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Abstract
Learning and teaching choreographiescan be an arduous task. In ballet, most

dancerslearn by emulation i.e. \w atch, copy and learn". The teaching processnot

only instructs the order of stepsbut alsorequiresexplaining the quality required for

the performance.Notational systemsareusedin almostall �elds of study, and dance

notation with inferred domain rulesareusedto aid in the teaching of choreographies

and dance. Few professionalperformers can read written choreography let alone

visualisethe movements involved, and this represents a considerablebarrier to the

utilit y of choreography in its written form.

Real-timecomputergraphicsare ideally suited to bridge the gapbetweenwritten

choreographicnotation and performance,via the creation of a virtual dancer. It

would be useful for professionalsto better understand choreography and notated

ballet scoresas well as assisting to teach dance at all levels. To understand the

needsand derive methods for a virtual ballet dancersystem,there are three distinct

parts and theseprovide the structure for this thesis. The �rst part researchesinto the

�delit y that is required for a virtual ballet dancer. From this analysis, expressive

motions are parameterisedusing Laban's e�ort parametersand results presented

how participants distinguishedbetweenthe di�eren t emotionsperformedat various

levels of �delit y. The results provide understanding on how Laban's parameters

de�ne variations performedduring the di�eren t expressive movement and the level

of interpolation required for a user to distinguish the expressive performances.

The secondpart presents methods for setting and evaluation of speci�ed bal-

let positions (key poses)which form the foundation for ballet steps. Mathematical

rulesaredevelopedand explainedwithin the context of the ballet domainrulesbeing

represented. The resulting posesde�ned by the dancenotation and the mathemat-

ical descriptionsare evaluated by professionalteachers and notators. The results

are presented showing how basicballet positions are accurately posedfor a perfect

dancerand variations from the perfect poseto the real-world. Theseposesare used

as the foundation for layering the expressive algorithm on.

The �nal part presents how Laban's E�ort factors can be used for expressive

interpolation betweenkey poses,i.e. the quality of movement. Methodsareanalysed

and algorithms implemented to develop variations in the movement betweenthe set

dancepositions. Thesevariations arematchedto the expressiveperformancesof real

dancersanalysedin the �rst part of this research in order to evaluate the algorithms

derived with actual expressive performances. The results presented are the �rst

major stepsto producean animated \virtual ballet dancer".
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Chapter 1

In tro duction

Terpsichore,dancingasan art. Dance,a de�nite successionor arrangement of steps

and rhythmical movements constituting one particular form or method of dancing

or a rhythmical skipping and stepping,with regular turnings and movements of the

limbs and body, usually to the accompaniment of music; either as an expressionof

joy, exultation, and the like, asan amusement or entertainment; the action or an act

or round of dancing. Thesede�nitions from the Oxford English Dictionary (Simp-

son & Weiner, 1989) present danceas a description of movement or as a medium

for expression. Other de�nitions describe dance as an artistic form of nonverbal

communication and movement selectedand organisedfor aesthetic purposes. Ex-

pressionand mood can be obtained from a danceperformanceby many di�eren t

aspects including music, lighting, synopsis,sequenceof movement (choreography),

facial expressions,and the expressive nuancesby the performer. Irrespective of the

di�eren t aspects,good dancersfor generationshave beencharacterisedasemotional

performerswith lyrical quality.

Learning and teaching choreographiescan be an arduoustask. While choreogra-

phy can usepatterns of movement to portray moods and emotions(Price, Douther

& Jack, 2000), more is required from the dancer. In ballet, most dancers learn

by emulation. Normally, the teaching processnot only instructs the order of steps

but also requiresexplaining the quality required for the performance.This usually

involves teachers, the choreographer,and/or trained choreologists. A performer is

aiming to not only recreatethe combinations of stepsbut add nuancesand expressive

qualities sothat an audiencewill understandthe emotionsbeing felt and portrayed.

The realisation of a dancepiece;from dancesymbol notation to a performance,is a

complexprocess,in needof tools to aid the process.

1



Chapter 1 Introduction

As a professionalteacher, A.I.S.T.D (CB) 1, and dancerfor morethan twenty �v e

years, the processof teaching, choreographingand learning of choreographieswas

extremely di�cult and time consuming. Particularly when a speci�c style or ex-

pressionwasrequired to obtain the required results. Demonstration by the teacher,

choreologistor choreographerwasnot always successfulwherethe dancerwaslearn-

ing by emulation and a common phraseheard in a rehearsal/dancestudio is ``do

as I say, not as I do". Theseexperiencessowed the idea of creating a tool to help

visualisea choreography. Real-time computer graphicsare ideally suited to bridge

the gap betweenwritten choreographicnotation and performance,via the creation

of a virtual dancer. In theory, a realistic virtual performancecan be driven from a

machine-readableversionof dancenotation with a virtual dancer. Such a tool could

be usedto aid professionalsin the learning processand the visualisation of dance

movement.

Currently applications usedto aid in the creation of ballets are still in the early

stageswith various approaches. We proposein this research to de�ne new meth-

ods for setting the dancestepson a virtual dancer and to better understand how

expressive motion is performedwithin the boundsof classicalballet. While current

research has analysedemotionsthrough danceand synthesiseddancemotions, the

novel approach to understand how balletic movement is varied basedon the mo-

tion descriptorsdeveloped by Rudolf Laban (Laban, 1966) has currently not been

achieved. It is the belief of the author that the rules for expressive ballet move-

ment can be usednot only to createan expressive virtual dancerbut be usedin the

animation of a virtual character.

To develop expressive algorithms, subtle variations to the de�ned dancemove-

ment is required. However, the variations in the shapeof the poseduring the motion

are required to adhereto the rules of classicalballet. Due to the strict nature of

classicalballet, the author proposesa novel contribution wheremathematical rules

are devised,presented and evaluated to posethe virtual dancer which are reused

during the interpolation processbetweenthe key poses.The key posesare de�ned

by the dancenotation usedasthe input to the dancesequenceand arede�ned ballet

posesfrom the ballet repertoire e.g. �fth en haut.

The �nal novel contribution is the expressive algorithms developed for ballet

movements. Research in expressive movement is currently still in the early stages

towards creating expressive realistic movement. Laban parameterisedthe quality of

movement for his movement notation system(Labanotation) and while Chi (2000)

1Quali�ed asan Associate teacher by the Imperial Society of DanceTeachers(Cecchetti Branch)
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Chapter 1 Introduction

presented work related to theseparametersto vary the gesturesbeing performed,

there is currently little research to map it to dancewith the notable exception in

the EyesWeb project (Camurri & Trocca,2000). Furthermore, there is currently no

research to specify quality of movement where key posesare de�ned and domain

rulesarestrictly enforcedasrequired in classicalballet aspresented in this research.

1.1 Visualising Dance

Dance notations are used to archive choreographies,and allow their subsequent

resurrection by dancersand choreologists. The symbolic representation of a dance

notation is similar to music and with an underlying mathematical content that

lendsitself well to machine representation. Many methods of notation systemshave

been attempted and the two most common that succeedin rigorous professional

conditionsareLabanotation (Brown & Parker, 1984)andBeneshnotation (Benesh&

Benesh,1983;Wilks, 1980). Within the choreographicenvironment of dance,there is

currently no meansof displaying annotatedchoreography to aid visualisation. Unlike

commonmusic notation, understood by most musicians,professionaland amateur,

many professionaldancersand choreographerscan not read dancenotation.

Like any other symbolic notation system(such ascommonmusicnotation) there

are abstract di�erences between the representation and the artistic interpretation

(Lansdown, 1995; Herbison-Evans, 2001) of the notation as a performance. The

overall goal of this PhD is to develop a systemthat allows professionalsto seean

animated 3D virtual dancethat is driven by written dancenotation.

1.2 Approac h to Dev eloping a VBD

This research is divided into three parts: (1) understandthe requirements of a sys-

tem for generatingexpressive dancemovement by researching the level of �delit y

requiredfor distinguishingdi�eren t emotions(Chapter 3), (2) deviserulesand meth-

odsde�ning the ballet keyposesfor animation (Chapter 4), and (3) developmethods

for animating movement between the key posesincluding expressive qualities and

nuances(Chapter 5).

To understandthe applied problem for achieving a systemdisplaying expressive

movement, there is a needto rationalisethe real-world and answer questionssuch as:

How doesreal-world dancingtranslate to virtual animationsandwhat level of �delit y
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is neededin a virtual dancer?Chapter 3, usedLaban's e�ort theory to characterise

the motion, devisedexperiments where participants were required to di�eren tiate

emotions. Two experiments are discussed,designedto identify the accuracy of

distinguishingemotionsin ballet at lower levelsof �delit y. The experiments analysed

the e�ect of the visual appearanceon a 2D display and looked into aspectsof realism

in the movement between key frames de�ned by a dance notation. This section

of research explored understanding the quality of movement required for a virtual

dancer,speci�cally, the expressivity encapsulatedin the motion betweenkey poses.

The results were published in the paper titled \Studying the �delity requirements

for a virtual ballet dancer" (Neagle,Ng & Ruddle, 2003).

Chapter 4 involved the devisingand development of the rules and mathematical

equationsto orientate the skeleton joints of the VBD into each key pose. Setting

the key posesfor a virtual dancerincluded de�ning a dancenotation representation

that is machine-readableto set the ballet poses(Neagle,Ng & Ruddle, 2002;Neagle

& Ng, 2003). The application for demonstrating the virtual dancerwascoded for a

user to be able to step through each key poseimported using the Beneshnotation

�le representation. The poseswere evaluated by: (1) using my expert opinion and

making comparisonswith text bookson ballet, and (2) by professionalteachersand

choreologists. The results from theseevaluations and experiments were presented

and published in the paper titled \Developing a Virtual Ballet Dancer to Visualise

Choreography" (Neagle,Ng & Ruddle, 2004).

Chapter 5 of this research was the development of the interpolation algorithms

with respect to the Laban parametersdiscussedin the �rst sectionof research (the

real-world). Data from a Vicon motion capture system was used to analyse the

movement path of the wrists (the most expressive part of the classicaldancer is

the useof the arms). From theseresults algorithms were developed for the user to

manipulate slidersrepresenting Laban's time, weight and spaceparameters,and the

tempo of the animation. This provides the meansfor the user to changethe way

the movement of the VBD is performed. The quality of the VBD was assessedby

setting the VBD to perform arm movements with di�eren t qualities to match the

real-world dancersfrom the �rst stage. The framesof the VBD and the real-world

videoswerecomparedand evaluated.
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Chapter 2

Related Work

2.1 In tro duction

Simulation of dancein a virtual environment is a seriesof performedgestureswith

de�ned postural danceposition. A danceform or method (e.g.the Cecchetti method

in classicalballet) usesa setof postural and motion rulesto de�ne how the execution

of the movement is to be applied i.e. the dancetechnique. The motions of danceare

either usedasan expressionof emotion or asan act. The teaching of dancerequires

the understandingof three parts: (1) the de�ned posesusedin the dancemethod,

(2) the movement descriptionsand combination of posesto perform a dancestep in

the dancemethod, and (3) understanding the quality of the movement. This can

be a generaldescription of the method such as the di�erence betweenperforming a

waltz or a tango or a description of performing a seriesof stepsin a given style or

emotion.

This chapter reviews: the methods for computer input of dance poses,pose

recognition,and movement; the understandingof gesturesin a system-oriented con-

text; and various research methods in the simulation of dance. This provides the

background for developingthe rulesand methods for inputting and simulating dance

posesand movements with a computational expressive model.
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2.2 Dance Notation and Computers

Dance,a seriesof rhythmical motions and steps,prescribed or improvised, usually

to music, exempli�es motor control, motion perception and gesture recognition.

Its appreciation involvesperceiving gestures,accordingto a movement vocabulary

that may be peculiar to a style of dance,or that may bear a relation to everyday

movement (Ahmad, Salway & Lansdale,1998). Examplesof movement vocabulary

usually include terminology to describe the pose or the movement required, for

example, classicalballet has terms such as pli�es, relev�es, pirouettes. Someterms

crossgenre and may represent the samefundamental action although the actual

motor control is di�eren t. Examples include in dancewhere a ballet, jazz, or tap

dancerperformsa pirouette (turn).

Notational systemsare usedin almost all �elds of study, and especially for the

communication and expressionof ideas. Dancenotations are usedto archive chore-

ographiesfor resurrectionby dancersand choreologists.The bestknown systemsfor

doing soare Labanotation (Brown & Parker, 1984;Laban, 1966),Eshkol-Wachman

(Eshkol & Wachmann, 1958)and BeneshNotation (Benesh& Benesh,1983). Un-

like music, where the common notation is widely understood, many professional

performersand choreographersare not able to read dancenotation. In professional

practice, the processfor resurrecting choreography tends to involve the useof the

choreologisttranslating the notation to verbal explanation for dancersto interpret

and rehearse. The transformation from symbol notation into a performanceis a

large step with few tools to aid the process.

2.2.1 Dance Notation

T. Parsonsis quoted as saying: \Dance notation is never simple, since there is so

much that needs to be speci�e d for everydancer: positions of the feet, arms, hands,

head, and torso; whether the dancer is standing stil l or moving and, if moving, in

what direction (horizontally, vertically, or both) and howfast...and so on" (Parsons,

2004). There are many di�eren t forms of dancenotations including:

Action Stroke DanceNotation is a movement shorthand designedsothat the basic

movements can be written quickly (as \action strokes"), and details added

later. The dancer'sbody is left and right symmetrical and the scorerepresent

movements of the left and right arm, or the left and right limb, in a left-and-

right symmetrical manner. Therefore,the horizontal dimensionis reserved for

representing the symmetry of the body, and the vertical dimensionis the time
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dimension. The notation separatesthe legs,armsand torso to separatestaves.

The systemmakesrepeatede�orts to avoid \false precision." e.g. a movement

starts exactly 1/4 beat before the count or indicating a limb to be lifted at

exactly a 45 degreeangle. Exact details are addedseparately.

BeneshNotation is a written systemfor recording any form of human movement

and provides an accurate three dimensional representation of movement. It

is a visual method indicating the whereabouts of a person, the direction in

which he or she is facing/travelling, and the movement and positions of the

limbs, head, hands, feet and body. Movements are described by plotting the

body's changingpositionsalonga �v e-linedstavein a seriesof notated 'frames',

directly linked to musical accompaniment with rhythm and phrasing. The

system is used by many major ballet companiesaround the world and in

many casesusing their own choreologists.The BeneshInstitute (formerly The

Institute of Choreology) is an international organisation which acts as the

custodian for BeneshMovement Notation (Institute, 2004).

Eshkol-Wachman Movement Notation treats the body as a sort of \stic k �gure."

Each pair of joints de�ne a line segment, called a \lim b". For example, the

forearm is a limb, with the wrist and elbow joints de�ning its endpoints. Sim-

ilarly, the foot is a limb bounded by the ankle and the end of the toe. The

relationship of the limbs is achieved by writing limb positions using a spher-

ical coordinate system. Selectionof which joint is the centre of the sphereis

selectedon a \heaviest" joint. A \heavy" limb move modi�es the position of

\ligh ter" limbs connectedto it. The joint weight is not absolute,e.g. a person

doing a handstand,any movements of the wrist joint would alter the positions

of the forearm and upper arm { and the rest of the body. In that case,the

hand is the heaviest limb. Descriptionsbegin with the heaviest limb and pro-

ceedto the lightest. Units of time are represented from left to right, and limbs

are written on a di�eren t line from top to bottom. Eshkol-Wachman's main

de�ciency is it is not good for temporal analysis.

Beauchamp-Feuillet Notation is a notation devoted to the dancestyles for Court

dancing from the baroque period which includes the relationships of steps

to music in such dance types as the minuet, gavotte, bourr�ee, sarabande,

passacaille,loure, gigue,and entr �eegrave.
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Laban, Labanotation and E�ort-Shap e is a systemof analysing and recording of

human Movement. There are three di�eren t descriptions: a \Structural De-

scription" for which tries to recordevery aspect of motion aspreciselyaspos-

sible; a \Motif Description", simpli�ed Structural Description whereyou only

write down what you think of as important; and \E�ort-Shap e Description"

usedto record the energycontent of a motion. It is usedin various research

including human motion in industrial work lines as well as in physiotherapy

and psychotherapy. The Structural Description captured on the pagewhere

a single symbol can provides: the direction of the movement (the shape of

the symbol), the part of the body doing the movement (the position of the

symbol), the level of the movement (the shading), and the length of time it

takesto do the movement (the length). For dancemovement, the sta� is laid

out in measuresto match the measuresof the music. Tick marks are used

to indicate the beats, bar lines acrossthe sta� show the start and end of the

measure.

E�ort-Shap e is related to the simulation of movement which attempts to ex-

tract emotive qualities from human movement i.e. the qualitativ e and expres-

sive aspects of movement. E�ort is described in dimensionsof weight, space,

time and 
o w. Shape describesthe body's creating of or adapting to contour

in terms such as rising, spreading,advancing, sinking, enclosingand retreat-

ing. For example,if you mould your arms around a ball and allow your trunk

to accommodate to its shape, you are introducing a quality of shaping into

the movement repertoire.

Morris Dance Notation using abc. abc is a languagedesignedto notate tunes

in an Ascii format. It was designedprimarily for folk and traditional tunes

of Western European origin (such as English, Irish and Scottish) which can

be written on one stave in standard classicalnotation. There are numerous

programs which convert the abc source code into beautifully typeset score

and/or audio outputs. One of theseabc client programsis abc2psby Michael

Methfessel. Starting with version 1.2.4 abc2ps implements an experimental

extension to the abc language(w:) which permits alignment of lyrics with

notes. This extensioncan be applied to the problem of communicating the

notations of folk dancing; i.e., stepping and hand motions, where each Ascii

character is mapped to a cuerequired to recreatethe Morris dance.

Sutton System represents dance by annotating a stick �gure written on a �v e-
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lined sta�. Each line of the sta� represents a speci�c level i.e. the 
o or line

(represents the ground), knee line, hip, line, shoulder line with the �fth line

above the head. When the �gure bends its kneesor jumps in the air, it is

lowered or raised accordingly on the sta�. The �v e-lined sta� acts as a level

guide. Figuresand symbols are written from left to right, notating movement

position by position, as if stopping a �lm frame by frame. When more detail

is necessary, two rows of special 3-D Symbols for the upper and lower body,

representing the third dimension, are written under the stick �gures. Both

useround circlesproviding an overheadview with spokesprojecting from the

circlesshowing the direction of the limbs in relation to the centre of the body.

Theodor VasilescuDanceNotation mainly usedin \folk" dancingis a visual system

de�ning the orientation of the legs,body, arms and headwherethe amplitude

of the movement is speci�ed in degrees. As well as notation to represent

speci�c folk movement e.g. spurs(clapping the heels),symbols alsode�ne the

position and direction of the dancer.

It is worth noting that there are di�eren t versions of Laban. Great Britain

and the U.S.A. use Labanotation while the rest of Europe adopts a dialect called

Kinetography-laban. Though BeneshNotation and Laban Notation are the main

notations in use today, this is not a re
ection on the relative merits of the other

notations. For example,someof the other notations such asMorris DanceNotation

are for di�eren t dancestyles and have beendesignedaccordingly.

