character moved no change of pose

and no pelvis offset required

Table9: Pelvis offset and vertical COM adjustment lodac first prototype
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6.3 REALTIME VIEWPORIPDATE

Figure59: Update problem when dragging the gizmo
A: Original pose before dragging

B:Pose while dragging the gizmo (no pelvis oftaeVCA
C:Pose once dragging stoppedlith pelvis offs¢ andVCA
D:Overlay oB& C

Ideally the functionality of the scripivould allow the viewport to be updated in rediime so that the
animator can see the correct pose as they animate. This means the oémtigsss must be recalculated

whenever there is a change to the character rig.

The first two attempts at the prototype (using a 3ds Max change handler and the node event callback
system respectively) did not provide rdahe updates and were only activatewhen the user

interaction ceasedFigures9).
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Each object in the scene is manipulated by dragging part of a move or rotate gizmo which appears when

an objectis seldc S R @ C2NJ SEFYLX SZ +y 2062800 A& NRGFGSR Ay
gizmo. Although the character pose will update while a gizmo is being dragged, the change handler and

node event callback systems do not get activated whiletBededa S A& Y2 @Ay 3 @ ¢tKAA YS
pose updates in the usual way (ivithout a COM nodeas the animator drag$igure59B) and when

they stopRNJ} 33Ay3 6S@Sy AF (GKS Y2dzaS odzid2y NBYlFAya
automatically according to the pelvis offs&igure59C). Continuing a drag aftergping results in the
charactergoing back to the preoffset pose for continued adjustment and then-offsets when the

dragging stops again. The effect of this is that indecisive dragging when posing the character results in

the character flipping betwaethe preoffset and the offset pose$-{gure59D).

This problem was initially solved by only calculating the pelvis offset when the mouse button was
released. This med the viewport update was not truly live; instead, the pose adjusted without any

offset for the duration of the drag and made the pelvis offset when the mouse was released.

The thirdattempt used a scripted animation controller to offset the pelvis wtdith update live in the
viewport. The script controller would not function correctly with the dependeloop for grounded
charactersdiscussed irfBection5.4.2 Soinstead of feeding the script controller output directly to the
pelvis position it was fed to a dummy node and the pelvis was offset indirectly using a move function

within the script. This became the first prototyp@SR tentative design)

The first pototype required a button press to perform pedtag iterations, but an animator cannot be
expected to click a button every time the viewport updates, so fap iterations had to be

automated.

In the second and subsequeptototype versions the scrpt controller was still used for live viewport
update of the pelvis offsehut the node event callback system (activated only on meugecalled post

drag iterations automatically which continued until the pelvis offsets were below the offset threshold
value (meaning there is no requirement for the animator to press a butt@onvergence was typically

in 35 iterations, typically taking less than a second. This was adequatevfefopment and evaluation
purposes, but faster calculation and optimisatiavould be preferred. Convergence was always
achieved throughout this research suggesting that the nonlinearity problems associated with motion

synthesis methods (Sectidh?2) do not apply.
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6.4 CHAPTER SUMMARY

This chapter descriliethe practical setup of thdnitial prototype (DSR tentative design) of the

automatedCOM rig, including the calculation and viewport update methods.

The initial prototype rig and subsequeBR developmeiiterations were based on the 3ds Max CATRIg
which is applied to the Pepe atacter. The centre of mass was calculated directly from the character
mesh using the tetrahedron method. The pelvis offset was calculated as the vector difference between

the COM node and the actual centre of mass of the character.

Some areas of theig implementation required exploration and produced the following knowledge

contributions.

Postdrag iterations for grounded movements (to accommodate for the change of pose when the pelvis
is offset) simply reapplied the pelvis offset iteratively unté thodulus of thgelvisoffsetwasless than

a threshold value More advanced optimisation methods such as the gradient descent method as used
in previous researchPillips & Badlerl988 Boulic, Mas & Thalmann, 1996) were not required in this
applicatbn with convergencgypicallyoccurring inb iterations (i.eless than a second For commercial

use, this speed would need to be improved. Convergence was achieved in every case throughout this

research which suggests that a more complex optimisatlgarghm is not required.

The order of execution of VCA and pelvis offgas showmot to matter conceptually but requires that

the calculation of the VCA and pelvis offset are both precalculated prior to the pose adjustment.

There are two types of Vertit COM Adjustment (VCA) requiredne which directly controls the COM
node height for any pose change, based on the pelvis offset (Offset VCA) and one to couhighhy

changes due to therbital motion of the pelvis around the COM node when it ismtetl (Rotation VCA).

This initial implementation of VCAs was based on the movement property so that a rotation VCA was
only applied when the COM node was rotated, and offset VCA was suspended when the animator moved

the COM node directly to provide a marguitive animation experience.

An operationabutomatedCOM rig needs to be tested for functionality to ensuredgability if it is to
be of practical use. As part of the DSR cycle, functional testing should itself produce contributions to

knowledge.
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¢ DSR DEVELOPMBRHASE

Within the development process, functional and operational considerations were tested leading to new
knowledge in circumscription loops that fed back into the next development iteration. These chapters
focus on the specific outcomes rather than the chrlwwical prototype development sequence (which

is described in Appendix C).

Chapter7 describes the circumscription knowledge resulting from 5 djgeftinctional tests used on the

automated COM rig prototypes from different development iterations in the DSR cycle.

Chapter8 describes the circustription knowledge resulting from two DSR development iterations

around the practical implications of VCAs on the production of animations.

Developments that did not relate directly to conceptual issues (e.g. platform specific issues such as
limitations d the implementation of MAXScript inside 3ds Max), were not be considered as part of the
circumscription loop. It was necessary to fix such issues to allow the prototype to function but the
knowledge they generate does not contribute to the ultimate engrgdesign theory. These are also

described in Appendix C.
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7/ FUNCTIONAL PROTOTOERKELOPMENT

Rig Wrecking, more commonly known as rig testing, is the process of testing your
character rigs to make sure they can do everything you need them t8odeetimes

known as stress testing, this process involves testing out all the controls to make sure
everything works as it shaliQExtractfrom Escape Studios Animation Biilliams,

2020)

As the underlying rig is not subject to direct investigat{®ection5.1), this chapter onlyexploresthe
features of the automated COM node, i.epelvis offset and VCA based on thpecific movement
propertiesof COM nodgpath, COM node rotation and posed. other DoFs)However, he investigation

in Section7.4did expose a shortcoming oférunderlying CATRIg.

7.1 TO KEY FRAME OR NOT TO KEY FRAME?

The initial prototype automated COM rig did not include any special consideration over whether the

pelvis and the COM node were key framed when executing the pelvis offset and the VCA.

There are two main methods of creating key frames within 3ds Nend commonly in other

applications) Auto Key and Set Key.

Set Key will create a key frame for the selected objects at the current time when the Set Key button is
pressed. The first (and perhaps obvious) problem is that whenever part of the charactgrfiarked
using Set Key, the pelise. pelvioffset) andany Vertical COM Adjustment (i.e. tB®Mnode position)

remain unkeyed unless the animator key frames them specifically.

When Auto Key mode is running, 3ds Max detects changes to any objectcéme and automatically
creates (or updates) a key frame for those objects at the current time. This means that when the
character is rgosed key frames are automatically created for the pelvis and the COM node as they

have also moved.

Set Key would ult in neither the pelvis offset nor the VCA being key framed, whereas Auto Key would

always key frame both.

Allen and Murdock2008)achievethe automated pelvis offseby moving the pivot of their master

control null object to the worlespacecharacterCOM position each time thgose changessing a Maya
scriptJob.(They do not have a VCA as the rig is for airborne animations dgkdythey use a null object

for the master control, this object itself is not key framed. Instead they recommend writiadditional

script to key frame the top and bottom spine nodes. B F SO A oSt & WwWol 1SaQ (KS
the COM node into the rig. The equivalent action on the initial prototype for this research would be to
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key frame the pelvis after the afét and not key frame th€ OM node Thisdoes not divorce the
animation of thepath and the pose in the way discussed in the IntroductiGhdpterl), asthe pelvis

node would now hold theath definition and the pelvis offset (i.e. the pose definition)
.F&A&SR 2y 1ftftSy IyR ad2NR201 Qa 20 aS NI lpdivis afiget do@ 6 S 3 S NI
the COM node position (to capture the VCA) to be key framed for any pose change of the character. By

key framing both, thepath definition and the pose definition remain divorced, the former being

captured on the COM node and the latt@n the pelvis key frames.