Others forms of annotation have beenresearched and in \(An)notating dance:

Multimedia storageand retrieval" (Ahmad, Salway & Lansdale,1998), a study is

presented of how to build digital multimedia libraries that comprisemoving images

accompaniedby sound and other media. A protocol analysis is suggestedas a

knowledgeacquisition method for eliciting verbal descriptionsof danceto annotate

dancevideos. Three typesof indexing basedon acquired knowledgeare used: (1)

sections:an index of videodancesegments (electronictable of contents to the dance);

(2) motifs: notions of abstracts, key framesand moving icons(a dancemotif ); and

(3)commentaries: of a verbal or symbolic nature. As a retrieval system,the concept

is usefulin digital videoqueries.This is not a method for annotating danceitself but

a metadata description to understand what is occurring in the digital media. The

methodsof descriptionrely on interviewing an expert in danceand thesedescriptions

alonewould not provide enoughdetail to recreatethe dancemovements. However,

the descriptionswould be useful for �nding dancemotifs within the digital media.
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The two most common notation for classical ballet are the Beneshnotation

and Labanotation. Labanotation is an excellent notation for recreating the exact

movement while Beneshrelies on the choreologist applying the inferred rules of

ballet. The systemin this research not only is requiredto posethe virtual dancerbut

is requiredto apply the rulesof ballet which arealsoapplied during the interpolated

motion betweenthe key poses.The exact de�nition of the movement provided by

Labanotation is deemedunnecessaryand Beneshnotation using the inferred ballet

rules is at the required level to input the balletic dancemovement whereexpressive

motion can be added. Thereforewe usedBeneshnotation.

2.2.2 Dance Notation Editors

Several programs now exist or are currently under development to create, store,

modify and print scores.Current research is involved mainly with the Beneshnota-

tion and the Laban notation. Many are still works in progressand below is a list of

online resourcesassociated with each editor.

Benesh Notation

BeneshNotation Editor is a software program designedas a `word processor'for

writing and editing multi-stave notation scores.Createdprimarily for the use

of professionalnotators working in a dancecompany environment, it can be

usedon any PC capableof running Windows 95 or later, with a minimum of

64MB RAM. (Institute, 2004)

MacBeneshis a Macintosh application that createssingle-dancerBeneshMovement

Notation scoresthat canbeprinted on a postscript printer, or pastedinto other

documents. (DanceWrite, 1995)

Laban Notation

Calaban (Computer Aided Labanotation) provides windows-basedcomputer solu-

tions for work with Labanotation. The interface is controlled through pull-

down menus, dialogue boxes, icon-driven toolbars 
oating palettes and icon

menus to producefrom a singlepageof notation to a level including text, pho-

tographs and Labanotation graphics for digital storage. Calaban is a special

applications development of the Autodesk software Autocad. (University of

Birmingham, 2004)
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LabanpadPDA is a program for interactive Labanotation input. It will be imple-

mented on a pen-basedpalmtop-computer(currently: Apple Newton) and uses

a specialisedrecognition algorithm for handwritten input. Using a pen, the

symbols could be written directly in placeon the score.The systemrecognises

the symbolsand converts them in a tokenisedcode. A semantic representation

of the scorewill be generated. Editing and reformatting of the scoreis now

possible.Editing will be doneusing pop up menus and by gestureslike mark

and crossout. (Griesbek, 1996)

Labanwriter is a Labanotation editor for the MacIntosh and the current versionwill

run on any MacIntosh computer running system8.6or greater. Labanwriter is

a softwareprogramthat includesmorethan 700symbols that indicate parts of

the body, direction, levels, and typesof movement and the durations of each

action. (Ohio State University, 2000)

LED written in C for useunder Unix, with X-Windows with the basicoperations

controlled by the mouse. The editor provides 109 basic symbols partitioned

into 10 menus. symbols on a scorecan be deleted, copied, or altered, and

the scorescrolled up or down. scorescan be created, stored, retrieved for

further editing, and written out as postscript �les for printing. (Herbison-

Evans,Edward, Hunt & Politis, 2004)

Lansdown (1995) commented: \It is relatively easy to put about 80% of any of

the notations into computableform. the di�culty arises with the remaining 20%.

To be really useful, however,a notation program has to be complete. Thus I know

of no systemthat is used on a day-to-daybasis by choreologists." Researchershave

beenlooking at human movement notation systemwith respect to virtual humans

for decades(Badler & Smoliar, 1979;Badler, 1989)and recently more importancein

building computational models have usedcomponents of Laban's Movement Anal-

ysis and in particular the components for E�ort and Shape (Chi, Costa, Zhao &

Badler, 2000;Camurri & Trocca,2000).

2.2.3 Dance Animation Systems and In terfaces

This sectionlooksat two groupsof animation systems:the �rst are systemsrelated

to danceand either associated with the aforementioned editors or built in danceli-

brariesand/or dancemodelsfor manipulation; and the secondis commercialsystems
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commonly usedas aids to choreography (i.e. planning human movement, visualis-

ing and editing animated dancenotation (Calvert, Wilk e, Ryman & Fox, 2005)).

Renown choreographerMerce Cunningham is one high pro�le choreographerusing

this technologyand with the choreographedwork, \Bip ed", demonstratedthe useof

technology in a live performanceat a professionallevel (Abouaf, 1999a,b). In \Vir-

tual humansin CyberDance",performancesinvolving both real and virtual dancers

was presented describingthe modules usedto make a singlesystemframework ca-

pable of handling all aspectsof the show (Carion, Sannier& Magnenat-Thalmann,

1998). The following descriptions are taken from the main dance research using

interpreters, parsersand 3D applications to renderingdanceanimations:

LINTER is an interpreter which takesa �le of a Labanotation scorefrom LED, and

generatesfrom it an animation script for the Nudes(Herbison-Evans, Green

& Butt, 1982) animation system(sets of ellipsoids forming a �gure that can

be manipulated).

Ballones 'ballet animation language linked over NUDES ellipsoid system', is a

proposal by Hall and Herbison-Evans (Hall & Herbison-Evans, 1990) for a

classicalballet interpreter using a lexical analyser (suspect lex was used), a

yaccparser,and a set of NUDES procedures.

Limelight proposedby Christian Griesbeck (Griesbeck, 1996) is associated with

Labanpad. It is de�ned as a modular program which integratescomponents

necessaryfor professionalcomputer aided choreographing.

LabanWriter and LifeForms through the DanceNotation Bureau have an interface

researched and under development to translate Labanotated scoresinto com-

puter animation. It proposesthat the userwill have the functionality to type

movement notation and have the computer play it back in animation (Fox,

Ryman & Calvert, 2001). LifeForms Dance4.0 is a special versionof the pro-

gram with Ballet Movesand has detailed more than 100 ballet positions and

transitions gearedtowards teachers and choreographers.The application can

alsobe usedfor scripting ballet choreography.

To again quote Lansdown (1995): \While theoretically movementnotations are

capableof describingpositions and movementsto almostany desired degree of detail,

in normal conditions all of thesenotations require someelementof interpretation

for their e�ective use. Humanscan maketheseinterpretations: computerscan't (at

least, not today they can't)." This statement points out the di�culties facedusing
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notation systemsto generateanimations. No two dancerswill perform the same

step exactly the same. Dance notations do not notate every nuance,and instead

provide moreof a generalisedoverview. Thereforechoreologistsmake interpretations

basedon their dancetraining aswell asunderstandingof the notation and therefore

will di�er. Ryman (2001) stated that \dance notation and computer animation

can be used to enhance and complementone another. Each medium providesunique

information and hasinherent strengthsand limitations" . Art is not an exactscience,

however, providing a computer systemfollows the inferred domain rules (Campbell

& Bobick, 1995) of the dancetype then it is possibleto animate a virtual dancer

with key posescorrectly positionedexactly asa choreologistwould do. The biggest

problem is describingunusualor non conventional body positionsor movements. To

producethese,the useror rulesmust specify much moreinformation than is actually

notated including adjustments in the pelvis and spine, the turnout of the legs,etc.

Someinformation can be understood from human anatomy and someaccordingto

ballet conventions (Ryman, 2001).

The following sections describe research, applications and methods currently

usedto createdanceanimations. Each sectiondiscussesthe skill level required and

methods to create,edit and render a danceanimation sequence.

2.2.3.1 Herbison-Ev ans' LED, LINTER and NUDES

LED was designedto run under the X-Windows systemunder Unix with a simple

interface controlled by a mouseto create, retrieve, edit and store digital scoresof

Labanotation that can be written out aspostscript �les for printing. It assumesthe

user has a background in Labanotation with the abilit y to composea score. A �le

contains a coded record of a singlescript and includesa list of all the symbols (i.e

elements of the Labanotation language)that are part of a scoreand their attributes

such as type, size, position and modi�ers. The script and internal record of the

script in the system(lexically analysed)consistsof an array of the symbols. Each

Labanotation symbol within the editor is an intrinsic object that can be selected,

added, moved, deleted and modi�ed. Control objects are used to control these

actions. Given the complexity of human movement and the largenumber of symbols

to describe them in detail, LED doesnot provide all the symbols of Labanotation,

however, Herbison-Evans state that by using and combining the symbols provided,

many commonlyusedsymbolscanbe generated(Edward, Hunt, Politis & Herbison-

Evans,2004).

NUDES, A Numerical Utilit y Displaying Ellipsoid Solids, can group and link
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ellipsoidsto form a human �gure. NUDES allows a user to manipulate a set of el-

lipsoids for which variousactionscan be performeddistributed over speci�ed setsof

frames. NUDES scripts are written in a formal languagewhich allows the de�nition

of the �gure and their requiredactions (Herbison-Evans,Green& Butt, 1982). The

LINTER interpreter turns a LED output into a NUDES script. NUDES allows a

choice of linear, quadratic, or cubic pro�les as well as constant accelerationor de-

celeration of which LINTER usesthe quadratic option. From simple experiments,

the linear and cubic pro�les were found to createunnatural movement. The inter-

polation pro�le rangesfrom a speci�ed start and end frame for the movement and

are usedto calculate the amount of rotation for each joint during this sequenceof

frames.

The creation of a NUDES animation using LED and LINTER requiresan un-

derstanding of Labanotation, however, assumingthis background knowledge, the

learning processof the LED editor appears elementary providing the user with a

simple interface to selectand position Labanotation symbols on a stave. Creating

an animation without using the editor requiresan understandingof the formal lan-

guagede�ning the �gures and the movements in the data scripts. This is not such

an easytask and it is expected to require a certain amount of trial and error. The

time to createan animation using LED is de�ned by the usersabilit y to createan

animation score in Labanotion with the interface. Without the editor, a certain

amount of trial and error is expectedand would be astime consumingassetting up

keyframesusing an animation packagesuch as Maya or 3DStudioMax.

2.2.3.2 3D Commercial Packages and Libraries

There are a number of commercialthird party solutions for 3D modelling and an-

imation including 3DStudioMax, Maya, Blender, Lightwave, Poserand LifeForms.

Animation of biped models is achieved by specifying the key posesfor a key frame.

Major advantages of using these applications are the tools that are provided for

modelling and animation. To completelyanimate by hand would be very time con-

suming and therefore thesepackagesprovide methods for creating animations: (1)

keyframeanimation wherethe userposesthe character at a speci�c time and spec-

i�es the method for interpolation. Methods for interpolation involve specifying the

animation control methods including linear and spline, quaternion basedrotation

(TCB), and motion paths for the application to calculate the orientation for each

skeletonbone;(2) scripting e.g.MEL for Maya and Max Scripting for 3DStudioMax

wherescripts can be usedto specify key poses,animation control methods etc.; and
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(3) using motion capture data to control the virtual character.

Controlling a character animation for keyframeand scripting requiresthe char-

acter to be rigged i.e. specify the skeleton. The speci�cation of the orientation and

constraints for each bone is important especially when controlling charactersusing

scripts and API's for the packages. While motion capture can provide nuancesin

the motion, the animator has very little control on the animation. However, for

key framing and scripting creating various nuancesis di�cult and time consuming

unlessdi�eren t interpolation methods are developed and is dependent on the skill

of the animator.

Cal3D is a stand alone skeletal based3D character animation library written

in C++ (Heidelberger, 2005). It is designedfor putting 3D characters into an

interactive graphical application. It is composedof a skeleton and a meshand all

the mesh vertices are attached (known as `skinning') to one or more bonesof an

underlying skeleton (seeFigure 2.1). Cal3D keepstrack of each bone orientation

both locally (relative) and globally (absolute) as quaternions. Cal3D is designedto

store an animation inside the model. An animation comprisesof a track for each

bone that is a�ected by the speci�c motion. The animation is stored as keyframes

and the transformation data for a bone is stored in several keyframescontained in

the corresponding track. The current systeminterpolatesbetweenkeyframesusing

a SLERP algorithm. Dancenotations specify dancemovement asa sequenceof key

poses(i.e a poseat a keyframe)with a description of the movement either notated

or inferred. The Cal3D library lendsitself well to posinga virtual human, however,

there is a needfor specifying rules for inputting danceposesand methods for the

interpolation betweenkey posesso the movement is appropriate as de�ned by the

notation.

2.2.3.3 Ryman's Ballet Mo ves and DanceF orms 1.0

DanceForms' interfaceusesdancefriendly terminology and familiar conceptsto aid

dance teachers and choreographersusing the system to develop dance movement

faster by posing the character and playing back the results on a stage. This is

achieved by chronicling the details of motion step by step in a core window and

seeingthe �nal product in the performancewindow. It is bundled with the Ballet

Moves CD-ROM and Modern Dance Moves CD-ROM (based on Daniel Lewis's

book, The Il lustrated Dance Techniqueof Jos�e Lim�on (1984), with Labanotation

by Mary Corey) where the user can select dance posesand movements (Ryman,

2001). Time can be saved by mixing, matching, and blending sequencesfrom these
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Figure 2.1: The Cal3D phrasesshowing the skeletal structure, the overlaying mesh
and the material of the mesh. Imagebelongsto Heidelberger(Heidelberger,2005).

libraries.

DanceForms usesEuler anglesand quaternionsto orient each body segment in

spaceand provides di�eren t options for calculating transitions between positions

(e.g. spline versuslinear interpolations). While third party applications apply con-

straints to the orientation of the boneswhen calculating the rotations using inverse

kinematics, further constraints are required for dance movement to capture the

dancemovement rules and currently there are no methods in current commercial

software where constraints relating to dancecan be speci�ed. To represent tran-

sitions betweenpositions in Labanotation, Ryman et al. are currently researching

new interpolation options which are being developed for the Dance Notation Bu-

reau's Interface Project (Fox, Ryman & Calvert, 2001) involving LabanWriter and

LabanDancer,a program to translate the LabanWriter scoresinto 3D animation.

2.2.3.4 LabanW riter and LabanDancer

The Interfaceproject wasstarted in 2000with Ryman, Calvert andCredoInteractive

with support from the developersof LabanWriter with the aim to develop software

that combinesLabanotation scoresand computer animation. LabanDancerusesan

inversekinematicsalgorithm and appliesconstraints to ensurethat articulated limbs

carry the movement in an appropriate plane. Intermediate keyframesare usedwith

additional constraints to ensurethat articulated limbs do not move inappropriately

(Calvert, Wilk e, Ryman & Fox, 2005). The scoreis parsedinto three streams. The

�rst interprets gestures(i.e non-weight-bearing movements); the secondinterprets
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the weight changes;and the third involvesother issuessuch as sequencerepetition,

paths etc. Ryman and Calvert (2005) also state a translator program must also

include an inferred knowledgebaseso movement can be interpreted in context of

the dance style, for example, the foot may be pointed in ballet but not in folk

dancing.

2.2.3.5 Comparison of Animation Systems and In terfaces for Expressiv e

Dance

This section is limited to applications that have the capabilities of or are usedfor

renderingdanceanimations. For the Interfaceproject, there hasbeendiscussionon

standardising Labanotation with referenceto LabanXML and in the future these

standardiseddata �les may be usedto input from any Labanotation Editor. How-

ever, currently, research using LabanDancerto output to a 3D readableformat for

DanceForms is currently being developed. In Table 2.1, the Interpreters/ Parsers

refersto setting key posesbasedon dancescripts, and dancenotation editors using

inferred domain rules to specify the 3D animation sequenceto be rendered.

3D Visualisation
Applications

Dance Input Interpreters/
Parsers

Dance
Domain
Rules

Expressive
Model/
Nuances

Third party software
(Maya, 3DStudioMax,
Blender etc.)

Key frames;
Motion Capture;
Scripts

No No No

DanceForms 1.0 Key framing;
Motion Capture;
Scripts;
Pre-made anima-
tions

No No No

NUDES LED �les; Scripts LINTER Yes? No
LabanDancer Interface LabanWriter LabanDancer Yesy No
Jack Key framing

Motion Capture
No No EMOTE

Table 2.1: A comparisonof 3D applications used for creating animated dancese-
quences. ? LINTER interprets using ballroom domain rules. y LabanDancer is
currently researching interpolation methods basedon domain rules

Using third party 3D applications such as Maya, 3DStudioMax and Blender to

animate dancesequencesis not an easytask, becausethe userneedsto understand
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the dancerules for posing and movement and also have detailed knowledgeof the

application. Though sometools areprovided such asvarious interpolation methods,

a lot of specialist knowledgeis required to generatean animated dancesequence.

LifeForms (Credo Interactive Inc., 2005b) understood this di�cult y and created

DanceForms (Credo Interactive Inc., 2005a)designedto be dancer friendly and to

be usedspeci�cally in the generationof danceanimations.

The DanceForm interface was designedwith the dancechoreographerin mind

with ballet positions and movements added to the animation using pallets. This

content includesthe English and Russianschool aswell assomeof the Italian school.

For the animator to createnuancesin the animation to re
ect di�eren t emotions,the

traditional approach of changing the poseson the timeline is required. Compared

to the other 3D modelling and animation software, this is madeeasierby a studio

window to change the poseof the dancer and a scorewindow to re
ect how the

dancermovesover time. However, it is worth noting that to createvariations, extra

key posesare required to be createdby the animator.

The most advancedproject related to animating danceis the Interface project

(Fox, Ryman & Calvert, 2001)which is currently researching interpolation methods.

The plan is to useinferred domain rulesfor the dancestyle, inputted from the Laban

�les. However, oncecreatedusing this method, any further changes,such asadding

variation to the movement, requiresthe animator to import the savedanimation into

editing software such as 3DStudioMax, DanceForms and Maya where adaptations

to the dancesequencecan be madeby editing the keyframes,adding keyframesand

manipulating the timeline.

Compared to the above applications, NUDES is a fairly crude dancer model,

however, it is still extremelyusefulasa visualisation tool for the Labanotation. The

ballet rules are speci�ed in the NUDES scripts such as turnout and the orientation

to posethe roundedarms. Mainly devisedfor ballroom with someballet examples,

it is currently unclearexactly what inferred domain rulesareusedby LINTER when

parsing LED output to the animations scripts read by NUDES.

The EMOTE model using Jack is the other end of the spectrum. Here the user

canalter parameters(Laban's E�ort-Shap e) to changethe quality of the movement.

There arecurrently no methods whereballet rulesarespeci�ed to createanimations

based on a dance notation and therefore no garantee EMOTE would adhere to

the rules of classicalballet when altering the motion path and orientation of the

extremities to createexpressive dancemovement.

The above applications have many pros when setting danceanimation. Motion
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capture can provide a dancesequencewith nuanceswhile animation basedon the

interpretation of dance editor outputs has been shown to have the potential to

specify keyframesfor 3D animation packages.To createvarious styles of animation

using thesepackages,various interpolation methods can be selectedincluding linear

and spline. However there is no guarantee that the rules for dancemovement will be

followed and therefore other interpolation methods are being researched (Calvert,

Wilk e, Ryman & Fox, 2005). With thesecurrent methods,nuancesto the movement

requires the animator to alter and/or add key poseseither on the time line or in

the animation script. The two meansfor making subtle changesare making these

changesusing a 3D application timeline after the original animation sequencehas

been imported or manually changing the scripts that have been created from the

interpreters of the dancenotation editors.

2.2.3.6 Conclusion to Dance Animation Systems and In terfaces

The length of time taken to research and develop dancenotation editors and ani-

mation systemsusing their machine-readableformat highlights how di�cult it is to

achieve a system to read, edit, store and display virtual dance. Once achieved, a

further question arises. Is the quality of the dancemovement acceptableenough?

Whereasmotion capture createsnatural movement (all the detail and nuanceof live

motion for all degreesof freedom),its disadvantage is not providing full control over

the motion plus being labour intensive and costly. Animation systemsuse move-

ment pro�les for interpolation between key posesto create more natural looking

movement with control over the animation and there is now research looking into

expressive movement (Chi, Costa, Zhao & Badler, 2000).