The remainder of this section presents the circumscription knowledge from the first development

iteration concerned with the need to key frame the pelvis and COM node.

Frame 0 Frame20 Frame40

X axis 90° z axis 90°

Figure60: Reference key frames used to visualise key framing issues

The next two sections use the three key frames showriguire60to visualise the problems. Frame 0

is the initial pose, in frame 20 the ribcage has been rotated 90° forwards and in frame 40 the ribcage
has been rotated in the vertical (z) axis by 90°e &ffiect of the pelvis offset can be clearly seen as the
COM node remains in the same horizontal position. The VCA is also clearly visible in frame 20 as the

COM node has moved down.

7.1.1 DEeLETINGAMOVING ORINDOINGKEYFRAMES

When any node on the characteig is rotated (e.g. the ribcage), this creates a new pose for the
character which comes with an associated pelvis offset\a@é Where the animator creates one key
frame (e.g. ribcage rotation), theutomatedCOM rig will offset the pelvis position aadjust the COM

node height which are also key framed (either automatically using Auto Key, or manually using Set Key).
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Objects:
I\ BCOMNode
"+ B PepePelvis
"+ BPepeRibcage
Custom Attribute

Frame20 Frame20

-

‘

Figure61l: Deleting a key frame on thnitial prototype
(Pelvis motion path shown in orange)

A Creating key frames for ribcage also generates key frames for pelvis and COM node
B. Ribcage key frame deleted, pelvis and COM node key frames remain
C Ribcage, pelvis and COM node keynes deleted

Figure6lAd K2 ga | &AAYLX S SEFYLX S 6KSNB G(GKS OKI NI OGSNDA
separate key frames; 90° in the x axis, which ysfk@med on frame 20 [900°,0°], and then 90° in the

z axis, which is key framed on frame 40 [@°90°]. Frame 0 has the initial rotation values of
[0°,0°,0°]. Each rotation produces a separate pose change which has a corresponding pelvitheffset

trajectory of which is shown in orange. The pelvis offset means that each key pose is balanced.

Deleting the intermediate key frame at frame 20 should have the effect of changing the animation so
that both rotations happen simultaneously betweenrfras 0 [0°0°,0°] and 40 [90°0°,90°]. At frame

20 therefore the ribcage angle would be [48°,45°] as a result of tweening. How this should look can
be seen irFigure61C. However, without deleting the pelvis and COM node key frames too, the pelvis
offset previously key framed on frame 20 still persists and is no longer compatible with the rest of the

pose definition Figure61B). This results in an unbalanced key pose.

The situation is complicated still further if frame 20 had a more complex pose definition. If the pose on
frame 20 also had a useélefined COM nodeposition key frame, the animator would not be able to
simply delete the COM node key frame as some component of the key frex@ddi nodeneight would

be due to the animator and some due to tOM nodeheight adjustment from theautomatedCOM

rig algorithm.

The samergument applies to moving key frames to a new time. When any key frame is moved, the
key frames for the pelvis and the COM node also need to be moved to ensure the pose remains
balanced. (Interestingly too, when the animator undoes a pose createdAuith Key, 3ds Max does

not undo the creation of the pelvis and COM Node key frames, resulting in a similar prpblem.
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There is no link between the key frames created by the animator and the key frames automatically
created by the COM rig, which means theraator needs to constantly be aware of their presence and

manage them accordingly when deleting or moving key frames.

A further complication to this problem is the creation of breakdown keys.