For all above applications, translators and parsers,the research focusis on mak-

ing natural movement with constraints so inappropriate movement is not animated

during the interpolation process.Currently, the above applications interfacing with

a notation editor do not focus on the di�eren t qualities of movement related to ex-

pressivenessand thereforecreatesan animateddancesequenceand not an animated

danceperformance.LabanDancerdoeshowever, usean inferred domain knowledge

baseconsideringdi�eren t dance styles when recreating the 3D animation though

this is still in the research stage.

To achieve an animation wherethe virtual danceris performing and not unnatu-

ral in the movement will require another layer, for example,a movement model or a

style analyser. In terms of animation systems,linear movement betweenkeyframes

is not enoughand an excellent book to read is the Illusion of Life (Thomas & John-
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son, 1981) explaining the art of creating believable characters. Two methods to

create more natural movement are: (1) the animator setting more key poseswith

linear interpolation similar to the traditional way of 
ic k book animation wherethe

dancequality of the animation is limited to the capabilities of the animator, and

(2) allowing a choice of di�eren t movement pro�les, i.e. linear, quadratic or cubic,

or other interpolation methods.

A VBD is neededwhere the speci�cation of the key posesrequired to create

danceanimations is supplemented by interpolation methods where the expressive

qualities canbe manipulated in real-time. A classicalballet teacher not only teaches

the techniques required to pose ballet positions and how to move from pose to

posei.e. movement rules but also the quality of the movement. In the real-world,

many methods are used to achieve this including setting exercisesto music which

assiststhe student to perform with the appropriate nuances.When choreographing,

the choreographerwill deviseand set the dancesteps(sequenceof movement) and

explain the quality required not only for each individual motion but the sequence

as a whole. A VBD systemthat setsdanceposesand movement from a machine-

readableformat following the inferred domain rules and with the functionality to

change the quality of the movement in real-time would be bene�cial not only for

teaching and choreographingbut for creating a virtual performance.

2.3 Expressiv e Dance Gestures and Personalit y

As discussedearlier, oneof the de�nitions of danceis asnon-verbal communication.

Many ballets arenarrative (e.g. Swan Lake, Giselle,Petruchka etc) wherethe chore-

ographerand performertogetherare telling a story through danceto abstract where

the choreography is designedto portray feelingsand moods. Within the boundsof

the choreography, the performer is trying to expresstheir emotions through the

de�ned gestures(i.e. choreography) and the quality of the movement (i.e. how the

gestureis performed). Each dancer in a performancenot only tries to relate their

feelingsto the audiencebut provide an insight into the character'spersonality being

portrayed or in the caseof an abstract performancewith no story line and charac-

terisation an insight into their own personality. Methods for inputting danceusing

dancenotations and applications such as LifeForms as discussedearlier represents

the choreographedgesture. However, while accurately recreating the dance(i.e. a

sequenceof gestures)can provide an audiencewith cuesto the emotionsbeing por-

trayed, there is no senseof feelingand personality. This sectionlooks into di�eren t
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research for gesturesand in particular, research related to expressive dancemotion

and the quality of the gesture.

Gesturehasmany de�nitions: (1) mannerof carrying the body; bearing,carriage,

deportment; (2) manner of placing the body; position, posture, attitude; (3) em-

ployment of bodily movements, attitudes etc. movement of the body or limbs asan

expressionof feeling;and (4) a movement expressive of thought or feeling(Simpson

& Weiner, 1989)to list a few. Any number of the earlier de�nitions can be applied

to the di�eren t scopesof research. With respect to speech phases,Kendondescribed

gestureas action which makes it stand out as a gesture(Kendon, 1980) and later

further quanti�ed it as moving away from a rest position and always returning to

a rest position. This, interestingly, can be applied to dance. Most dancemethods

de�ne a set of basic positions/poses.Thesebasic posesare the start and end of a

dancegesture. In simulating danceas a sequenceof gestures,the de�nition used

in this thesis is a movement expressive of thought and feeling. Danceterminology

and its rules can describe the posesand movement of the limbs, it is the expressive

qualities addedto the movement that distinguishesthe motion as dancing.

Gesture research can be separatedinto two parts. The �rst set of works can

be categorisedas research by linguists, psychologists,neurologists,choreographers,

physical therapists, etc., and are largely concernedwith the conceptualunderstand-

ing of gestureand its function. The secondset of research operates in areassuch

as computer vision, human computer interaction (HCI), human motor control, and

computer graphics(Zhao, 2001).

Danceis usedconsistently for research on gestureanalysisand personality. This

is due to artists simplifying the movement by eliminating extraneousmovements

and then exaggeratingit to ensurethat its meaning is conveyed to the audience

(Ne� & Fiume, 2004). In one study, Shastra (Thirumalai, 2001) emphasisedthe

role of gesturesasbuilding blocks in the creation of a performance(Kahol, Tripathi

& Panchanathan, 2004). Campbell and Bobick (1995) recognisinghuman body

motion using phasespaceconstraints used classicalballet with its �nite number

of discrete movements and descriptionsused for over a hundred years. Using the

domain rules of ballet, nine \atomic" ballet moveswerediscriminated and classical

ballet steps were recognised. Perlin's Improv project was �rst demonstrated in

\Danse Interactif " (Perlin, 1994)at SIGGRAPH94. Dancemovement was usedto

introduce the texture of motion to avoid computation of dynamics and constraint

solvers (Perlin, 1995). The Improv systemfor the creation of real-time behaviour-

basedanimated actors and presented a systemfor scripting interactive actors in a
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virtual world (Perlin & Goldberg, 1996). Actions were simply de�ned as a list of

DOFs together with a rangeand a time to vary the expressionfor each DOF. The

Improv characterskey ingredient for realism is the useof coherent noisegiving the

impressionof naturalistic motions such asthe randomnessof blinking and the small

motions of a character trying to maintain balance.

Camurri with the EyesWeb project (Camurri & Coglio, 1998; Camurri, Maz-

zarino, Trocca & Volpe, 2001) focuseson tools to analyseexpressive gestures,par-

ticularly categorisingthe type of motion in relation to dance. Analysis by groups

such as Badler and the Thalmanns is leading towards the simulation of expressive

naturalised motion and is discussedin x2.4.

2.3.1 Cam urri, the EyesWeb System and MEGA

Early research proposedan architecture to build agents that embed arti�cial emo-

tions to allow moree�ectiv e, simulating, and natural interaction (Camurri & Coglio,

1998). Camurri's work on expressive gesturescentred around KANSEI Information

Processingand Laban's E�ort theory. The conceptof KANSEI is strongly tied to

the conceptof personality and sensibility (Camurri, Hashimoto, Suzuki & Trocca,

1999). Expressive gesturecommunicatesinformation such as feelings,moods, a�ect

and intensity of emotional experience.Movement is consideredusing two points of

view: (1) detailed movement of a singleperson,e.g. centre of gravit y of the dancer

in his own kinesphere,and (2) the movement of one or more personsin a wider

space,i.e. the generalspacesuch as a stage(Camurri, Mazzarino, Trocca & Volpe,

2001).

The system is designedto analyse expressive cues in the dancer's movement

such as 
uid/rigid or energetic/weak. Camurri et al. (2005) accomplishedthis by

extracting syntactic featuresfor movement representation by detecting the amount

of motion (called in their case,quality of motion). A gesture or a sequenceof

gesturescanbeperformedin di�eren t ways and nuances,in order to convey di�eren t

emotional and expressive content. The gesture\raising a hand" can be performed,

for example,with di�eren t velocity and/or shape nuancesof the tra jectory. Results

from their work have included segmenting dance movements and the contraction

and expansionof spaceusedby the danceraccordingto Laban's Theory of E�ort,

i.e. the spacearound the body called Kinesphere(Camurri & Trocca,2000).

EyesWeb and its components, such as the Motion Analysis Library, the Space

AnalysisLibrary and the Trajectory AnalysisLibrary (Camurri, Mazzarino& Volpe,
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2003),hasled to the MultisensoryExpressiveGestureApplications (MEGA) project,

which centred on the modelling and communication of expressive and emotional

content in non-verbal interaction by multi-sensory interfacesin shared interactive

Mixed Reality environments. As well as music performance,the focus is on full-

body movements as �rst classconveyors of expressive and emotional content. The

research issuein the MEGA project is the study of the mapping strategiesof the

recognisedexpressive content onto multimodal outputs.

2.4 Virtual Human Emotions, Behaviour and Ex-

pressions

Development towards creating a realistic expressive virtual human is no easytask

and there are many approaches to creating a virtual human with personality and

emotionsgeneratedthrough expressivesynthesis. Recently therehasbeenan upturn

in research towards expressive nonverbal behaviour and expressive virtual humans.

The most commonapproach is to parameteriseexpressivity attributes whether de-

rived from psychology literature or movement analysissuch asLaban's E�ort-Shap e

theory. To represent, simulate and integrate di�eren t degreesof human movement

toucheson diverseareassuch as computer graphics,computer vision, robotics, and

computational linguistics

A di�eren t approach is the use of parameterisedexpressivity attributes in the

behaviour selectionmechanism where the selectionprocessincludes the emotional

state of the behaviour basedagent and its perceptionof its environment. Behaviour

selectionbasedon sensoryinputs can lead to more realistic characterswith person-

ality by reacting with their environment and other virtual characters. Ballin, Aylett

and Delgado(2002) present the project to develop Intelligent Virtual Agents using

BALSA (Behavioural Architecture for Lifelike Synthetic Agents). Characters, in

this caseteletubbies ( c
 Ragdoll Productions (UK) Ltd.), are given internal drives

and imperatives including hunger, excitabilit y, happinessand sleep. The charac-

ters interact using virtual sensorinputs coupled to virtual actuator outputs. For

further interesting interaction, the needfor a richer emotional model is introduced,

particularly when agents have little verbal interaction and emotional interaction is

required to stimulate behaviour. Delgadoand Aylett (2004) discusswork extend-

ing a behavioural agent architecture to include a low level emotional system and

communication of emotionsbetweenagents using virtual odour. This is presented
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using virtual sheepand demonstrateshow emotion can be usedto mediatebetween

individual and group behaviour.

Unuma et al. (1995) described a method for modelling human �gure locomo-

tion's with emotionsusing a continuousrescaledFourier technique to allow smooth

transitions betweentwo motion capturesusing interpolations as well as generating

exaggeratedmotions using extrapolation. They showed walking and running exam-

ples with di�eren t emotionsor moods including `tiredness'and `briskness'.Amaya

et al. (1996) presented a more generalmethod for adding emotions. Using tech-

niquesfor signal processing,they calculateemotional transforms which are applied

to existing neutral emotionsgiving the motion a quality such as angry or sad.

The HUMAINE project (Humaine, 2005) aims to lay the foundations for Eu-

ropean development of systemsthat can register, model and/or in
uence human

emotional and emotion-relatedstates and processes- \emotion-oriented systems".

It identi�es six areas: theory of emotion; signal/sign interfaces; the structure of

emotionally colouredinteractions; emotion in cognition and action; emotion in com-

munication and persuasion;and usability of emotion-oriented systems.

Other major groups focusing on personality and emotion simulation include:

Miralab led by Magnenat-Thalmann(Magnenat-Thalmann& Thalmann, 1989)and

the Center for Human Modelling and Simulation led by Badler (Badler, O'Rourke

& Kaufman, 1980; Noma & Badler, 1997; Badler, Chi & Chopra-Khullar, 1999a;

Granieri, Crabtree & Badler, 1995).

2.4.1 Badler, Notation and EMOTE

Synthesisedcharactersare expected to make appropriate face, limb and body ges-

tures during communicative acts. In \T o Gesture or not to Gesture: What is the

Question", Badler et al. (2000b) presented the need for non-facial movements to

elucidate what is intended and argued looking at only the psychological notion of

gestureand gesturetype is insu�cien t to capture movement qualities. In \A Com-

putational Alternativ e to E�ort Notation", Badler (1989)stateswithout motion dy-

namics,computeranimation looks 
at or mechanical at best; discontinuousor jerky

at worst. This paper discussedthe implementation of kinetic and dynamic control

looking at attack accelerationat the start of the motion and the decay acceleration

at the end of the motion and compareddynamic versuskeyframe parameter con-

trol. Using the E�ort qualities derived from Laban's E�ort-Shap e theory, dynamic

changeswerecreatedby altering the spacingof the keyframetimes, i.e. varying the
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kinetic interpolation.

Using Badler's Jack (Badler, Phillips & Webber, 1999b),movement observation

sciencewas usedto simulate expressive movement qualities. Chi devisedmethods

to apply parameterisedE�ort and Shape qualities to movements to improve ges-

tures (Chi, Costa, Zhao & Badler, 2000; Chi, 1999a) which they called EMOTE

(Expressive MOTion Engine).

Chi (1999b) createdand implemented a kinematic analog to the E�ort part of

Laban's E�ort-Shap e theory for her PhD dissertation. Focusing on the arm and

torso movement, the four featuresthey felt wereessential to convey naturalnessand

expressivenesswere: (1) a given movement may have E�ort and Shape parame-

ters applied, (2) the parametersmay be varied along distinct numerical scales,(3)

di�eren t parametersmay be speci�ed for di�eren t parts of the body, and (4) the

parametersmay be phrasedacrossa set of movements (Chi, Costa, Zhao & Badler,

2000). By applying e�ort to the tra jectory de�nitions, path curvature and inter-

polation space,and parameterisingthe timing control, changing the keyframetime

and the number of framesbetweenkey points, controlled changein the movement

quality is achieved basedon Laban's E�ort. The shape model was applied to the

torso and arms. For the arms, shape is basedon the horizontal, vertical and sagit-

tal dimensionsto vary the kinesphericreach space.The torso associatesspreading,

enclosing,rising, sinking, advancing and retreating to specify displacement angles

of the pelvis, spineneck and clavicle joints.

Zhao and Badler described a new paradigm in which a user will be able to

producea wide rangeof expressive, natural-looking movements of animated charac-

ters by specifying their mannersand attitudes with natural languageverbs (Zhao,

Badler & Costa,2000). Using EMOTE and a ParameterisedAction Representation

(PAR), a natural languageinterpreter was devisedas an interface between natu-

ral languageinstructions and expressive movement by translating the adverbs into

modi�ers which modify the the E�ort-Shap e parameters (Badler, Bindiganavale,

Allb eck, Schuler, Zhao & Palmer, 2000a). The manner obtained from the PAR is

passedto the EMOTE enginewhich governsthe movement of the performanceand

the user does not need to worry about the low-level interpolation parameters. In

Zhao'sPhD dissertation (Zhao, 2001),he alsoresearched into the synthesesand ac-

quisition of communicative gesturesby extracting from live performances,either in

3D motion capture or 2D videodata, to correlatewith observations validated by La-

banotation notators. By looking at the quality of movement usingE�ort and Shape

components, he provided an initial framework where key poses,timing and E�ort
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parameterscan be extracted from live data input and for the proceduralgeneration

of expressive gesturesfor computerisedcommunicating agents.

With FacEMOTE (Byun & Badler, 2002),Byun and Badler proposeda control

mechanism for facial expressionby applying a few chosenparametric modi�cations

to pre-existingexpressiondata streams.The parametersare adaptedusing Laban's

E�ort-Shap etheory by mappingthe valuesonto setsof FacialAnimation Parameters

(FAP). The paper discussesthe possibility to generatedi�eren t shadesof expression

from a singlebaseexpressionby adding subtle changes.

2.4.2 Cassell, Behaviour and Animated Conversation

Cassellet al. �rst introduced a system for automatically animating and generat-

ing conversation betweenhuman-like agents, described in Animated Conversations

(Cassell,Pelachaud, Badler, Steedman,Achorn, Becket, Douville, Prevost & Stone,

1994). The speaker/listener relationship, the text, and the intonation in turn drive

expressions,lip motions, eye gaze,head motion, and arm gesturegenerators. The

four basictypesof gestureduring speech weredemonstrated: Iconicsrepresent some

feature accompanying speech such as drawing a rectangle while asking for \the

check"; Metaphoricsrepresents an abstract feature concurrently spoken; Deictic in-

dicate a point in space;and Beats are small formlesswavesof the hand that occur

with heavily emphasisedwords. Gestureswereselectedfrom a library of prede�ned

hand shapes and the expressivenesswas represented by adjusting the size of the

gesturespace.

Cassell focused on natural movement and behaviour based on linguistic and

contextual analysisof typed text. In 2001,Cassellet al. presented the Behaviour

ExpressionAnimation Toolkit (BEAT) which allows animators to input typed text

that they wish to be spoken by an animated human �gure (Cassell,Vilhj�almsson

& Bickmore, 2001) relying on rules derived from extensive research into human

conversational behaviour. Extensible so new rules can be added, BEAT was de-

signedto plug into larger systemsthat may alsoassignpersonality pro�les, motion

characteristics,sceneconstraints, or the animation styles of particular animators.

The non-verbal behaviour researched includes attention, positivit y, and coor-

dination. This focus is primarily to understand and simulate a senseof rapport

betweentwo peoplein conversation and the implementation of virtual peers.
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2.4.3 Thalmann and Magnenat-Thalmann

In \Motion Control of Virtual Humans", it was discussedthat computer anima-

tion technologieslet usersgenerate,control, and interact with lifelike human rep-

resentations in virtual worlds (M.Cavazza,R.Earnshaw, N.Magnenat-Thalmann&

D.Thalmann, 1998). They presented the di�eren t approachesand de�ned the di�er-

ent actors as (1) `autonomousvirtual humans' that should be able to demonstrate

a behaviour, which meansthey must have a manner of conducting themselves; (2)

`guided actors' which do not correspond directly to users' motions but are a type

of avatar basedon the conceptof a real-time direct metaphor. Participants usein-

put devicesto update the virtual actor's position; (3) `interactive-perceptive virtual

actor' are actors aware of other actors and real people;and (4) `real-time synthetic

actors' representing usersso that they can interact with the environment and other

avatars. They alsodiscussedlanguageinterpretation and behavioural models. Guye-

Vuill �emeand Thalmann (2000) also arguedsociological conceptsare important for

the creation of autonomoussocial agents capableof behaving and interacting realis-

tically with each other and the development of an architecture ful�lling the require-

ments for social interaction to provide realistic and rich behaviours.

Thalmann (2000)discussedvirtual humansand gesturein \The Virtual Human

asa Multimo dal Interface". Gestureswerede�ned astwo types: prede�ned gestures

and task-oriented motion. The motor functions required for each gestureweregen-

erally basedon biomechanical experiments and considereddi�eren t parameters.For

expressingemotions,the headwasusedasan exampleproblem and wassegmented

as: high level actions concerningthe emotions, the sentence and the head move-

ments of the virtual actor; mid-level actions,de�ned asexpressionsof the face;and

low-level actions de�ning the 63 regionsof the facecorresponding to facial muscle.

Synchronisationof speech, facial expressionsandbody gesturesis oneof the prob-

lems in realistic avatar animation in virtual environments. Kshirsagaret al. (2002)

usedlow-level animation parameters,de�ned by the MPEG-4 standard, to demon-

strate the use of the Avatar markup Language(AML). IMPROV and BEAT for

controlling character animation were discussedand the paper made comparisons

with VHML (Virtual Human Markup Language),its de�cienciesand how AML is

an improvement. With respect to expressive motion, a behaviour library is trig-

geredand processes(e.g. mixes prede�ned animations, changesof speed,etc.) the

animations generated.

Magnenat-Thalmann,a member of HUMAINE, and MiraLabs work on person-

ality and emotion simulation is similar to earlier research where the personality
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and emotion is linked to responsegenerationand expressionsynthesis powered by

a dialogue system. A personality module is devisedwhere the virtual human re-

sponsedependsnot only on input given by the user,but alsoon the personality and

emotional state of the virtual character(Egges,Kshirsagar& Magnenat-Thalmann,

2002b). Presenting a generic model for describing and updating the parameters

related to emotional behaviour, existing theories such as OCC (Ortony, Clore &

Collins, 1988), using goals, standards and attitude, and OCEAN (Costa & Mc-

Crae,1992)which has�v e factors: openness,conscientiousness,extraversion,agree-

ableness,and neuroticism are integrated into the framework (Egges,Kshirsagar &

Magnenat-Thalmann,2002a).