U KEYFRAMINGCOMNODEWITHBREAKDOWKEYS

As previously discusdgSectior8.3.1) after creating the key poses in the blocking stage of the animation
pipeline, breakdown keys are created to further define the moventagitveen the two key poses.
Breakdown keys are usually only applied to a few DoFs rather than a key pose where the whole character

would be key framed.

A good example would be a walk animation, where the animator would first create key poses at the
pointswhere the character has both feet planted (e.g. left foot in front of right foot on frame 12 then
right foot placed ahead of the left foot on frame 24). Then, at the pointhailf between the two key
poses (where the right foot is passing the planted 1ebt), a small adjustment of the right foot height
would be made to raise it off the ground by key framing the position of the right foot IK target. Thisis a

breakdown key and only requires the height DoF of the foot IK to be key framed.

Under normal tcumstances the walk could easily be edited to follow a different path by repositioning
the key poses so that the planted positions of the feet are redefined. The breakdown key only raises
the passing foot slightly off the ground and so does not neeeéfirthg as it has no direct effect on the

path of the character.

Doing the same with the first prototype of tlreitomatedCOM rig means that the breakdown key frame

also has associated pelvis and COM node key frames and therefore does affect the patbhafrtcter.

3 Track View - Dope Sheet — a X

Editor View Curves ! Time

KR T

PepelLegFoot Additional key frames created
e with breakdown keys

tiribute
40

L LET-C%

Figure62: Breakdown keys with associated pelvis and COM node key frames
(Shown for a simple walknote the keyframes are not evenly spaced as the first step is smaller)
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also need to be redefined. This is not only an onus on the animator to fix, but also produces
unanticipatedanimations in the process which can be confusing. On complex movements where there
could be several breakdown keys for subtle movements or when polishing an animation (to say refine
GKS LIISENI yOS 27F LINB A& dzNE aobject), thid Keedwies@ Signidartly K |y R

difficult problem to manage.

¢KS f1 01 2F tAYylAy3d 06Sis6SSy (GKS | yAYl doMdded | Se& T
COM rig means that the animator has additional work to do both temporally and spaitadly editing

animations and from practical testing, this problem became significantly more difficult if a key isame

missed or the change in the edited movement is large. This can be seen for the first two steps of a

simplified walk cycle with no movemeabove the hips ifrigure62.

The lack of linking between the pelvis offset and C@ide height and the rest of the rig is not the only

problem.

7.1.2 TWEENIN®ELVIOFFSET

Framed0 Frame40

Figure63: Rib cage rotation with and without pelvis tweening
A: no tweening B: tweening

One of the perceived benefits of treitomatedCOM rig was that orbital movements around t8©&M
node are arclike rather than being defined by key frames interpolated with cur&sc({ion5.5.2) and
this is indeed the case when the COM node is rotgfastomated ©M Rig Principle #5, Sectibrb.2).
However, when orbital movements are created by rotating other nodes within the rig (like the ribcage

example above) this effect is absent.
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Using the same ribcage rotations defined-igure60, Figure63 clearly showshat the pelvis trajectory
is not following an artike movement when the ribcage is rotated in the vertical aXisis is due to the
pelvis position being key framed at the start and end poses. THeetimeen frames are then
interpolated between the two positions resulting in a straidine pelvistrajectory. This is the same
effect when animating an IK limb where the limb does not follow anlikectrajectory as the end

effector pathis interpolated between the start and end positions too.

It is clear from these examples that key framing the peadffiset is detrimental to the future editability

of the animation and does not allow the orbital pelvis movement needed to make movements with
NRGFEGAZY 221 yIFGdzNT o ¢ KS ST 7T 8uguésiion of Baligitiky the f &2 |
key framirg of theirtop and bottom spine nodesf their flight rig (Allen & Murdock, 2008)Where their

path definition becomes baked into th®p and bottom spine nodeghe editability is reduced, and the

key framing ofthese nodes means any rotation is tweenpdsitionally, thus not producing proper

orbital motion. The advantage of keeping the motion centred onGfv nodevould still be beneficial,

however.