2.5 Motion Synthesis for Natural Mo vement

Research in stylistic motion synthesisor creatinganimationswith a small number of

key frameshas involved danceand setsof motion capture. One of the main groups

focusingon motion synthesis is the New York University Media Research Lab and

in particular the department for Human Movement. Brand and Hertzmann's early

work approached the problem of stylistic motion synthesisby learning motion pat-

terns whereeach choreographedsequencewasperformedwith distinct style (Brand

& Hertzmann, 2000). This work focusedon the di�eren t styles of movement such

asballet and modern dance. Their work proposedthe learnedmodel can synthesise

novel motion data in any interpolation e.g. convert novice ballet motions into mod-

ern danceof an expert. The systemwastrained on four performancesby classically

trained dancers(man, woman-ballet, woman-modern-dance,woman-lazy-dance)of

50-70secondswith approximately twenty movesand new choreography was gener-

ated.

Pullen presented a method for creating animations from a small number of key

frameswith motion capture data usedto enhancethe animation (Pullen & Bregler,

2002). The motion captured data provides a data set with all the detail of live

motion. Texturing was presented for generating variations to the animation and

basedon the key posesand captured data, synthesis generatesanimation. The

paper presents an examplewhere the upper body synthesis is driven using the left

kneeand hip angles.Modern dancewasusedto investigatea wider rangeof motion

than thoseof walking and running, this wasbecauseunlike ballet and other classical

forms, the constraints are more relaxed. In the conclusion,one drawback of the

method stated is that it does not incorporate hard constraints and therefore it is
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not possibleto texture for examplewhere the feet are meant to remain in contact

with the 
o or. This would be a problem texturing classicaldancewhereconstraints

are applied throughout.

More recently, led by Hertzmann, an inversekinematics systemwas developed

basedon a learnedmodel of human poses(Grochow, Martin, Hertzmann& Popovi�c,

2004). Givena setof constraints, the systemproducedthe most likely posesatisfying

those constraints in realtime. Training the model on di�eren t input data leads

to di�eren t styles. By restricting the spaceof valid poses,there was a greater

potential for generatingthe motions of charactersto both look realistic and satisfy

the constraints. Examplespresented in this paper are catching a ball or jumping.

The potential towards ballet and other dance styles with the constraints applied

de�ned by the dance rules can be seenas future work, however, the discussion

states too many hard constraints can prevent the problem from having a feasible

solution.

Liu and Popovi�c (2002) presented a generalmethod for rapid prototyping of re-

alistic character motion. The paper discusseshow realistic motion can be achieved

by enforcing a small set of linear and angular momentum constraints. This paper

focusedon dynamic movement such as jumping, kicking, running, and gymnastics

and not low energymotions such as walking and reaching. A userspeci�es a num-

ber of keyframesand using three constraints: environmental that correspond to

user-intended motions and separatethe original motion sequenceinto constrained

and unconstrainedstages;transition posebetween constrainedand unconstrained

animation stages;and momentum accordingto the Newtonian laws and biomechan-

ical knowledge. This method is best suited to highly dynamic motion governedby

Newtonian physics.

Li et al. (2002)presented a techniquefor synthesisingcharactermotion related to

creatinga dancesequencesetting a start frameand an endframethat is statistically

similar to the original motion captured data. Motion texture is presented by a set

of motion textons. A texton is de�ned as the local linear dynamics and though

di�cult to extract, repeated patterns were modelled. The global dynamics were

set by switching between the textons. This method was best suited to motion of

frequently repeatedpatterns and synthesisedmotion lacked global variations when

data setswere limited.

Biological motion contains information about the identit y of an agent as well

as his or her actions, intentions, and emotions(Troje, 2002). Using simple gender

examples,classi�ers were constructed and compared. A simple motion modeller
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was presented that can be usedto visualiseand exaggeratethe di�erence in male

and femalewalking patterns. The study showed that the dynamic part of the mo-

tion contains more information about genre than structural cues. In this paper,

it is discussedhow the linearisation of motion data for classi�cation purposescan

be extended to include other attributes such as age, weight, emotional state, or

personality traits and include other actions, however, this would require its own

formalisation.

2.6 Summary

There is a notion in the Arts of \b elievable characters" meaningthat the audience

believeswhat they see,i.e., providing the illusion of life (Bates, 1997). Many per-

formersjudgetheir performancesnot only by the application of the skill but whether

it was a believable performance.

Creating believable performanceswhether expressive gestures,circular motion

such as walking gaits, or generalisedmotion, the researchers in this chapter are

searching for realism and natural movement. They are looking to analyse,adapt,

simulate and/or synthesiserealistic natural motionsthat fuel the viewer'ssuspension

of disbelief.

In \Disney Animation: The Illusion of Life", Thomas and Johnson(1981) ex-

plain Disney'stechniqueclaiming that action showsthe thought processand how the

emotion is accentuated. However, asmore research is presented and discussed,par-

ticularly with the useof motion capture data, it can be seenthat virtual characters

are successfullybeing simulated by replicating real motion.

In this chapter, various methods were discussedrelating to expressive gestures

and behaviour with the overall objective to better understand how to generatere-

alistic expressive characters. Dance has been a component to better understand

behaviour and expressive motions by focusing on parameterisinghow the dancers

move. Research to createrealistic dancemotion on a virtual dancerhas mainly fo-

cusedon (1) motion capture techniqueswherethe danceremulates various motions

performedby the captured subject or (2) using animation systemswherekey poses

have beeninserted nuancesare createdby adding extra key poses.

Motion capture research utilises algorithms for texturing and synthesisingdance

movement with someexcellent realistic results,however, there is currently little con-

ceptof what quality is beingperformedandcontrolling that quality. It is not possible

to specify happy or sadmovement by descriptionor parameterisation. With respect
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to using animation systems,the most advanced research by Calvert et al. (2005)

is providing methods related to the ballet rules. All movement is speci�ed by the

dancenotation systemusedand thereforeno nuancesto the motion are applied to

generateexpressive motion.

Chi (2000) provided methods that parameterisedhow gesturesare performed

using Laban's E�ort theory. This proved to be an excellent starting point towards

developinga VBD. Using theseparameters,Chi varied the gesturesincluding adapt-

ing the key poses.While this works for gesturesusedin conversation,this cannot be

applied to classicalballet wherethe danceposehasto adhereto the ballet rules that

de�ne it. It is worth mentioning that this method could be applied to contempo-

rary dance. Camurri (2001)provided research demonstratinghow theseparameters

could be usedto de�ne contemporary dancemovement, however, parameterisation

of contemporary dancing de�nes the shape of the completemovement rather than

the qualities of the individual parts as is required for classicalballet where strict

rules determinethe shape of the movement to be performed.

Both Pullen (2002) and Li et al. (2002) demonstratethrough their research on

texturing andsynthesishow the subtlevariations in the motion determinethe various

qualities beingperformed. This, however, like Camurri wasagainapplied to modern

dancewherethe constraints are more relaxedmeaningthat dancemovement is not

performed incorrectly providing the motion looks natural and realistic. To apply

realistic natural movement to ballet is not easyand thereforean approach is needed

somewherebetweenthe work performedby Chi and the research by Camurri, Pullen

and Li.

To developa systemto demonstratethe performanceof a VBD, many aspectsof

the research mentioned were looked at and analysed.Though not applied to dance,

for expressive motion, the work performedby Chi was the closestto the expressive

requirements for a VBD. Using Laban's parameters, the algorithms presented by

Chi adapted �nal poseof the gestureand varied the velocity with other parameters

a�ecting the amount of orientation performed in the wrist and elbow joints. This

research needsto apply the same conceptswith the exception of the �nal pose

adaptation. However, their mathematical equationscan not be applied to a VBD

which adheresto the rules of ballet. Another aspect is the 
o w of the movement

in ballet, while anticipation and overshoot e�ects are important for the start and

end of a movement, this cannot be applied at each key posein classicalballet which

may be an intermediate posedescribinga complex dancestep. Therefore a VBD

requiresa new pro�le to represent the motion along a movement tra jectory.
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Analysing Di�erences in

Real-w orld Emotiv e Mo vements

3.1 In tro duction

To developa student dancerinto a performertakesyearsof hard grafting of repetitiv e

movement starting with the most basic of motions. Once the basics have been

taught to a level where the dancer can pose and move using the rules of ballet,

another layer is addedto the movement to turn the dancemovement from exercises

into performances. Using my experienceas a professionalballet teacher and ex-

professionaldancer, the sameapproach is used to develop a virtual ballet dancer

(VBD) i.e. setting the combination of ballet posesand then layering an expressive

algorithm to the animation sequence.

The following requirements have beenidenti�ed to develop a systemfor viewing

and varying the performanceof an expressive VBD:

Requiremen t 1 The way a dancermoveswith di�eren t emotionsare understood

and parameterised

Requiremen t 2 The system can present a VBD where the variations in motion

can be distinguished

Requiremen t 3 The virtual dancerhasa structure that canbe manipulated using
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a dancenotation

Requiremen t 4 The system readsand parsesa machine-readablerepresentation

of a dancenotation (this research will useBeneshnotation)

Requiremen t 5 The systemcan posethe VBD using a dancenotation adhering

to the rules of the notated dance

Requiremen t 6 The systemcan set a seriesof posesat speci�ed times to createa

dancesequencefrom the parsednotation

Requiremen t 7 The VBD poseadheresto the rules of classicalballet

Requiremen t 8 The system can change the quality of the interpolated motion

using motion description parameters

Requiremen t 9 The variations in the movement to simulate expressionis within

the bounds of the ballet movement rules and the movement speci�ed by the

dancenotation

Theserequirements are highlighted throughout the research when being applied.

To understand the requirement for expressive dance simulation, this chapter

has beendesignedto identify featureswhich distinguish di�eren t emotions. These

featurescan be categorisedinto three main objectives:

1. (Requirement 1 and 2) De�ning the level of interpolation a dancevisualisation

system requires where a user can identify the di�erence in emotions from

the expressive movement animated. To identify the level of �delit y needed

from real-world danceperformanceto simulated danceanimation in a virtual

environment (VE).

2. (Requirement 3 to 7) Developingmathematicalrulesto posea virtual character

correctly to layer the expressive movement onto. SeeChapter 4.

3. (Requirement 8 and 9) Developing an algorithmic model to manipulate the

movement parametersto simulate expressive motion that can be interpreted

by the user. How doesreal-world dancingtranslate to virtual animations? See

Chapter 5.

From understanding emotions discussedin Chapter 2 and my own experience,

expressive movement is interpreted and distinguished by the usersand audiences.

33



Chapter 3 Analysing Real-world Emotive Movement

While ballet allowssomeleeway in the shape of the armsand the amount of rotation

in the head and body, there are no changesto the shape of the gesture. As a

professionalteacher, we aim to teach the performer to `feel' the movement to best

present the emotions and qualities in the music. This includes variations in the

accent of the movement, the shape of the movement within the rules of ballet, the

tempo and the strength or weight of the movement. With this training audiencescan

distinguish variousemotionsbeingportrayed, even from the back of the auditorium.

For recordedand televisedproduction of dance,while there aresomeclose-ups,most

of the productions are still presented from a distancefor the viewer to get an overall

feelof the performance.This informs us the quality of the movement is asimportant

as facial expressions,choreographedgesturesand the ambienceof the scenesuch as

music and lighting.

The overall goal of our research is to develop a VBD that helps professional

performers to visualise the choreography required for a certain performance. To

achieve this, two broad categoriesof �delit y needto be considered. The �rst cat-

egory is the visual appearanceof the VBD, i.e. the physical characteristics of the

VBD on a given computer display (size, resolution and (non)stereo viewing) and

the secondcategoryis the realismwith which the dancermoves,i.e. the smoothness

and accuracyof the animation of the VBD's movement.

This chapter describestwo experiments that manipulated digital videosof ballet

performancesto ascertain someof the �delit y requirements for a virtual dancer.

Two experiments weredesignedto measurewhether professionaldancerscould dis-

tinguish between the emotions when they were presented at reducedvisual detail

comparedwith the real-world and a reduction in the smoothnessof the movement.

Experiment 1 investigated whether participants could discriminate betweenballet

exercisesperformedwith di�eren t emotionswhen thoseexerciseswere displayed as

small videoson a computerscreen(a reduction in sizeand resolutioncomparedwith

the real-world). Experiment 2 investigatedthe e�ect of the video frame rate, which

has implications for the �delit y required of the movement model.

The factors investigated for experiment 1 were ten di�eren t pairs of emotions

performedwith three di�eren t levels of complexity. Participants with a foundation

in professionalballet wererequired to distinguish whether the ten pairs of emotions

(combinations of happy, sad, angry and afraid) were the sameor di�eren t for two

exercisescarried out at three di�eren t levels of complexity.

For experiment 2, the factorsweresix pairsof emotionsperformedwith two levels

of complexity at four di�eren t framerates. Participants wererequiredto distinguish
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betweenthe emotions(combination of happy, sad and angry) from four two dance

exercisesat each of the lowest and highest level of complexity, which weredisplayed

at four di�eren t frame rates.

The movements had three levels of complexity (easy, medium, and hard) with

each level having two exercises. Easy movements were choreographedto involve

movement of the head,upper torso and upper limbs. Medium movements extended

the easymovements by including lower limb movements which addedtravel and one

leg balancesincreasingthe technical requirements. The hard movements involved

jumping aswell asupper and lower limb movements. The dancerswererequired to

land on onefoot and in oneinstanceperform half a turn requiring evengreatertech-

nique and werechoreographedextendingthe medium movements. The four emotive

themes(happy,sad, afraid and angry) generateddi�eren t movement in relation to

Laban's time, weight and spacedescriptors (Dell, 1977). The four emotions were

chosenbecauseof their combined e�ects in Laban categorisation. When combined,

it can createsigni�cantly di�eren t and contrasting nuancesfor each emotion in the

performanceof the exercise.

3.2 Mo vie Collection and Manipulation of Dance

Mo vement

3.2.1 Lo cation, Personnel and Layout

The data wasrecordedin the University of LeedsClothworkers' Centenary Concert

Hall asshown in Figure 3.1. This allowed unrestricted movement by two classically

trained ballet students who wereseparatedby a partition to avoid being in
uenced

visually by the movements of each other. SeeFigure 3.2 for the plan of the layout.

3.2.2 Dance Mo vement

This sectiondescribesthe six exercisesusedfor the experiments usingboth Cecchetti

ballet terminology for describingpositions and movement and the Beneshnotation

for each exercise.The positionsdescribed are the key posesusedfor the experiment

and the movement and position has a number in brackets provides the count the

poseis to be achieved when counting the exercisein tempo.
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Figure 3.1: The experiment setup in the Concert Hall.
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Figure 3.2: The Clothworkers Centenary Concert Hall set up for video capture of
ballet movements. The moviesfor the experiments discussedin this chapter wasthe
front perspective taken using camera1 (JVC).
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Easy Exercises

1. Third port de bras from the Cecchetti syllabus(in 4 counts)

Fifth en bas to �fth en haut (1),

transfer the headto the other side (2),

open â la second�e (3),

lower to �fth en bas (4).

Repeat

3

Figure 3.3: BeneshNotation for Easy Exercise1 (Third port de bras).

2. Fourth port de bras from the Cecchetti syllabus(in 4 counts)

Preparation to fourth en haut,

open arms â la second�e (1),

to fourth en haut on the other side (2),

lower to �fth en bas (3),

to fourth en haut(4).

Repeat

3
prep.

Figure 3.4: BeneshNotation for Easy Exercise2 (Fourth port de bras).

Me dium Exercises

1. Temp Lie devant and derri �ere with grand battemen t

Grand battement fourth devant (1) [arms �fth en haut],

transfer weight through fourth position (2),

grand battement fourth derri�ere (&3)[arms �rst arabesque],

closeto �fth (4).

Reverse[with the samearms]
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4

Figure 3.5: BeneshNotation for Medium Exercise1 (Grand battement exercise).

2. Adage to second�e

D�evelopp�e â la second�e (1-4),

releve �fth(5)[arms fourth en haut],

fondu on right and cou-de-piedthe left derri�ere[armsâ la second�e],

tendu second�e closedevant.

Repeat on other side

4

Figure 3.6: BeneshNotation for Medium Exercise2 (d�evelopp�e exercise).

Har d Exercises

1. Grand jete en tournan t

Chass�e to arabesque(prep) [arms �rst arabesque],

step (1), grand jete en tournant (and 2) [arms through �fth en haut],

coupe (&) chass�e to arabesque(3, 4) [arms as preparation].

Repeat

3

Figure 3.7: BeneshNotation for Hard Exercise1 (Grand jete en tournant exercise).

2. Allegro

Glissade(&1), jete derri�ere (2) [arms fourth en avant],

temp lev�e (3) [arms fourth en haut],

assembl�e coup�e(4) [lower arms to �fth en bas].

Repeat to the other side

38



Chapter 3 Analysing Real-world Emotive Movement

2

Figure 3.8: BeneshNotation for Hard Exercise2 (Glissadejete exercise).

3.2.3 Pro cedure

The recording of the exerciseswere split into two sessionsduring a day lasting a
total of 5 hours. Prior to the start of the �rst session,the dancerswere given an
explanation of the level of choreography required and the motives they would be
given for each exercise.Each sessioninvolved the recordingof an easy, medium and
hard exercise,and usedthe following procedure.

1. Explain choreography to dancers

2. Allow a practise run through for the dancers

3. Give motive description

4. Start recording on all three cameras

5. Use labelled clapper board sheetson camerato mark video position of exerciseand

motive

6. Count the dancersin so they start at the sametime

7. Stop cameras

8. Repeat 3 to 7 for all motives in a di�eren t order

9. Repeat 1 to 8 for secondexerciseat the samecomplexity level

10. Repeat 1 to 9 for medium exercise

11. Repeat 1 to 9 for hard exercise

3.2.4 Extracting the Mo vies and Application Construction

The original movies that were �lmed contained both dancers. An application was

developed to extract each dancerasa separatemovie with a selectionof frame rates

(seebelow).

The videomoviesrecordedat 25HzweredownloadedusingFirewire into a format

compatiblewith `Quicktime 4 Linux' (found at openquicktime.sourceforge.net/ )

and an application has been developed to load and manipulate the movies on a
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frame by frame basis. The application had two main functional components. The

�rst function allowed the movie to be cropped and each dancerto be displayed and

stored separatelyas Quicktime encoded movies. The secondfunction reconstructs

the movie at di�eren t frame rates as speci�ed. It would be simple to down sample

the movie at a given framerate. However, keyframesthat correspond to the notated

poses(Figure 3.3- 3.8)often get culledusingsuch a direct approach. (SeeFigure 3.9)

Therefore,an alternative solution wasimplemented that preserved the keyframesat

the expenseof introducing jitter.
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Figure 3.9: Down sampling a movie not taking into considerationthe key frames.
Black framesare the key posesshown in Figure 3.10Top diagram at original frame
rate 25Hzcapturing all key frames,middle diagramdemonstratingdown samplingto
5Hz missingall key framesexcept the �rst, and the bottom diagram demonstrating
emulating 5Hz playing at 25Hzalsomissingthe key frames

The frameratesselectedfor analysisrangedfrom 5Hz(jerky movements) to 25Hz

(smooth with the usual video 
ic ker). Preservingkey posesrequired two stages:(1)

manually identify keyframesin every video and store frame rate numberswherethe

frameselectedmappedthe dancersposition to the Beneshnotation (seeFigure 3.10);

(2) to determine which framesshould be displayed in-betweenkeyframes(IBK) to

approximate a given frame rate. The number of frames (n) between each pair of

key frameswas calculated using Equation 3.1 where (N ) is the original number of

frames,(r ) the new frame rate and (R) the original frame rate.

n =
N � r

R
(3.1)

The valueof n wasroundedup to the nearestinteger,and IBK frameschosensothey

were approximately equally spaced. (seeFigure 3.11) The following two examples

illustrate how this works.
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3

0s
0

2s1s 3s 4s
36 56 82 100

Figure 3.10: The top row of this �gure shows a `port de bras' in Beneshnotation,
the middle section illustrates the key poseswith the bottom sectionpresenting the
elapsedtime and frame numbers (0, 36 etc.) for the keyframes.

Example 1: Keyframesat frame number 36 and 56. From Equation 3.1 for 5Hz

frame rate, n = 4 thereforethe IBK framesare 41, 46, and 51.

Example 2: Keyframes at frame number 0 and 36. From Equation 3.1 for 5Hz

frame rate, n = 7:2 (rounded up to 8) thereforethe IBK framesare 5, 9, 14, 18, 23,

27 and 32.

Example 1 is a perfect �t. Example 2 introduced somejitter to the frame rate,

but the most jitter in any of the videos was 0:02sec and this was acceptedto be

negligible to the human eye.
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Figure 3.11: Down sampling a movie taking into considerationthe key framesem-
ulating 5Hz playback at 25Hz. Black framesare the key posesat the correct frame
rate and grey framesarechangesin the framerate to keepthe framesapproximately
equally spacedand capture the key frame shown in Figure 3.10.

3.3 Exp erimen t 1

3.3.1 In tro duction to Motion Recognition

Experiment 1 investigatedthe users'abilit y to distinguish emotionsperformedby a

trained classicaldancer. All the videosuseda constant frame rate (25Hz). The �-

delity level wasloweredfrom the real-world to: a 3D representation displayedon a 2D

41



Chapter 3 Analysing Real-world Emotive Movement

LCD display; a slight degradationin resolution (someartifacts from re-compressing

the videosasMOVs); and a small imagesize(220� 175pixels). Participants viewed

pairs of videosand judged whether each pair wasdancedwith the sameor di�eren t

motive theme. Three setsof analysesare presented: (1) percentage correct judge-

ments for sameversusdi�eren t emotionsat the three levels of complexity; (2) the

accuracyof participants judgements betweenpairs of the sameemotions;and (3) the

judgements betweenemotionsthat weredi�eren t and had either similar or di�eren t

properties in Laban's space,weight and time dimensions.

3.3.2 Metho d

Participan ts

Six adults, three malesand three females,participated in this experiment. The ages

ranged between 28 to 40 years of age with a minimum of 8 years current or past

professionalexperiencein ballet and/or teaching danceat a professionallevel.

Materials and Pro cedure

For the real world experiments, a bespoke VB application developed to present pairs

of videos which was run on a Dell Latitude C600 Intel Pentium II I 600MHz with

256M RAM and an ATI RageMobilit y 128video card (8M). The 14.1" XGA Color

TFT display had a resolution set at 1024x 768x 16.7million colours. The system

ran the Windows 2000operating systemusing Windows MCI for playing embedded

multimedia.

With the four emotions, the software generatedten pairs of combinations. Of

the ten paired combinations, four had the sameemotion f (happy, happy) (sad, sad)

(angry, angry) (afraid, afraid)g and six had di�eren t emotionsf (happy,sad) (happy,

angry) (happy, afraid) (sad, angry) (sad, afraid) (angry, afraid)g. To equalisethe

number of trials for the sameand di�eren t pairs, there were three trials for each of

the sameemotionalpairs and two trials for each of the pairs making 24trials for each

level of complexity. In total there were 72 trials (24 for each level of complexity).

The trials were presented in three blocks of 24 and the order of presentation for

the emotional pairings and complexitieswere randomised. Each trial featured two

videosof oneof the dancerschosenat random.
For each trial, the application played the pair of videossequentially followed by

two questionsfor the participants to answer by selectionswith the mouse(seeFigure
3.12). The procedurewas:
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(a) (b)

Figure 3.12: Screenshotsof the experiments video display window (a). Questions
and selectionsinterface(b).

1. Subject selectsbutton \Start Experiment"/\Next Trial"

2. Two pairs of video's are played sequentially

3. The question \The �lms expressemotions that are the" will pop up with `Same'or

`Di�eren t' selectionboxes

4. After the selectiona secondquestion pops up. \How con�dent of your selection are

you?". There is a radio selectionbox from 1 to 5 where 1 is the least con�dent.

5. The participant selectsbutton \Next Trial"/\End Experiment" button to start the

next trial or end the experiment.

During the running of the experiment, the \Next/End Experiments" button,

concatenatedthe results for each trial to a text �le.

3.3.3 Results and Discussion

Three types of analysis were performed. First, the percentage of trials that par-

ticipants answered correctly with the three complexities of exercise,each divided

into trials with sameversusdi�eren t pairs, werecompared.Second,the percentage

correct for the four emotionswasanalysed(using only trials that contained pairs of

the sameemotion). Third, the e�ect of Laban's time, spaceand weight dimensions

wascomparedby analysingthe percentage correct for trials in which di�eren t pairs

of emotion werepresented to participants. All of the analyseswereperformedusing

repeatedmeasuresanalysesof variance(ANOVAs) and noneof the interactionswere

signi�cant.
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Participants gave fewer correct answers as the exercisesbecamemore complex,

but the di�erence was only marginally signi�cant (F (1; 5) = 3:91; p = :06). There

was no signi�cant di�erence betweenpairs of sameexercisesand di�eren t exercises

(F (1; 5) = 0:52; p = :50). SeeFigure 3.13.
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Figure 3.13: Mean number of correctly distinguished pairs of emotions for each
exerciselevel of complexity. Error bars indicate standard error of the mean.

For trials in which pairs of the sameemotion werepresented, there wasa signi�-

cant di�erence betweenthe percentageof trials that participants answeredcorrectly

for the four emotions(F (1; 5) = 3:43; p = :04), but not for the three complexitiesof

exercise(F (1; 5) = 0:52; p = :98). SeeFigure 3.14. Participants made most errors
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Figure 3.14: Mean number of correctly distinguishedpairs of the sameemotionsfor
each exerciselevel of complexity. Error bars indicate standard error of the mean.

for sad-sadand afraid-afraid trials, and a commonfactor for theseemotionsis that
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they are both slow in Laban's time dimension.

For trials in which pairs of di�eren t emotionswerepresented, there wasa signif-

icant di�erence betweenthe six combinations of emotion (F (1; 5) = 9:51; p = :00).

When Laban's time parameterwas fast for both emotionsin a pair (happy{angry),

the participants results were equivalent to chanceas shown in Figure 3.15. Partic-

ipants were still able to distinguish di�eren t emotionswhere both emotionsof the

pair werecharacterisedasslow in Laban's time parameter(sad{afraid) though there

is a marked drop o� when comparedto pairs with di�eren t time parameters.
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Figure 3.15: Mean number of correctly distinguished pairs of di�eren t emotions.
Error bars indicate standard error of the mean.

Despite the reduction in the resolution, size,and display aspects of �delit y, the

overall meanpercentage correct was high (M = 78:70%). The analysisundertaken

to examinethe accuracyfor distinguishingemotionsat the three levelsof complexity

showed a greater accuracyat the easierlevel for di�eren t pairs of emotions. The

accuracy for the sameemotional pairs was similar for all three complexity levels.

One possiblesolution is the professionallytrained dancersabilit y to accurately re-

produce positions (Ramsay & Riddoch, 2001) provides lessvariation between the

sameemotionscomparedto di�eren t pairs of emotionsshowing greater movement

variation. As movements becomemore complex for the dancersto perform, the

amount of variation in the performancedecreasesand appears to the participants

to have similar emotions.

The resultsfor pairsof the sameemotionsestablishthe participants hadgenerally

less accuracy for emotions with a slow time factor. One possiblehypothesis is:
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the slower time for the movies to complete the exercisesgave more time for the

participants to overanalysethe movement and seemore nuances,i.e. any extra

deviation in the movement interpreted as di�erences betweentwo emotionsrather

than variation in making movements. This result highlights that the participants

found it signi�cantly more di�cult to distinguish certain emotions.

For di�eren t pairs of emotions,the commonfactor betweenpairs that wereaccu-

rately distinguishedover pairs that werenot wasLaban's time parameter. Di�eren t

pairs with the sametime characteristics were lessaccurately recognised,probably

due to the participants �nding it easierto di�eren tiate using time. Pairs with the

sametime requiresinterpretation of other nuancesin the performanceof the move-

ment by using the other Laban dimensionsto distinguish the emotions. The greater

the speedof movement, the moredi�cult the participants found it to readthe visual

clues. Theseresultshighlight that a key indication to distinguish di�eren t emotions

is the time factor. Other visual cluessuch as Laban's spaceand weight dimensions

were usedto con�rm their decisionwhile emotionswith similar times relied on the

other dimensionshighlighting the other dimensionsaid the distinguishing process.

In conclusion,Experiment 1 has shown that on a small 2D visual display: (1)

there was a high percentage correct overall despite the �delit y reduction; and (2)

Laban's time dimensionis a major clue when comparingdi�eren t emotions.

3.4 Exp erimen t 2

3.4.1 In tro duction to Visualisation at Variable Frame Rates

Experiment 2 investigatedthe abilit y of participants to distinguish emotionswhen

presented at four di�eren t framerates(5, 8.33,12.5and 25Hz). To limit the number

of trials, it wasdecidedto useonly the extremelevelsof complexity (easyand hard)

and three emotions(happy, sadand angry). As in Experiment 1, each trial display

either the sameor di�eren t emotionsand usedthe samedancer,exerciseand frame

rate for both emotions. Experiment 2 usedthe sameVisual Basicapplication asthe

�rst experiment.

3.4.2 Metho d

The samesix participants wereusedfor this experiment that wereusedfor Experi-

ment 1.
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Pro cedure

There weresix combinations of the three emotions. Three involvedpairs of the same

emotion f (happy, happy) (sad, sad) (angry, angry)g and the other three werepairs

of di�eren t emotionsf (happy, sad) (happy, angry) (sad, angry)g. Participants per-

formed two trials of each combination of emotion, exerciseand frame rate, resulting

in 96 trials overall, that were presented in three blocks of 32. The procedurewas

the sameas Experiment 1 and as before,the order of presentation of the trials was

randomised(seex3.3.2)

3.4.3 Results and Discussion

The data wereanalysedusingsimilar typesof ANOVA to Experiment 1. Participants

answered signi�cantly more trials correctly when di�eren t pairs of emotions were

presented than samepairs (F (1; 5) = 8:29; p = :03), but the di�erence was almost

entire dueto the percentageparticipants answeredcorrectly for di�eren t emotionsin

the easyexercise(seeFigure 3.16). The e�ect of frame rate wasmarginal (F (1; 5) =

3:01; p = :06), with participants answering fewer trials correctly at the fastestframe

rate (25 Hz.).
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Figure 3.16: Mean number of correctly distinguishedpairs of emotionsfor the easy
and hard exerciselevel of complexity using four di�eren t frame rates. Error bars
indicate standard error of the mean.

For trials in which pairs of the sameemotion werepresented, there wasa signif-

icant di�erence betweenthe three emotions(F (1; 5) = 4:47; p = :04). Participants

answered more trials correctly with the angry emotion (M = 86:46%) than with
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Chapter 3 Analysing Real-world Emotive Movement

the happy (M = 71:88%) or sad emotion (M = 61:46%). There was no signi�cant

di�erence betweenthe frame rates.

For trials in which pairs of the di�eren t emotionswerepresented, there wasa sig-

ni�can t di�erence betweenthe three combination of emotions(F (1; 5) = 13:63; p =

:01). Participants answered fewer trials correctly with happy{angry pairs (M =

66:67%)than with the happy{sad (M = 93:75%)or angry{sad pairs (M = 93:75%).

There was no signi�cant di�erence betweenthe frame rates.

Experiment 2 provides someunderstanding of the amount of visual detail re-

quired betweenkeyframesfor usersto di�eren tiate emotionson a VBD. The overall

meanpercentage correct was high (M = 78:99%) despiteusing the di�eren t frame

rate aspect of �delit y and produced similar results to Experiment 1. This result

highlights the possibilities of interpolating between keyframesapproximating 5 to

25Hz and achieving expressive animation.

An unexpected result was that participants were lessaccuratewith the normal

frame rate than the lower frame rates. A possiblehypothesisis after making judge-

ments with lessvisual clues at lower frame rates, the extra detail obtained from

the higher frame rate made the distinction betweenpairs more confusing. Partici-

pants over compensatedfor the amount of detail provided at the normal frame rate

and found it di�cult to determine whether the observed di�erences in the expres-

sive nuanceswere causedby di�eren t emotions,or variations of the sameemotion.

However, it shouldbe emphasisedthe frame rates had only a marginal e�ect to dis-

tinguish emotions. More signi�cantly, participants were more accurateon di�eren t

pairs of emotionsperformedat an easylevel of complexity matching Experiment 1.

The results for pairs of the sameemotionsand pairs of di�eren t emotionswere

similar to Experiment 1, and in both analyses,frame rate had no e�ect on accuracy

of participants judgement. This secondexperiment alsohighlighted the importance

of the time dimensionsin judging the motive themesunderpinningballet movement.

3.5 Summary

This study analysedthe di�eren t �delit y requirements to develop a VBD and looks

into how theseissuesof �delit y a�ect the usersjudgement to distinguish emotions.

Two aspects were consideredin relation to the visual appearanceof the VBD and

the realismof the movement required. Usingvideosof real dancersprovided the best

possible3D dancer model and movement algorithm to assessthe di�eren t aspects

of �delit y. The high percentageaccuracyoverall for Experiment 1 wherethe �delit y
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was lowered from the real-world to a 3D representation displayed on a 2D display

highlighted that expressive motion can be distinguishedby a user. The �delit y on

the 2D display assessedincluded degradationin resolution and a small imagesize.

Experiment 2 assessedaspects of movement �delit y using di�eren t frame rates

to assesslevels of interpolation required for a VBD. The high percentage accuracy

overall and the results showed di�eren t frame rates had only a marginal e�ect on

the participants. This highlighted that interpolation betweenkeyframesequivalent

to 5-25Hz is capable of providing enough visual clues for the user to distinguish

di�erences in emotionsfrom the animated movement of a VBD.
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Chapter 4

Dev elopmen t of Balletic Key Poses

4.1 In tro duction

For a VBD system to be of use to the choreographer,teacher or choreologist, it

must be able to perform certain requirements. The most fundamental is to position

the virtual dancer in posesthat are recognisableas ballet positions. For example

�rst , �fth , arabesqueand attitude. When animated, the system must be able to

interpolate betweenthesekey posesto animateasthe dancesequence(classexercise

or choreography).

Virtual dancehas developed over the last few yearswith two main approaches:

(a) motion capture (Moeslund & Granum, 2001; Camurri & Coglio, 1998), and

(b) animations driven from machine readableversionsof dancenotations (Badler,

1989;Herbison-Evans, Edward, Hunt & Politis, 2004;Neagle& Ng, 2003). Motion

capture has mainly been used with contemporary dance with somedevelopment

toward classical ballet such as research by Stevens (Stevens, Mallock, Haszard-

Morris & McKechnie, 2002)usingmathematical tools , Li et al. (Li, Wang & Shum,

2002)(2002)describing a statistical model, and Brand and Hertzman (Brand &

Hertzmann, 2000) learning motion patterns. Animation driven approacheshave a

larger basein classicalballet. Several programmesexist to create,store,and modify

dancenotations and include BeneshNotation Editor; MacBenesh;Calaban;Laban-

Pad PDA (currently: Apple Newton); LabanWriter; and LED. There are limited
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visualisation tools and the best known research in this areais LINTER by Hall and

Herbison-Evans (Herbison-Evans, Edward, Hunt & Politis, 2004; Herbison-Evans

& Hall, 1989)and the DanceForms choreographicsoftware (Ryman, 2001;Calvert,

Wilk e, Ryman & Fox, 2005).

The input of data can be achieved by a number of means including motion

capture (Moeslund & Granum, 2001;Camurri & Coglio, 1998), scripting (Badler,

1997; Badler, Phillips & Webber, 1999b; Perlin & Goldberg, 1996) and machine

readable�le formats (Badler, 1989). For this research, to posethe virtual dancer

into classicalballet positionsat key times in the animation, we are using a machine

readable�le format describingkey posesbasedon Beneshnotation. From the nota-

tion it is possibleto reconstructand visualiseeach poseand the movement required

betweenthe key poses(seeFigure 4.1).

3

Figure 4.1: Example of a poseannotating using Beneshnotation of an arabesque
posedby a real dancerand virtual ballet dancer

Of the various methods proposed to input an animation sequenceincluding

VRML, motion capture (MoCap) and XML, none are a standard for de�ning a

dance notation. While there are working groups developing XML de�nitions for

music notation such as MusiXML, MusicML and Wedelmusic XML to namea few

(Oasis, 2005), none exist for Labanotation or Beneshnotation. It is not the scope

of this research to formalise the XML de�nitions for the dance notation used or

develop the parsersrequired to read the notation. While XML with a dancenota-

tion de�nition could be usedto input a dancesequence,for this research an ASCII

machine-readableformat wasusedto devisethe algorithms. This could be adapted
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in the future to a parseddancenotation standard probably using XML.

This chapter describesthe method to represent the key posesof ballet positions

described by the rules of classicalballet, i.e. the key frames in the animation of

the VBD. Sectionsinclude the machine-readableformat representing key poses(re-

quirement 4 asdescribed in Chapter 3) and the ballet rules that needto be applied

to the key posepositions, either speci�ed or implied (requirement 5 as described in

Chapter 3).

4.2 Background

4.2.1 Benesh Mo vement Notation and Ballet Poses

In computer graphics,a skeleton-basedapproach is generally consideredto be the

most 
exible way to animate characters(Badler, Phillips & Webber, 1999b;Herda,

Fua, Pl•ankers, D., Boulic & Thalmann, 2000). Beneshnotation provides informa-

tion, directly or inferred, that can be mapped to an articulated skeletal structure to

specify the positions of the bonesor the angleof each joint of a dancer. The sym-

bolic representation of dancenotation is similar to music and with an underlying

mathematical content that also lends itself well to machine representation.

Written from left to right on a �v e-line stave, the stave lines map to the height

of a person'sfeet, knees,waist, shouldersand top of the head. To record a pose,

the Beneshnotation notesthe exact locationsoccupiedby the four extremities (the

handsand feet). In addition, the position of a bend, such asthe kneeor elbow, may

also be de�ned. Given thesepoints and the body and headpositions, it is possible

to reconstruct and visualisethe whole pose(seeFigure 4.2).

Figure 4.2: Examplesof the Beneshnotation showing signsto posea dancerinclud-
ing orientation of the head and body, contact to the body (hand on hips), crossed
positions of the extremities and di�eren t feet positions when in contact with the

o or. The human �gures show the actual posesthat werede�ned.

Beneshalsoincluded 
o or patterns: direction, location and travel for the dancer

or group of dancerswritten below the stave. Further details on travelling, direc-
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tion, location can be found at page87 in Dance Notation for Beginners (Brown &

Parker, 1984) and page70 in Reading Dance (Benesh& Benesh,1983). Rhythm

and phrasing are shown above the stave and include pulse beats, tempo and com-

mon dancerhythms. The pulsecan be split into half, quarter and third beats and

there are three methods for specifying the tempo: (1) set instructions, such as: Fast,

Moderate, etc. (2) specifying the number of beats per minute by giving the pulse

beat a metronomicspeed;and (3) instructions asshown in music scoresusing Latin

terminology, for examplePresto, Allegretto, and Adagio.

For this chapter, we are only concernedwith the in -stave signswhich provide

the direction and orientation of the limbs, and orientation of the head, body and

headeither directly or by inferred ballet rules.