7.1.3 NONKEYED/ERSION

The above issues are not unigue to tgtomatedCOM rig. There are magenarios where the DoF

values of a particular bone or joint are not controlled by the animator. The IK setup on a limb, where

the bones of the limb are positioned automatically to allow the limb end effector to reach adefieed

goal, is common to atlgs, and the aforementioned procedural spine on the 3ds Max CATRIg is another

where the DoFs of all the spine bones are defined by the key framed rotation of the ribcage bone. There

are plenty more examples including rigs where hidden bones are cadrbl position and rotation

constraints to visible control objects, and where more complex animations can be set up using systems
4dzOK 4 oR& al EQ& NBIOGAZ2Y YlequivakeSthdht ¥ RQaA RRR SISy A Y

In all thesecases, where one master set of key frames controls the DoFs of one or more slave nodes in
the rig, the slave nodes are never key framed. Instead, they are recalculated live every time the scene
is redrawn. At the most basic level, this includes live p@tupdates, animation playback and when

rendering.

Influenced by the operation of an IK solver, the second prototype removed any key framing from the
pelvis offset. ThautomatedCOM node requires key framas it is the main control objecA(tomated

OOM Rig Principles #®f the character and therefore defines tpath and rotation (Sectio.5).

Whilst the COM node path is user defined, the VCA is algorithgnazaitrolled like the pelvis offset. To
prevent the VCA being key frameah additional animation layer (COMR&ulrontrol) wasadded to
the vertical movement DoF to allow the algorithm to recalculate the vertical COM adjustments without

affectingany key frames created by the animator. The new COMRidgontrol layer was not used to
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store any key frames, but only the instantaneous value of the live vertical COM adjustment, using the

3ds Max list controller

Although layers had been ruled out in Sect#bb.5because they operate in world space, not path space,
this layer only applies to the vertical direction. The vertical direction in path space remains vertical

despite the path and so is the same as the world space definition and allows a world space layer to be

used without conflict.

3 Track View - Curve Editor - o X

Keys Tangents Show

3 Track View - Curve Editor

Edftor  Edt  View  Curves Tangents

¥ [[&% L5

Figure64: Use of COMRIigulxontrol layer for instantaneous Vertical COM Adjustments
Red: keyedCOM nodeotation, Cyan dashednstantaneous VCA

Figure64 shows the COMRIi&ulrontrol layer in the 3ds Mx Curve Editor changing value as the time

slider is changed with an animated C@ile rotation. As the pelvis node not controllable bythe

animator,there is no requirement for additional animation layets make the pelvis wkeyed.
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Figure65: Curves without and with VCAs farcrouching pose
A with VCA active B: withno VCA

The DoF adjustments to make a crouching pose with waitilout VCAs are shown iRigure65 as a

simple animation (each DoF adjustment separated by 5dsgand show the discrepancy between the
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actual COM node height and the key frame values. The curves for thi¢@Armovemernthoweverare

representative of the actual COM node position.

Despite this discrepancy, tl&OM nodgpath remained editable separately from the pose and rotation,
so this method was implemented for the secopbtotype. Pelvis offsets remained dkeyed for the

rest of this research to ensure that the pelvis moved in arikecmotion.

This agrees witiutomated COM Rig Principle #5 (Sectt), whichstates that the COM node must

be the main control node for the character and the pelvis must be dlguoitally controlled.

7.2 ITERATIOSTEP SIZE

Animation of any of the degrees of freedom (DoFs) within the rig is achieved by the animator dragging

one or more axes of an adjustment tool known as a gizmo.

PELVIS OFFSET ITERATIONS
35

30

—=—1x90° step
3 x30° steps ;
25 9x10° steps ; 1
——30x 3° steps
——60x 1.5 steps

20 Dragged

PELVIS OFFSET ERROR

Pelvis x position

15

7

/

10

Error after drag (cm)

/

Step size (deg)
0 10 20 30 40 50 60 70 80 90 0] @ Q @
Dragged rotation (deg) Post-drag iterations

Figure66: Pelvis offseiterations
(rotating the ribcage 90° to bend the character over and offset the pelvis back)