4.2.2 Ballet Rules

The basic rules of ballet were de�ned by Jean-GeorgesNoverre (1727-1810),the

author of \L ettres sur la Danse et sur les Ballets" (Letters on Dance and Ballet)

(Noverre, 1760),and Carlo Blasis (1797-1878),the author of \The Code of Terpsi-

chore" (Blasis,1830). The material in thesebooksis virtually indistinguishablefrom

ballet as it is taught to-day and specify many ballet rules. As ballet grows, chore-

ographersde�ne new positions, more exceptionsto the rules are created. However,

the basic rules remain unchangedand theserules will be usedfor the development

of the current VBD system.

The ballet rules for the arms include rounded arms (with the exception of the

arabesque) and arm orientation. The stanceof the danceris kept erect unlessspec-

i�ed with the neck straight over the spine. The position of the legsalways assumes

a degreeof turnout from the hip joint unlessthe notation speci�es otherwise by

de�ning the kneeand feet positions.

This chapter will be continually making referenceto the following arm and leg

ballet positions and the ballet rules required to pose them as described by the

Cecchetti method. There are �v e principal positions of the arms:

1st Position. The handsareheld at the sidewith the �nger-tips nearto the outside

of the thigh.

2nd Position. The arms are extendedto the sidesloping downward and the posi-

tion of the arms must not passbeyond the line of the shoulder.

3rd Position. One arm is placed in the �fth position, and the other placed at a
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slight distancefrom the side.

4th Position. Onearm is placedin the secondposition and the other is in the �fth

position, en bas (low), en avant (forwards) or en haut (high).

5th Position. Hasboth armsplacedat shoulderwidth in front of the body. There

are three derivativesof the �fth position: en bas (low), en avant (forwards),

and en haut (high).

These�v e principal positionsare posedwith roundedarms, sothat the point of the

elbow is imperceptible. When the arms are to the side, the �nger-tips of the hand

or handsshould be just within the rangeof vision.

For this research we will also consider the three principal positions for the

arabesqueline of the arms:

First Arab esque. The front arm is raisedin line and above the shoulderline and

the secondarm is below and level or slightly behind the shoulder.

Second Arab esque. The front arm is in front and just above the shoulder line

and the back arm is below and behind the shoulderline continuing the line of

the front arm.

Third Arab esque. Both arms are in line with the shoulder and in front of the

shoulderwith onearm higher than the other.

This chapter will also refer to �v e principal positions of the feet:

First position. Standing with heelstogether and toesturned out to the side.

Second position. Keeping the turnout establishedin First position, the heelsare

aligned under the shoulders.

Third position. Crossonefoot to the middle of the other with hips centred equally

over the feet and not twisted.

Fourth position. The feet are separatedforward and back from either �fth or

�rst position approximately onefoot length with the weight evenly distributed

betweenthe feet.

Fifth position. The front heel crossesto the big toe joint of the back foot with

hips centred over the feet and the weight equally distributed.
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4.3 Inputting Key Poses

Movement of the VBD described in this chapter are driven by a machine-readable

version of the Beneshnotation (requirement 4 as described in Chapter 3). The

format ASCII text is parsed using a bespoke tokeniser. Examples of the format

are shown below, and it is described more fully in \Notation and 3D Animation of

DanceMovement" (Neagle,Ng & Ruddle, 2002).

The orientation statesfor the head,body and pelvis are any combination of tilt ,

turn, bend (seeFigure 4.3 and 4.4), and orientations represent rotations around the

three cardinal axes.Beneshnotation speci�es thesestatesusingthe top three spaces

in the �v e-line stave. We seeBeneshnotation, using singlesignsto represent com-

binations of orientation. Examplesof headorientation together with the associated

machine-readableASCII text are shown in Figure 4.3. Example of body and pelvis

orientation are shown in Figure 4.4.

(a) (b) (c) (d) (e)

frame 1{head(bend,forward)} #(a)
frame 1{head(bend,back)} #(b)
frame 1{head(turn,right)} #(c)
frame 1{head(tilt,right)} #(d)
frame 1{head(bend,forward)(turn,right)} #(e)

Figure 4.3: Examplesof the Beneshnotation and machine-readabletext format for
head orientation. (a) and (b) are bends, (c) is a turn, (d) is a tilt, and (e) is a
combination of a turn and a bend. NB. the notation is represent from behind the
body and thereforethe signsare notated in the opposite direction of the photos for
the rotation and tilts.

To record a position or pose,the Beneshnotation alsonotesthe exact locations

occupiedby the four extremities, the hand and feet, in relation to the body of the

dancer on the coronal plane. The position of extremity signswithin the stave for

each key posedenotesthe position of the dancershandsand feet in relations to their

anthropometrics. Beneshnotation providesthe height and width of the extremities'

position in relation to a dancer standing upright. There are �v e de�ned height

positionsrepresented by the �v e linesof the Beneshnotation stave: the 
o or (height

55



Chapter 4 Development of Balletic Key Poses

(a) (b) (c) (d)

frame 1{ #(a) frame 1{ #(b)
body(bend,back) body(tilt,left)
lefthand(0.1,3.0)front lefthand(0.1,2.75)level
righthand(0.1,3.0)front righthand(0.1,2.75)level

} }
frame 1{ #(c) frame 1{ #(d)

body(tilt,right)(turn,right) pelvis(bend,forward)
lefthand(-0.1,3.0)contact lefthand(0.1,2.75)level
righthand(0.1,2.75)level righthand(0.1,2.75)level

} }

Figure 4.4: Orientation of the Beneshnotation body and pelvis signs. (a) is a bend
of the body above the waist, (b) a tilt, and (c) a turn and tilt. Images(d) shows a
bend of the body below the waist (pelvis).

is zero); kneeheight; waist height; shoulderheight; and the headheight. Width is

speci�ed proportionally to the horizontal reach of the limb along the cardinal plane.

For example,a width speci�cation for the hand of half way from the centre of the

body to the maximum reach would position the handapproximately wherethe elbow

is.

The depth of an extremity is inferred from its position mapped onto the coronal

plane and the orientation of the relevant limb(s). Di�eren t setsof signsare usedto

add depth information to the two-dimensionalinformation provided by the position

of a sign on the stave. Thesesetsof signsare: front ( , , ), level ( , ,

) or behind ( , , ) the body. The distance in front or behind the body is

not speci�ed asonly oneplaceis possibledue to the �xed limb length. It is alsonot

required to specify how bent the limb is, as this is governedby the position of the

extremity and the position of the bent joint. The legsare positioned in a similar

manner to the arms with the exception that the 
o or contact is speci�ed. Unless

a bent knee position is notated to de�ne the orientation of the legs, the default

turnout rule is applied (a rotation in the hip socket for the patella boneto facethe

side).
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4.4 De�ning Key Poses of a VBD

To teach dancersthe movements prescribed by a particular pieceof ballet notation,

choreographerscombine the information provided by the notation with their knowl-

edgeof the rules of ballet. The notation de�nes the positions of the key elements

of a dancer'sbody, who then adopts a poseconsistent with thosepositions and the

standard rules of ballet. To de�ne key posesfor a VBD, the rules of ballet need

to be expressedas a set of mathematical equations which were merged with the

machine-readableBeneshnotation data.

The VBD usedin this research wasthe Cal3D software (Heidelberger,2005)and

has the degreesof freedoms(DOF) shown in Figure 4.5. The following sections

explain how the information contained in Beneshnotation can be combined with

equations that capture the rules of ballet, to de�ne the DOFs of a VBD's body.

The centre of body nodes(pelvis, waist and neck), the shouldernodesand the hips

have three DOFs. The elbow nodeshave to: (1) bend the elbow; and (2) rotate the

forearm to orientate the palm of the hand. The wrist nodeshave oneDOF to raise

and lower the handswhen setting roundedarms. The kneenodeshave oneDOF to


ex and straighten the leg and the ankle nodeshave oneDOF to 
ex and point the

foot.

End Effector
Joints

Elbow

Wrist

Shoulder

2DOF

Hip

3DOF
Neck
3DOF

1DOF

3DOF

Pelvis
3DOF

Knee
1DOF

1DOF
Ankle

Top of the head

Tip of the toe

Finger tips

Waist
3DOF

Figure 4.5: The skeletal structure of the VBD, showing the end e�ectors and the
DOFs at each joint (Requirement 3 as described in Chapter 3).

57



Chapter 4 Development of Balletic Key Poses

chip

(d)

(c)
z

0.8*x

1.0*x

0.5*z

(0,0)

0.1*x

(b)

c

(a)

shoulder

frame 1{
righthand(0.1,5.5)front #(a)
lefthand(0.8,3.5)level #(b)
rightfoot(0.9,2.5)level #(c)
leftfoot(0.1,0.75)level #(d)

}

Figure 4.6: An exampleof Beneshnotation, the �le format representation and the
VBD posedinputed from the �le.

4.4.1 Setting Join t Positions

Before calculating positions the VBD is loaded in a default standing pose. The

height (z) values of the knee, waist, shoulder and head are calculated from the

VBD's bone structure and set as the stave heights. For example,the waist height

zwaist is stored as the third stave line height. The maximum width for positioning

the hands and legsare taken from the sum of the bone lengths that make up the

limbs for thoseextremities.

Positionsare explicitly notated in terms of height (z), width (x), and depth (y).

Figure 4.6 demonstratesthe position of the extremities. The �le format representa-

tion in this examplespeci�es the position of each extremity as a tuple and a word,

e.g. level, that de�nes the depth. The width parameter, though redundant and un-

usedfor calculating the position for extremities which are level, is however required

in the calculation of the ballet rules. The right foot, in Figure 4.6, is notated half

way betweenthe secondand third stave line. The application usesthe height of the

secondstave (knee height of the VBD) and the third stave line (waist height) to
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calculate the height of the foot as:

zposition = zstav e2 + p(zstav e3 � zstav e2) (4.1)

wherep is the proportion value (0:5).

Given the value of the height, the position of the end e�ector can be calcu-

lated. When the appendageis in the body plane, this is a simple 2D problem using

Pythagoras. Given the length of the limb (l), the height (zposition ), and the rotation

point of the extremity i.e. the hip or shoulderjoint in absolutespace(c(x;y ;z) ; cshoul der

or chip in Figure 4.6) the width position is calculatedas:

xposition =
q

l2 � (zposition � cz)2 + cx (4.2)

The position of the extremity is setas(xposition ; chip y; zposition ) which in this example

is the right ankle joint.

The above approach is easilyextendedinto three-dimensionalspacefor position-

ing the extremities in front or behind the body plane. The width (x) is calculated

proportional to the length of the straight limb. For exampleif the arm spanof the

VBD is 1 metre, a notation width parameter0.1 de�nes the hand to be 0.1m from

the shoulder (seeFigure 4.6, the raised arm above the head is notated with width

0:1 and height half way between the top of the head and a raised stretched arm

(5:5)). Oncethe xposition and the zposition hasbeencalculated(seeabove), the depth

(yposition ) is calculatedusing Pythagoras:

y = �
q

l2 � (x2
position � cx ) � (z2 � cz) + cy (4.3)

wherey > cy is in front of the coronalplaneand y < cy is behind the coronalplane.

In the caseof the arms, the length of the limb (l) can have two values. The

straight arm length is calculatedas:

l = lupperar m + l lowerar m (4.4)

wherelupperar m and l lowerar m is the length of the boneof the virtual skeleton. In the

caseof the rounded arm, the angle of rotation at the elbow joint dependson the

ballet method style and the preferenceof the teacher. Future applications will be

able to vary the amount of elbow bend however currently the rotation is 153� , the

preferenceof the author. From the speci�ed angle and the set length of the arm
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bonesthe reach of the roundedarm l is calculatedusing the cosinerule as:

l2 = l2
upperar m + l2

lowerar m � 2lupperar m l lowerar mcos� (4.5)

where� is the degreeof rotation measuredfrom the insideof the arm i.e. 180� minus

the amount of rotation by the elbow. The rounded arm of the VBD in this thesis

was rotated to 27� and therefore� = 153� .

4.4.2 Rounded Arms and Elb ow Positions

Like the Beneshnotation, the VBD will assumethe arms are roundedunlesselbow

joints arespeci�ed or the position is identi�ed asoneof the three arabesquepositions

wherethe elbow and wrist rotation is set to 0� . The roundedarm is producedby a

slight bend of the elbow and wrist, examplesare shown in Figure 4.7. The amount

(a) second�e position (b) pirouette position

Figure 4.7: (a) a la second�e position of the armsdemonstratesroundedarmswith the
hand brought forward within the dancersline of sight. (b)the pirouette position of
the armsdemonstratingroundedarmswith the elbow position on a planecontinuing
the line from the shoulderto the wrist.

of curvature varies depending on the ballet method and teachers preferences.The

prototype therefore is designedfor the user to specify the amount of curvature.

Screenshotsin this chapter with rounded arms were set at 154� basedon the �rst

authors professionalopinion. The amount of rotation a�ects only the depth position

of the wrist and the height and width values are obtained as described in x4.4.1

with the length l in Equations4.1{4.3 calculatedusing trigonometry given the �xed

length of the upper and lower limbs and the speci�ed roundedangle. Oncethe wrist

position is obtained, the vector u is the vector from the position of the shoulder

joint to the position of the wrist joint, seeFigure 4.8.

The position of the elbow in classicalballet is on a plane de�ned by the vector

from the shoulderto the wrist u and a vector parallel to the 
o or w. The ballet rule

states the elbow should not be dropped down or raised too high but continue the

line of the slope to the hands. The position of the elbow joint is calculated using
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sphereintersection to obtain a point (pinner ) on the vector (u) and Pythagoras to

translate the pinner alonga vector (v) which is on the planeand parallel to the 
o or

from pinner (seeFigure 4.8)

n

n

u

v

p

p

p

shoulder

lupper

lowerl
inner

p

wrist

elbow

w

Figure 4.8: Vectors, points and limb lengths used to calculate the position of the
elbow on a plane de�ned by the vector u (shoulder to wrist) and w (parallel to the

o or).

pinner = pshoul der +
�

juj2+ l2
upper � l2

low er
2juj2

�
u (4.6)

The vectorsarenormalisedto unit vectorsand the crossproduct of w and u provides

n and taking the crossproduct of n and u provides the vector v, assumingv and w

are not parallel. The elbow position is calculatedas:

d =
q

l2
upper � (pshoul der � pinner )2

pelbow = pinner + dv
(4.7)

4.4.3 Speci�ed Elb ow Position and Rotation

Beneshnotation canoverride the ballet rulesby specifying the elbow and wrist posi-

tions individually. The elbow position is determinedasdescribed earlier (Equations

4.1{4.3), given the width and the height of the elbow, the depth is calculated in

relation to the shoulderposition. The notation also provides the width and height

of the wrist position and the depth direction. Using the elbow asthe rotation point

the wrist positions coordinates are calculated and the amount of elbow rotation is
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calculatedfrom the three coordinates, (S, E, and W) as:

� = cos� 1

�
(u � v) � (w � v)

ju � vjjw � vj

�
(4.8)

where S is the shoulder coordinate; E, the elbow coordinate; and W, the wrist

coordinate.

4.4.4 Arm Orien tation

For poseswith bent arms, the z-axisof the shoulderand elbow is orientated perpen-

dicular to the plane that contains the lower and upper arm. Vectorsrunning along

the length of the upper and lower arm are usedto calculate the orientation of the

shoulder. Arabesqueposeshave straight arms, and so require a slightly modi�ed

procedure(seeFigure 4.9). Oncecalculated,the vectorsare set in a rotation matrix

n

u

vn
n

u
v

w
w

Figure 4.9: The left diagram demonstratesthe orientation of the shoulder deter-
mined usingthe upper and lower arm vector. The crossproduct of w and u provides
n whereu is the x-axis and n is the z-axis. The y-axis v is obtained from the cross
product of n and u. The right diagram demonstratesarabesquewith straight arms
wherea vector (w) parallel to the 
o or and not parallel with u is substituted for the
lower arm vector. All of the vectorsare unit vector.

which for the model usedwith the Cal3D libraries in the VBD is:

rmatr ix =

0

B
@

ux uy uz

vx vy vz

nx ny nz

1

C
A

The matrix is converted to a quaternion to set the rotation.
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The rotation of the wrist has been simpli�ed and for rounded arms usesthe

samerotation angle calculated for the rounded elbow and rotated around its one

DOF. The �nal rule for the orientation of the arms for classicalballet appliesto the

roundedarm wherethe palm of the handsare rotated ninety degrees.For example,

when the arms are raised to the side, the lower arm is rotated at the elbow so

the palm is facing the front. The �nal rotation is calculated by rotating the lower

arm at the elbow joint around a vector speci�ed by the lower arm bone. This does

not apply to the arabesqueposewhere the wrist and elbow rotation are set as the

identit y quaternion.

4.4.5 Head, Bo dy and Pelvis Rotations

The Beneshnotation can be used to de�ne rotations around three axes: bend, a

x-axis rotation, tilt a y-axis rotation, and turn, a z-axisrotation wherefor the head

boneof the VBD the x-axis is left to right; y-axis is front to back; and the z-axis is

bottom to top. The VBD calculatesthe rotations to the limit for each DOF, where

the limits have been selectedbased on the authors judgement within the range

speci�ed in (Grosso,Quach, Otani, Zhao, Wei, Ho, Lu & Badler, 1987)basedupon

the NASA Man{SystemIntegration StandardManual in Occupational Biomechanics

by D. B. Cha�n (Cha�n, Andersson& Martin, 1999).

The rotations of the centre joints (neck, waist and pelvis) as discussedin x4.3

is simply achieved by using quaternion multiplication where the quaternion is cal-

culated for each Euler angle. For example the head has �v e principal positions:

erect; inclined; turned; raised; and lowered. For ballet the centre can also have a

combination of any two rotations. The order of multiplication is important and the

erect head is set as an identit y quaternion. Table 4.1 shows the rotation required

for balletic posesof the head,body and pelvis with referencesto exampleimages.

Pose Quaternion Rotation Example Images
Erect qr otation = qidentity 4.7
Lowered qr otation = qbend 4.3a,4.4d
Raised qr otation = qbend 4.3b,4.4a
Turned qr otation = qtur n 4.3c
Inclined qr otation = qtil t 4.3d,4.4b
Inclined and Turned qr otation = qtur n � qtil t 4.4c
Raisedand Turned qr otation = qtur n � qbend 4.3e

Table 4.1: Quaternion Equations for Centre Rotation. The lowered, incline to the
right and turn to the left hasnegative euler angle
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4.4.6 Rules for the Lower Extremities

Positioning the legsfollows the samerules as the arms replacingthe rules for calcu-

lating rounded and straight arms with turnout and 
o or position. Turnout of the

legsin the hip socket is oneof the fundamental rules for classicalballet. The perfect

dancer is aiming to have 90� rotation. However, few dancershave perfect turnout

so the application allows for the user to specify the turnout for the VBD up to a

maximum value of 90� . The rotation is around the axis of the thigh bone.

Beneshnotation speci�es the position of the feet on the 
o or. Using the width

parameter in the depth direction (seex4.3) of the notation on the �rst stave, it is

possibleto determine if the feet are posedin one of the �v e basic feet positions, is

a supporting foot, or a position not de�ned by the ballet rules. Ballet rules in the

application set the position of the feet for the basic positions and if a supporting

leg is speci�ed (seeFigure 4.6, left leg). The width position of the feet and the

depth provided by the Beneshnotation and usingEquation 4.3, allows all other feet

positions to be calculatedusing the vertical distancefrom the hip joint. Unlessthe

foot position is in a line from the hip to the 
o or, and the calculation is taken from

the hip joint, the height of the foot position will not be connectedto the 
o or. A

vertical translation of the parent node is calculated to reset the foot to the 
o or so

the dancerremainsgrounded.

4.5 Evaluation 1: Text Bo ok Comparison

4.5.1 General Metho dology

The evaluation comparedkeyposesof the VBD, asdeterminedby combining machine-

readableBeneshnotation with the rules of ballet programmedinto the VBD appli-

cation, with correspondingposesdescribed in The Manual (Beaumont & Idzikowski,

1977). The imagesfrom The Manual were usedby permissionof the Imperial So-

ciety of Teachers of Dance (ISTD). Imagesof each posetaken from the text book

were set adjacent to the imagescreengrabbed from the VBD and only di�erences

highlighted for comparison. The poseswere selectedto demonstratethe useof the

di�eren t rules usedby the VBD.
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4.5.2 General Pose Discrepancies

The VBD usesthe human model provided with the Cal3D libraries. Although this

is an excellent starting point there aresomediscrepanciesthat needto be addressed.