While dragginghe gizmofor any of the DoFs on the automated COMinighe viewport, the character

pose changes in a series of steps. The rotation ofjtheo is sampled, the pose is updated, and this

results in a recalculation of the pelvis offset. The process is then repeated.
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As each pose update only calculates one offset, each step will only give an approximation to the final
position. Oncethedraggy 3 A a O2 YL BRHUFIQF dzNB KB A VIAa & 6 NE NB|j dzA
The pose is considered final when the calculation of a new pelvis offset falls below a threahad

Section6.2.2

For this test, a single DoF on the automated COM rig was adjusted in steps of specific sizes using
MAXScript. In practice, smaller steps would be created if the user dragged the gizmdoadye ar if
the automated COM rig updated more quickly.

Full results and MAXScripts can be found in Appendix B1.

In Figure66, the ribcage bone of the character was abéd 90° forward to make the character bend
over, resulting in the pelvis being offset backwards. Théehkfid side of the graph shows the simulated
WRN} 33SRQ N G khénd 8ige sHowsFhowinia®y sbdequini iterations were required to

reach te optimum pelvis position.

Different step sizes were generateditomatically using MAXScripanging from 1 x 90° step to 180 x
0.5° steps (not all shown on the graph) to simulate dragging the gizmo at different speeds. The x position

of the pelvis strted with a world space position €0.52cm and converged on 31.71cm in each case.

The pelvis was considered to have converged when the pelvis offset was less than the threshold value
of 0.01cm. Figure66 shows that the postirag iterations converged quickly on the same value without
the need for a complex optimisationThis is in comparison to previoesamples(Section6.2.2 and

shows that this simple linear algorithm can be used effectively

A step change in the character pose resulta Binglepelvis offset and a viewport updatén this case,
postdrag offsetsaarethe predominant factor in finding theue (final) pose positionHowever, for small
steps, the requirement for posdrag iterations was largely negated. A small step change means a small
pelvis offset. This results a minimal change of pose and minimal requirement for fvsy iterations.

In fact, as the step changes tend to 0, so do the pelvis offsets and hence the requirements firagost
iterations. In other words, small step changes in pose produce mongratecresults than larger

changes.

One 90° step moved the pelvis to 25.1cm; a full 6.5cm off the mark and required four subsequent post
drag iterations to converge on the correct location. Three 30° steps moved the pelvis to 30.3cm and
required three postdrag iterations. Nine 10° steps reached 31.5cm (only 0.2cm short) and required two

post-drag iterations. By the time the step size was 1.5°, no-gdoay iterations were required. The

error results are shown in the inset érigure66.

When dragging the gizmo with the mouse rather than using uniform steps, the average step size was

3.8°, but the results were more accurate than the artificially stepped tests becaasmtmator slowed
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the drag towards the end meaning the step size reduced to one or two degrees (the minimum step size
was 0.68° although this was not at the end of the drag). This reduced step size meant that-doagost

iterations were required.

In thisexample, he calculation of theharacterCOM from the Pepe model (24,000 tris) took around
150-170ms resulting inthe drag produing 24 steps. It can easily be envisaged that the COM calculation
could be quicker using C++ instead of MAXScript or esigry GPU processing, and increasing the speed
significantly. Speeding the COM calculation by an order of magnitude could be expected to provide
reliably accurate pelvis offsets in most scenarios as the step size would also reduce by an order of
magnitude In fact, if the calculation time could be reducedbms,an animator could rotaté¢he ribcage
boneby 90° in B secondsand result in a ira step size of 1.5°Based on the results abov#his would

eliminate the need for posdrag iterations.

However, dragging is not the only method of animation. It is also possible to enter values for the DoFs
numericallyg effectively one large single stepand to adjust values outside the viewport such as in the
curve editor. Undos also represent single stepvement. These methods all require paktg

iterations to ensure the same pose is achieved.

A single step in these scenarios would likely be a single step for the entire pose, not just RoE@t
atime. The next test checks the repeatability where the fag iterations occur after the whole pose

has been set.