The most obvious is the shape and proportions of the Cal3D model in respect to

the real-world ballet dancersusedin this research. Theseinclude, most noticeably,

the breastsizeand the shape of the legs. Figure 4.11shows the VBD hasnoticeably

curved thigh musclesand a `s' shape to the leg, whereasballet de�nes this shape

as a straight leg. The three major classicalballet factors which are lessobvious to

non-professionalsare the orientation of the head;the shape of the hands;and there

being no toe joint.

Head Orien tation

Blasis states \T ake especial care to acquire perpendicularity and an exact equilib-

rium" (Blasis, 1830). Figure 4.10(a) shows the spine in the head is sloped slightly

backward and is not perpendicular to the ground and the mesh is both forward

and down . For a classicalballet stanceas described by Blasis, the headshould be

perpendicular to the ground and the centre of the meshaligned so there is a sense

of equilibrium. Currently the VBD appearstop heavy and forward.

(a) (b) (c)

Figure 4.10: (a) The VBD with skeleton and wire meshsurfacedisplay, with the
head positioned in the default anatomical position. (b) A classicalhand position
as de�ned in The Manual, Plate IV Fig. 17 (left) and the open palmed VBD hand
(right). (c) The pointed foot extendedas much as possiblewith the instep forced
well outwards and the pointe forced downwards taken from Plate I I I, Fig 11 (left)
and the VBD without a toe joint showing the rigid foot with the pointe createdwith
only the ankle rotation.

The Hands, Legs and Feet

The Manual describesthe shape of the handsfor classicalballet and providesvaria-

tions in the positionsof the �ngers for di�eren t positions. Thesevariations areminor
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and therefore for the VBD, a single classicalshape would would su�ce. However

the Cal3D model currently usedhasan open hand which is incorrect for a classical

dancer,as shown in Figure 4.10(b). This incorrect hand posehas beenhighlighted

in both evaluated poses.SeeFigure 4.12,di�erence (c) and Figure 4.13,di�erence

(c).

The pointed foot currently is an issuewhen the foot is lifted o� the ground or

de�ned touching the ground on full point (sur la pointe). This like the hands is a

theme that will run through every posewhen a pointed foot is required. To have

every possiblefoot poserequiresthe toe joint to be addedto the skeleton which is

currently not part of the Cal3D model (seeFigure 4.10(c)). Becausethe shape of

the foot remains unchangedfrom 
at to pointed, when a pointed foot is required

the shape is noticeably rotated only at the ankle joint. SeeFigure 4.13, di�erence

(e) on all images.The basicfeet positionshave minor errorsasshown in Figure 4.11

for the �rst to fourth position and Figure 4.12 for the �fth position.

(c)

(a)

(b)

(d)

(e)

(f)

Figure 4.11: Positions of the feet from Plate I of The Manual (Beaumont &
Idzikowski, 1977) and VBD in the samepose. The posesare from left to right:
�rst, second, third, and fourth crois�e position. Highlighted di�erences: (a) straight
legson the VBD appears`s' shaped (b) no meshdeformation resulting in intersect-
ing mesh;(c) distancebetweenheelsdue to leg shape of the VBD model; (d) ankle
rotation is currently incorrect; (e) back leg can be viewed due to leg shape of the
model; and (f ) the real-world dancerhasbeenphotographedwith the hip orientation
o� centre creating a slight twist in the shape.

Both the reshapingof the hands and skeletal change in the feet are required

to add a greater level of �delit y to the classicalpose. However, for this research,

the �delit y of the dancer is high enoughto demonstrateclassicalballet posesthat
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professionalsand non-professionalcan recogniseand/or compareto real-world ex-

amples.

4.5.3 Standard Poses in Fifth Position

The posesthat wereevaluated comprisedthe feet in �fth position (the cornerstone

of ballet) and a combination of di�eren t arm and body positions basedon the �v e

basicballet positionsand their derivativesthat wereoutlined in x4.2.2. The example

in Figure 4.12is slightly lower than normal asthe Manual is alsodescribingthe pose

from the First Exerciseon the Port de Bras, No. 2.

(a)

(c)

(d)

(e)(f)

(b)

(e)

(d)

(a)

(g)

(f)

(h)

Figure 4.12: Posefrom The Manual (Beaumont & Idzikowski, 1977) and VBD in
the samepose. The posesare: �fth position with arms a la seconde (left) and �fth
position with arms �fth en haut (right). Highlighted di�erences: (a) headturn and
incline combination; (b) amount of elbow bend for rounded arms and orientation;
(c) classicalhand position; (d) collision detection and meshdeformation; (e) ankle
rotation (toe position is slightly below 
o or level); (f ) twisting of the joints to
squeezea better �fth position (common in posedphotographs); and (g) width of
hand placement.

Comparing the real-world posewith the VBD in Figure 4.12, the following dif-

ferenceswere identi�ed:

(a) Coding of the combination headrotations arecurrently incorrect. The assigned

valuesfor the rotations aresetasa valuenot taking into considerationthe arm

positions and the author at the time of coding misunderstood the di�eren t

variation in the Beneshnotation and the e�ect the combinations have on the
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orientation of the head. The orientation therefore is currently only a close

approximation.

(b) The current elbow bend and orientation speci�ed by the author's professional

opinion varies from the manual. The value for the bend is currently set from

measurements taken from the author's own poseof the rounded arm as dis-

cussedearlier. The orientation is set to 90� around the boneaxis. From Figure

4.12weobserve the VBD's lower arm orientation is greaterthan the real-world

dancer. However the amount of rotation to orientate the lower arm variesbe-

tweendancemethods and the dancersthemselvesand other posesof the same

arm position taken from The Manual demonstratea greater rotation.

(c) The poseof the handshasbeendiscussedearlier (seex4.5.2).

(d) The libraries usedto createthe VBD currently have no collision detectionand

therefore deformations of the meshare only related to rotations around the

joint. The real-world dancer's calf muscleshave been compressedas we see

that the legsare still straight (i.e. no bend at the kneejoint). When the VBD

is posedin the sameposition, the meshesintersect. Correcting this is beyond

the scope of this research.

(e) The VBD is currently not beingplacedin a virtual environment and therefore

no compensationof the ankle rotation hasbeencoded to check if parts of the

anatomy intersect the 
o or plane.

(f ) The real-world danceris using the pressureof the 
o or to have what is termed

a tighter �fth position (toes are pressedagainst the heel of the other foot).

This is noticeableon the real-world danceras the direction of the hips (to the

corner) do no match the direction of the feet (direction closer to facing the

front). Current teaching tries to avoid this, however, when asked to posefor

a still photo, most professionaldancerswill use 
o or pressureto rotate the

ankle and knee joints incorrectly to create a tighter position. The Manual

demonstratesthe �fth position of the feet which the VBD maps accurately

with respect to the de�ned turnout.

(g) The hands of the VBD are too closetogether. Increasingthe separationwill

allow the elbow bend rotation to increaseto visually make a more rounded

shape.
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(h) The hint of the back bend shown by the real world danceris a level of �delit y

that the VBD doesnot achieve. The slight bendis a part of the Cecchetti style

and the imageis a posefrom the Thir d Exerciseof Port deBras. This variation

in shape is hoped to be achieved from the movement algorithm discussedin

the next chapter.

4.5.4 The A rabesque Poses

The arabesquepose is one of the most used in classicalballet choreography and

thereforehas beenselectedas our secondevaluated pose. As in the earlier section

the visually noticeabledi�erences have beenhighlighted:

(a) This is a recurring theme and was discussedin the previous evaluated pose.

An extensionto the problem can be seenin the bottom poseof Figure 4.13

where the head line (direction of the head) is slightly raised to look at the

top hand. Whether a choreologistwould de�ne a head back position as seen

in the VBD of the sameposeor leave it unde�ned is at this stageunsure. If

unde�ned, a new level of �delit y to the ballet rules would needto be addedto

compensate`looking at the raisedfront hand'.

(b) Most classicaldancersplacea slight break in the wrist to createthe illusion of

a softerposition. The amount of breakvariesfrom dancerto dancerand there-

fore the VBD was coded without. When comparedwith the real-world pose

however, the VBD's arms appear very rigid and sti� and would be corrected

by a danceteacher.

(c) The poseof the handshasbeendiscussedearlier, seex4.5.2.

(d) The rotation of the hipsby the real-world danceris usedto provide the required

turnout of the raisedleg. Dependingon the dancer'sbody this canvary a great

deal. Dancersspendyearsof training to minimisethe amount of twist required.

The VBD is thereforein a technically correct but unrealistic posein the sense

that most professionaldancerswill usesomeamount of hip rotation to create

a better leg line.

(e) We seethat the bottom half of the foot doesnot match the real-world pose.

This is due to the toesof the VBD not having the functionality to be pointed.

Seex4.5.2 for the discussionon the poseof the feet.
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(f ) The real-world dancerhasrotated the shoulder. Though, technically, students

are trained to be in what is classi�ed as a squareposition (both shoulders

facing the direction and not a corner), many professionalsrotate the shoulders

to create a better arm line and to make it easierto raise the hips to create

better turnout of the legs. Becauseof the di�eren t teaching methods and the

technical description of an arabesquepose the VBD will keep its shoulders

square.

(b)
(a)

(c)

(e)
(d)

(f)

(d)

(c)

(g)

(e)

(b)
(a)

(f)

(d)

(a)

(e)

(c)

(b)
(g)

Figure 4.13: Posesfrom The Manual (Beaumont & Idzikowski, 1977) (left) and
VBD in the samepose (right). The posesare: �rst arabesquefrom Plate VI I I,
Fig. 36 (top); second arabesque, Plate VI I I, Fig. 37 (middle); and third arabesque,
Plate VI I I, Fig. 38 (bottom). Highlighted di�erences are: (a) head discrepancies;
(b) break in the wrist joint; (c) classicalhand position; (d) pelvis compensationfor
turnout; (e) classicalfoot shape; (f ) rotation of the shoulders;and (g) slight break
in the elbow to createa softer appearance(commonwith the femaledancer).
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(g) The real-world dancerin this pose,arguably, has too much bend in the elbow

joint. It is of the authors professionalopinion that the arabesqueposehas

straight or nearly straight (if creating a softer appearance)arms. The amount

of bendis di�cult to assignand variesbetweendancersand thereforethe VBD

currently setsthe arabesqueposewith straight arms.

4.6 Changes Resulting From Evaluation 1

4.6.1 Head Orien tation

From evaluation 1, the rotation of the head was reassessed.The order of rotation

wasfound to be incorrect and waslimited to posingthe basicballetic headpositions.

Combination orientations such as`bendand turn' and `tilt and turn' wereoriginally

developed to be the samehead or body orientation . Beneshnotation considersa

greaternumber of possibleorientations including usingall threerotations `turn, bend

and tilt'. The `bend and turn' orientation also di�ers from a `bend and tilt'. The

codewasthereforesimpli�ed wherethe orientation of the centre joints weresetusing

quaternion multiplication. As speci�ed in x4.4.5, the quaternionsare calculatedfor

each Euler angle. Again the order of multiplication is important and the orientation

of the three centre joints in the correct order is calculatedas:

qr otation = qtur n � qtil t � qbend (4.9)

4.6.2 Ankle Orien tation to Place a Flat Foot

The Ballet Rule

The rotation of the ankle is consideredup to now as a 1DOF rotation for pointed

and 
exed feet. However, from the �rst evaluation, the placement of the foot was

incorrect when placed 
at on the ground. In ballet the foot is placed 
at on the

ground with the weight equally distributed at the three extremepressurepoints on

the foot: heel;big toe; and little toe making a supporting triangle. If the foot is not

completely
at (e.g.oneof the triangle points is not in contact with the ground such

the little toe being raised), this is called `rolling' and is classi�ed as bad technique.
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Key Pose for the Flat Foot

To set the foot on the 
o or plane requires3DOF instead of the original 1DOF due

to the turn out rule and the foot being placed 
at in front and behind the coronal

plane as demonstratedin Figure 4.14. The foot placed
at on the ground is always

aligned in the plane coming directly forward from the front of the shin bone and a

plane of z = 0 in the local coordinate geometry for the lower leg (seeFigure 4.14).

The orientation of the foot is calculatedfrom the position of two critical points. The

1

ankle joint

w

v

u
x

p
p

y
z

x
up

22 p
1

Figure 4.14: Placing the foot 
at on the ground. Vectorsx, y and z is the coordinate
system for the lower leg in global spaceand vectors u, v and w is the coordinate
system for the foot in global space. p1 is where the vector of the lower leg inter-
sectsthe 
o or plane and p2 is wherethe samevector extrapolated along the y axis
intersectsthe 
o or plane.

�rst is the intersectionof the lower bonevector to the 
o or p1 and the secondpoint

p2 is the intersection of the lower bone vector extrapolated along the y-axis. The

points p1 and p2 give the vector u which is normalised. For the foot to be 
at the

secondvector v is always vertically upwards and given the vectorsu and v we can

calculatethe third vector w asthe crossproduct v � u. This providesthe two global

orientation matrices:
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which are converted to quaternionsql and qf . The orientation rotation at the ankle

joint in the local coordinate systemfor the lower leg was calculatedas:

ankle =
global orientation of the foot

global orientation of the lower leg
qr = q� 1

l � qf (4.10)

whereqr is the quaternion rotation at the ankle joint, ql is the global orientation of

the lower leg, and qf is the global orientation of the foot.

4.7 Evaluation 2: Judged by Ballet Professionals

Evaluation 2 investigatedthe accuracyof the posesdisplayed by the VBD from the

machine-readable�le format representing Beneshnotation. Displaying a seriesof

posesby the VBD two groups were provided the task to either name the poseor

notate the poseand in a structured interview ascertaindi�erencesbetweenthe VBD

poseand the real-world. The structured interviewshoped to provide answersto the

following questions: is the VBD in a balletic pose; if not, what is wrong with the

poseand how would you correct the pose?

4.7.1 Metho d

Participan ts

The participants were split into two groups. The �rst group included two profes-

sionalballet teacherscurrently teaching at a professionallevel and the secondgroup

included two dancenotators (choreologists)trained to notate ballet using Benesh

notation.

Materials and Pro cedure

The prototype bespoke application developed for demonstrating the VBD wasused

in keyframemode. The application was run on a Dell Latitude C600Intel Pentium

II I 1000MHzwith 512M RAM and an ATI RadeonMobilit y M6 video card (8M).

The 14.1" XGA Color TFT display had a resolution set at 1024x 768x 16.7million

colours. The systemran Red Hat Linux release9, Kernel 2.4.20-20.9.
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Each of the participants were presented with six trials of a balletic posewith

nameablepositions of the body and limbs input into the VBD prototype appli-

cation on startup. Five of the trials were posesused during the exercisesfor the

real-world experiments. The �nal poseassessedwasan attitude position commonly

usedin ballet. Figure 4.15showsthe six posesparticipants wererequiredto evaluate.

The application was set to keyframemode and the participants displayed the next

(a) Pose1 (b) Pose2 (c) Pose3

(d) Pose4 (e) Pose5 (f ) Pose6

Figure 4.15: The six posesusedfor evaluation by professionalteachersand choreol-
ogists

poseusing the `+' key. For each trial, the participants were provided the function-

ality to navigate around the VBD using a mouseand were asked to namethe pose

using Cecchetti ballet terminology or notate using Beneshnotation. A structured

interview was instigated after all positions werenamedor notated. This method is

the most appropriate meansof conducting a primary investigation for assessingthe

keyframeposesfor the VBD because(a) interviewing professionalteachers should

determine the quality of the posein relation to classicalballet technique and how

the VBD may be correctedto improve the overall shape of the pose,and (b) inter-

viewing choreologistswill determine the accuracyof the posetaken by the VBD in

relation to the Beneshnotation represented in the machine-readable�le format and
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what changesare required to be made.
The teacherswereallocatedasthe �rst group and the choreologistsasthe second

group. It is worth noting that the choreologistswerealsoprofessionalballet teachers.
The structured interview for the �rst group was to determine if the VBD pose
represented a ballet poseusing the balletic rules the overall quality of the pose.The
procedurefor the �rst group was:

1. Start application and set keyframemode where�rst poseis automatically displayed.

2. Asked to name and write down the poseby the experimenter.

3. Participants have unlimited time to navigate around the VBD in the pose. Experi-

menter notes the directions of the VBD viewed by the participants.

4. Participants selectsnext trial using `+' key.

5. Repeat from 2 to 4 for each trial.

6. Instigate discussionafter comparing experimenters description of the posewith the

participants. Question: is the experimenter's description the sameand if not is it a

description of the samepose?

7. Question: what is not correct about the ballet pose?

(a) is it a fault in the ballet rules?

(b) doesthe description di�erence apply to a style?

(c) how would you correct the pose?

8. Repeat 6 and 7 for each trial.

The structured interview for the secondgroup was to determine the accuracy
of the VBD poseusing the �le-format input of Beneshnotation and the useof the
ballet rules. To comparethe participants notation with the notation inputed to the
VBD, the procedurefor the secondgroup was:

1. Start application and set keyframemode where�rst poseis automatically displayed.

2. Participants asked to notate the poseon the �v e line stave at the top of the question

form.

3. Participants have unlimited time to navigate around the VBD in the pose.

4. Participants selectsnext trial using `+' key.

5. Repeat from 2 to 4 for each trial.
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6. Instigate discussionafter comparing di�erences comparing the experimenter's nota-

tion with the participants notation for the pose. Question: are the any di�erences

and if so what is incorrect?

7. Question: what is not correct about the ballet pose?

(a) is it a positional fault? if so, is it an interpretation issue?

(b) is it a fault in the ballet rules?

(c) how would you correct the pose?

8. Repeat 6 and 7 for each trial.

4.7.2 Results

The �rst set of participants' (danceteachers) description of the six poseshad some

variation. This is understandableas similar positions have di�eren t terminology

relative to the front of the stage and this direction was not stipulated as generic

answers were required. In somecasesthe posewas described as if the dancer was

facing the front or the front corner of the stage (i.e. a more speci�c description

of the pose)and in other casesa genericdescription was provided. This direction

calculation for the front of the stagebasedon the poseis intuitiv e of teacherswhen

recognisingballetic posesto speed up the teaching process. For example, \stand

in attitude crois�e but face the back". Table 4.2 provides the descriptions of each

pose using Cecchetti terminology by the experimenter and the two participants.

Di�erences are mapped in the �nal column.

The following section describes the di�erences in the descriptionsof each pose

and the possiblereasons:

(a) Participant 1 reasonedthat becauseof the ecarte line of the head, each arm

requiredits own description. In fact, the participant by individually describing

each arm hasdescribed the fourth position.

(b) Examplesof di�eren t description of the samepose. In pose1, the alignment

of the head is open to interpretation and the sameorientation can have dif-

ferent namesdepending where the front is. By describingthe headas ecarte,

the participant has assumedthe VBD was facing the front while the original

description and participant 2 has provided a more generic description. All

descriptionswill position a dancer with a similar head pose. In pose3 a la

quatriemedevant and fourth devant translatesas fourth front.
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Experimenter Feet �fth with right foot front; arms fourth en haut;
and headturned and raisedto look in the top arm.

Pose1 Participant 1 Feet 5th ; R arm { 5th en haut and L arm { a la
seconde (a) ; and Head { ecarte (b).

Participant 2 Feet in 5th ; Arms 4th en haut; and Head looking
through elb ow. (b)

Experimenter Feet fourth crois�e with right foot front on a demi plie;
and Arms �fth en avant.

Pose2 Participant 1 Feet 4th f . . . g (c); and Arms 5th en avant
Participant 2 Feet 4th plie (c); Arms 5th en avant; and Headstraight
Experimenter Right foot raisedfourth devant; and Arms �fth en haut.