7.3 THE EFFECT OF SUSPENDINGRASTITERATIONS ON
REPEATABILITY

Postdrag iterations would ideally be executed after each DoFlesn adjusted to allow the pose to

find its optimum position before making the next adjustmer®n the first prototype, the postdrag
iterationswere calculated by pressing a button in the GUI (whergaissequenththis was automated).
There was a digict possibility of the animator forgetting to press the button after each DoF adjustment
which could impact the results and conclusions of any animation tests. Itis more likely that the animator

would make a few DoF adjustments and then press the butboho the postdrag iterations.

Suspended pogiirag iterations are not only relevant to the first prototype where the pdsig button
was used but are also applicable when the character has an entirely new pose loaded in one go, for

example when loadeffom a movement library or wherecalling a previous pose lgoving the time

1The computer used had an Intel® Xe@®J EA620 v3 @ 3.50GHz (8 CRilthough MAXScript is only single
threaded and 32GB RAM
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slider to a previous timeln this situation, postirag iterations could not be executed for each DoF but

would be executed for all DoFs simultaneously on loading

To determine he impact of this a simple test was used. The character was automatically posed in a
series of random poses with post drag after each DoF adjustment and thmrsesl with the same DoF
valueswith postdrag iterations suspended until the whole pose wasated. The difference in the

pelvis and the COM node position were compared for each case.

There has already been a clear distinction mhdeveen the movemenpropertiesof COMtrajectory,
COMrotation and pose, so the randomised poses need to inclugerigty of combinations ofCOM

node movement,COM nodeotation and other DOFs. The COM node animates in world space and so
can be moved as well as rotated. There are two other world space elements to the rig, the foot IK
targets. While it is not expeetl that the IK targets will be any different to any other FOOM DoF, the
testincludedmovement and rotation of these too. (Note that, rotating an IK target in itself does not
normally have any effect, on the CATRig however, rotating the foot IK ptatimiates the foot bone,

using an orientation constraint.)

The rig nodes were divided into a set of world space nodes (COM nodiedelK target and rightoot
IK target) which could be either moved or rotated by the test algorithm, and a set of otites which
O2dzf R 2yté& oS NRGIFIGSR® 0¢KS aSi 2F W2GKSNID y?2

Pl

so fingers and toes were not included.)

The number of steps in each DoF adjustment was set to 2 so that the requirement fedrpgst

iterations would be more significant.

The nodes used were chosen at random for each DoF change (there was no uniqueness check, so the

same node could be chosen twice). Each pose was made up from an arbitrary formula:

World space nodes
1 Node 1¢ avertical 30cm downward movement
T Node 2¢ 50° rotation in the x axis
1  Node 3¢ 50° rotation in the z axis
Other Nodes
1 Node 4¢ 50° rotation in the y axis
9 Node 5¢ 50° rotation in the z axis

T Node 6¢ 50° rotation in the x axis

This made a total of 6 DoF adjments for each pose. The order was also randomised for each test run.

The test wasiutomated using MAXScript amdn for 100 randomised pose§ he expectation was that
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the modulus of theposition vectors for the pelvis and the COM nodeuld be repeaable to the

precision of the pelvis offset threshold
Full results and MAXScripts can be found in Appendix B2.

U ResuLTs
The ideal result from the test would be that the difference between the correctly posed and the
suspended postirag pose should be belotlie pelvis offset threshold value (0.01 cm in this case) in all

cases. However, only 68% of cases produced this outcome.

100

. Error over 100 Randomised Tests
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Figure67: Frequency graph of positional error from suspended pastg iterations
(inset shows the measurement positions for tB®M nodeand pelvis nodes from each pose)

From the graph ifrigure67, it is quite clear that both the COM and pelvisdes were out of position
by around a centimetre for the remaining cases. (There was no discrepancy in the rotation of the pelvis

or the COM noden any case).

The erroneous cases were all cases where the @& had been moved during the pose changéne(T
same result occurred in other tests with different arbitrary formulae where the GOt was moved

horizontally.) There were two cases where C@bHe movement produced results that were
significantlybetter, and those were both where the COMde had leen the last DoF adjustment in

creating the pose.
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