Pose3 Participant 1 Arms 5th en haut; Legsa la quatrieme devant (b)
Participant 2 Leg 4th devant at 90� ; and Arms 5th en haut
Experimenter Fourth arabesque

Pose4 Participant 1 1st (d) arabesque
Participant 2 4th arabesque
Experimenter Feet�rst ; Arms �fth en haut; Body tilted to the dancers

left; and Headturned and tilted to look at raisedhand.
Pose5 Participant 1 Feet 1st ; Arms 5th en haut; Head ecarte;and Mid way

through 3rd port de bras (e).
Participant 2 Feet 1st ; Arms 5th en haut; and Bo dy inclined (f ).
Experimenter Attitude position looking at the sidearm.

Pose6 Participant 1 Legs attitude; Left arm 5th en haut ; and R arm
2nd (a). If on di�eren t alignment, would've called it
cr ois �e (f )

Participant 2 Attitude derri�ere; Arms 4th en haut; and Head turned
toward the sidearm.

Table4.2: Resultsof posedescriptionfor evaluation two usingCecchetti terminology.
The highlighted di�erencesare: (a) separatingarm poseto describingeach arm; (b)
varying descriptionsfor de�ning the samepose;(c) inferred the kneeswerebent in
a demi plie; (d) wrong description; (e) useda moment in time during a Cecchetti
exerciseto describe the pose;and (f ) inferred the head posefrom the body angle
(inclined) or direction (crois�e).

(c) Both participants inferred that the position of the feet is crois�e. This is because

fourth crois�e is more commonlyusedthan fourth ouvert. This position is also

mainly usedas a preparatory or transitional poseand therefore usually in a

demi-pli�e and thereforeone participant did not even describe the bent knees

and the secondgave a shorteneddescription that could be misinterpreted as

a full-pli�e.

(d) Participant 1 described the arabesquepose incorrectly. However the �rst
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arabesqueand fourth arabesqueare identical with the exception that fourth

arabesqueis on a bent supporting leg. The participant admitting to com-

pletely not seeingthe bent supporting leg and could give no reasonfor why

when looking at the poseagain.

(e) The participant felt unsurehow to describe the poseof the headand body in

terms of the Cecchetti terminology and describe the poseas midway through

the third port de bra. The posewas taken from the third port de bra usedin

the original real-world experiments.

(f ) Examplesof inferring the poseof the headbasedon the poseor direction of the

body. Participant 2 in pose5 inferred that the head would be an extension

of the body line. This is common in ballet teaching and therefore did not

considerdescribing the poseof the head. For pose6, participant 1 inferred

that the headwas turned to facethe front and the completeposewas in the

crois�e direction i.e. facing the corner. This would infer the head is turned to

the sidehand.

The secondset of participants (choreologists)notated the VBD posesextremely

closelyto the original asshown in Figure 4.16with someminor discrepancieswhich

have been highlighted and discussedduring the formal discussion. The following

section describes the discrepancies,the reasonfor the discrepancyand the results

from the following discussion:

(a) The participant notated the top arm fairly wide of the centre, however this is

the result of their not needinga great deal of accuracyto recognisethe fourth

position of the arms. When asked to recreatethe posethe participant could

demonstratethe correctarm positions. This is the result of choreologistsusing

inferred rules recreating balletic posesand therefore lessaccuracywithin the

notation i.e. it can only be fourth position.

(b) The secondparticipant interpreted the headposition as a tilt and turn while

a turn and raisewas the posedemonstratedby the VBD. The participant felt

that this position can depend on interpretation. However it is worth noting

that whenlooking at the headagainfrom a di�eren t angleafter the experiment

position, the choreologistagreedthat the head was actually a turn and raise

as read by the VBD.

(c) Both participants positioned the raised foot higher than the third stave line.

Though the notation stipulates that the third stave represents waist height,
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it appears in practice choreologistsnotate the legswhen the knee is straight

on the third line as being ninety degreesor horizontal to the ground which

appears very logical for visualisation of the poseby the choreologists. This

equatesto positioning the VBD with the leg at the sameheight as the hip in

an anatomical position.

(d) The degreeof the height of the arm can vary according to pelvis tilt and

di�eren t choreologistswill have a di�eren t approach. We seeparticipant 1

posedthe arm after the body tilt and therefore it is lower than the actual

position while participant 2 took the sameapproach by notating the arm and

then the body. Becauseof the angleof the body it is di�cult to visually see

exactly wherethe arm is whencomparedto a vertical position of the body and

thereforethe notated posedarm variesslightly. Both participants understood

this problem and agreedthat the VBD posed the arms correctly from the

notation.

(e) This is an alternative way for writing the sameposeof the headand the body

(c) (d)

(a)

(b)

(e)

(f)

Pose1 Pose2 Pose3 Pose4 Pose5 Pose6

Figure 4.16: The Beneshnotation pose evaluation results. The top line is the
notation of the input �le usedby the VBD prototype, the middle line is the �rst
participant and the bottom line is the third participant. Highlighted di�erencesare:
(a) notated wide; (b) notated as tilt and turn instead of turn and raise; (c) posed
leg position asabove ninety degreesinstead of opposite waist; (d) positionedof the
height of the arm varies due to the body tilt of the VBD; (e) alternative notation
for the samebody and headpose;and (f ) notated heal separationin �rst position
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as shown by the experimenter and participant 2 and both are understood by

choreologists.

(f ) Both participants notated the heelseparationof the VBD. A generaldiscrep-

ancy described in x4.5.2and shown in Figure 4.11(c). Interestingly, both the

teachersand choreologistsdescribe the poseof the feet as �rst position. Par-

ticipant 2 stated the discrepancybetweenthe notation and nameddescription

as: \feet in �rst position usually assumed as touching each other { depending

on the shape of the legs". Given the modelslegdesign,the posewasacceptable

as a �rst position.

4.7.3 Discussion

From the secondevaluation, the two main observations were the placement of the

heelsin the �rst position and the position of the raised leg when speci�ed by the

third line of the Beneshstave being related to a horizontal position parallel to the


o or and not mappingto the waist height. From the ensuingformal discussionswith

the choreologists,it wasdecidedthat both the VBD posesand the di�erencesnoted

in the evaluation two resultswereacceptableballet positions. Even though the �rst

position was not raised as being incorrect by the danceteachers, but recognisably

di�eren t whennotated by the choreologistsit wasdecidedto implement the changes

to place the heelstogether when the notation speci�es a �rst position and to map

the third stave line height aship height insteadof the original waist height to create

a horizontal raisedleg.

From evaluation 2, both the teachersand the choreologistsdid not havea problem

with the designof the model when evaluating the poses.However, from the formal

discussions,whenaskedabout correctingthe VBD, the main issueswereasexpected

and discussedin evaluation 1. The issueswere:

Breasts size The model design provided with the Cal3D is not a typical ballet

body and the most obvious di�erence that sticks out is the sizeof the breasts.

Though noted asnot being an aestheticdesignfor ballet, they did not hinder

the recognition and notation of the posedballet positions.

Shape of the hands While the breastscan be put down to personalpreference,

this is not the casewith the shape of the handswhich are incorrect for a ballet

danceras described in x4.5.2and evaluation 1. Again, they did not a�ect the
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participants judgement on the poses,however when asked what they would

correct, the handswerealways mentioned.

Squareness of the hips One factor that wasconsistently mentioned by both sets

of participants was the lack of rotation in the hips with the raised leg. This

equatesto a perfect dancer though lacking in realism as professionaldancers

aim to have squarehips however very few achieve this and therefore rotate

to achieve the positions. Becausethis varies depending on the facility of the

dancer,the VBD will be kept asa dancerwith squarehips with a raisedback

leg i.e. the perfect dancer.

Pose of the head The poseof the headhas beengreatly improved from the �rst

evaluation, however the position of the headcan vary depending on the pose

of the arms. This is shown with one of the participants selectinga turn and

raise instead of a turn and tilt for pose1. However, the poseof the headcan

be interpreted slightly di�eren tly and thereforewe will for this research keep

the orientation asthe maximum turn with no compensationsbasedon the arm

poseand assignthis as possiblefuture research and development. It is worth

noting that the model hasnot beenchangedand thereforethe headmeshhas

the chin and nosepointing slightly downwards insteadof straight aswould be

required by a model of a dancerasdiscussedin x4.5.2. Though this had some

e�ect on the participants describingthe poseof the headboth asdescriptions

and notation, the results showed they could assessthe poseand pointed out

that the position of the headrequired correction in the sameway as students

are correctedduring a class.

4.8 Summary

This chapter shows that setting balletic posesfrom a �le format relating to Benesh

notation can de�ne positions for classicalballet. Ballet professionalscould name

the poseof the VBD usingballet terminology and alsoannotate the VBD posethat

matchedthe input from the �le format. Though thereweresomeminor discrepancies

on someof the VBD poses,the overall shape of each poseas de�ned by the rules

of classicalballet and inferred in Beneshposedthe VBD correctly. Using each pose

as a keyframe,a combination of theseposescan be usedas the basisfor setting an

exerciseor danceon a VBD.

The main criticism of the poseon the VBD is the appearanceof rigidit y. This is
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not a criticism of the VBD but a re
ection on the designof classicalballet. Many

positions are at the limit of personalphysical capabilities and therefore to achieve

someballetic positions, the real-world dancersmake small alterations asshown with

the twisting of the hips in Figure 4.13(d). Though not technically correct in terms of

the ballet rules, it is a commonfeature of dance. The VBD is able to be positioned

in a technically `correct' position asdescribed by the classicalballet rulesdue to the

fact there are no physical constraints. The real-world dancersmake compensations

known in the ballet world as `cheats'. The decision for setting the foundations

towards simulating ballet was to posethe VBD in a technically correct ballet pose

as de�ned by the ballet rules, even given the di�cult y for the real-world dancer to

imitate the exact samepose.
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Chapter 5

Expressiv e In terp olation

5.1 In tro duction

Classicalballet performersmainly utilise expressive gesturesof the arms and legs,

together with facial expressionto convey emotional intent to the audience. There

are various piecesof ongoingresearch in simulating human expressions(Camurri &

Trocca, 2000;Byun & Badler, 2002;Cassell,Vilhj�almsson& Bickmore, 2001),but

the VBD research focuseson expressionperformedby the limbs.

The expressive VBD systemcan be de�ned in two stages,(1) the setting of the

key posesrequired to de�ne a dancemovement, as presented in Chapter 4, and (2)

a set of algorithms and methods to interpolate movement between the key poses.

Classicalballet provides enoughfreedomin the ballet rules for arm movement for

dancers to add expressive qualities which can be distinguished by the audience.

The VBD system provides a set of parametersthat allows dancers,teachers and

choreographersto manipulate the quality of the motion to their own preferences.

This chapter describes the development and evaluation of techniques that in-

terpolate the movement of a VBD using movement rules for classicalballet, and

movement speci�ed by the Beneshnotation and the emotion being performed. The

following sectionsexplain and de�ne the rulesfor movement, the interpolation meth-

ods (calculation of intermediate posesfrom one key poseto the next) usedby the

VBD to perform expressive movement and then evaluates thesemethods used by
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making comparisonbetweenthe moviesusedfor the real-world experiments in Chap-

ter 3 and the VBD performing the sameballet sequence.

5.2 Background

To aid understanding of methods used for interpolation between the key poses,a

basic understanding of ballet rules for movement and the Beneshnotation rules

notated and inferred by choreologistsare explained.

5.2.1 Benesh Notation and Mo vement

The previous chapter demonstrated how Beneshnotation was used to de�ne the

posesof a dancer using classicalballet dancerules. In many disciplines, complex

tasks can be divided into a set of simpler tasks to aid learning and understanding.

In classicalballet, teaching complicated movement and steps is accomplishedby

segmenting the movement to a seriesof recognisableposesand a description of the

movement required from pose to pose. Many dance notations, and in particular

Benesh,take the sameapproach. The processcan be clearly demonstratedwhere

the notation for a grand jete en tournant are shown in Figure 5.1. The step is a

combination of �v e frames(key poses)with movement lines to describe the path of

the extremities (requirement 7 as described in Chapter 3).

Figure 5.1: Exampleof annotating, usingBeneshnotation, a grandejete en tournant
using a combination of extremity positions and movement path lines.

The alternative to movement lines would be the explicit notation of a large

number of key poses,which is cumbersomeand impractical (Benesh & Benesh,

1983)( seeFigure 5.2).

Beneshnotation wasoriginally devisedfor classicalballet and assumesmovement

mostly takesplacealongthe shortestpath. For example,if the �rst posehasthe arm

out to the sideand the secondposehasthe arm above the headthe shortestpath is

a circular arc up the side. If a variation in the path is required, for example,via a

posewith the arm out in front of the body, then further intermediary information is
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(a) Intermediate poses (b) Movement lines

Figure 5.2: Grand battement �a la seconde demonstratedby the VBD with (a) in-
termediate positions and (b) connectingthe commencingand �nal positions with a
movement line

provided. An exampleis shown in the third frameof Figure 5.1wherethe movement

is required to go in front of the body from the sideposeof the arms to a poseabove

the head by annotating a short perpendicular line to the middle of the movement

path. Further details on Beneshmovement descriptors can be found at page138

{142 in Dance Notation for Beginners (Brown & Parker, 1984)and pages31{38 in

Reading Dance (Benesh& Benesh,1983).

Movement linesdo not determineintermediatejoint angles,asdiscussedin Chap-

ter 4. Also, while Beneshnotation can provide a movement path using the inferred

ballet rules, the designof the notation meansthat other inputs canbeusedon top of

the path description. This can include techniquesfor expressive movement in ballet

described by Blasis (Blasis, 1830)and other methods such as Laban's E�ort-Shap e

theory usedto describe the qualities of motion.

5.2.2 Laban's E�ort-Shap e Theory

Laban Movement Analysis is a method for observing,describing,notating and in-

terpreting human movement. It provides a comprehensive vocabulary and analytic

framework describinghuman movement and the way we move (LIMS, 2004). Com-

posedof �v e major components (Body, Space,E�ort, Shape, and Relationship), it

incorporatesa textual and symbolic languagefor describingmovement. This chap-
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ter is concernedwith the dynamic qualities of the movement betweenthe key poses

which is characterisedand parameterisedin Laban's E�ort-Shap e theory (require-

ment 8 as described in Chapter 3). Ballet rules provide a description of the shape

of the movement and therefore the parametersof interest in the present research

are associated with the E�ort component. In particular we are interested in the

factors space,weight, and time. In EMOTE (Chi, Costa,Zhao& Badler, 2000)and

Synthesisand Acquisition of Laban Movement Analysis Qualitativ e Parametersfor

CommunicativeGestures(Zhao, 2001),Chi and Zhaogavethe following descriptions

and examples:

Weight: senseof impact of the movement and exertion required.
light buoyant, weightless and delicate. e.g. dabbing paint on

canvas,describingthe movement of a feather

heavy powerful with impact e.g. pushing or punching

Time: describesthe qualities of sustainment and quicknessi.e. senseof urgency.
sustained lingering and indulging in time e.g. stretching to yawn,

stroking a pet

sudden agitated, jerky movements e.g. swatting a 
y , making a

snapmove.

Space: is spatial focusand attention to surroundings.
indirect multi-fo cusede.g. waving away bugs.

direct pinpointed and single focused. e.g. undeviating from a

path, threading a needle.

The Laban factors in the present research are usedas control parametersthat

vary the movement path and interpolation along the path to distinguish di�erences

in expressiveness.

5.2.3 Ballet Rules for Mo vement

The rules for classicalballet described in Section x4.2.2 for setting the key poses

can alsoapply during the movement e.g. the roundedarm shape (requirement 9 as

described in Chapter 3). This research concentrates on the arm and hand movement

and in
ections wherethe expressioncan be readily assessed.

Study of the Arms

In \The Code of Terpsichore" (Blasis, 1830),a completechapter is dedicatedto the

study of the arms. The following issuesare a combination of the rules for dance
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movement stated in the book that are usedfor expressive motion.

Movement in the wrist and the orientation of the hand dependson the movement

direction of the arms as depicted in Figure 5.3.

(a) Wrist down (b) Wrist up

Figure 5.3: The two directions of the wrist for classicalballet movement, wherethe
wrist leadsthe direction of movement.

According to Blasis,the elbow, aswell asthe wrist, hasits movement downwards

and upwards. The modern classicaldancerusesin
ections of the elbow, wrist and,

depending on the ballet method, di�eren t degreesof shoulder rotation to express.

The Cecchetti method, which arefundamentally the ballet rulesusedin this research,

speci�es the downward movement at the side is led by the lower part of the hand

and not the wrist though the sameamount of wrist up or down is still applied.

5.3 Motion Capture of Dance Mo vement

To better understandthe in
ections and variations that take placewhen real-world

dancersmove, three dimensional motion data were captured from two classically

trained dancersperforming a �rst port de bras from the Cecchetti method. Analysis

was performedwith respect to Laban's weight, time and spaceparameters.

The data was captured in the University of LeedsInterdisciplinary Centre for

Scienti�c Research in Music (ICSRiM) usinga nine cameraVICON infra-red motion

capture system(as shown in Figure 5.4).

Vicon retro-re
ectiv e markerswerepositionedon the upper body of the dancers

as speci�ed in the user manual. The marker positions were: four markers on the

head(two front and two back); the left and right shoulder;upper arm, elbow, lower

arm, insidewrist, outsidewrist and middle �nger for both arms; left and right pelvis

boneat the side;the sternum and clavier for the front of the body; and threemarkers
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Figure 5.4: Motion capture layout visualisedby the Vicon Ia software showing the
positions of the nine camerasand the model of the upper body and head �tted to
the captured dancerfor post processing.

at the back, two on the spine(C7 and T10) and the third on the right shoulderblade

to form a triangle.

VICON iQ reconstructsthe multiple cameraimagesinto a single set of 3D co-

ordinates. The coordinates for each marker are linked together to form tra jectories

which are labelled for identi�cation. Using the labelled tra jectories information on

the relative marker positions, kinematic and kinetic calculationswereperformedto

calculate the joint centres and joint angles. The VICON systemcapture frequency

was set at 200Hz.

5.3.1 Choreograph y for Dance Mo vement Set Capture

The �rst port de bras is the most basic of all the arm movements and is the �rst

taught to students learning the Cecchetti method. The movement entails the three

fundamental arm movements. Upward movement in front of the body, the sideways

movement, and downward movement at the side. Figure 5.5 shows the Benesh

notation and the path of the wrist (in this case,the right wrist) highlighting the

position of the extremity at the key poses.

The dancerswere required to perform the �rst port de bra in 3/4 time for each

emotion of natural, happy, sad,angry, and afraid. Each emotion was repeatedfour

times, with a break betweeneach emotion. This was necessaryfor the dancersto

composetheir emotionalstate for the next move. The captureof the arm movements

weresplit into two sessionslasting a total of three hours.
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(ii)

(iii)

(i)

(c) Downward

(a) Upward

(b) Sideways

3

(i) (ii) (iii) (i)

Figure 5.5: Beneshnotation and movement paths for the �rst port de bras of the
right wrist performed with emotion `natural'. The key posesare: (i) �fth en bas;
(ii) �fth en avant; and (iii) a la seconde.

5.4 Motion Data Analysis

The motion capturesystemsoftwareVICON iQ savedthe data �les in a CVS format

of the 6D motion tra jectory of the wrist (orientation and position). Thesedata were

usedto obtain an understandingof ballet movement madewith di�eren t emotions.

Analysis of the wrist wasusedbecauseBeneshnotation speci�es the actual path to

be takenby the wrist (Benesh& Benesh,1983)and classicaldancerswhile executing

the movement of the arms will be consideringthe poseof the arms and the shape

of the movement (i.e. the position of the wrist relating to the body during the

movement). The analysisis divided into three parts.

Analysis 1 looks into �nding a di�erence in the tempo of the movement being

performed.

Analysis 2 looksinto the pro�le of the speedand distancetravelledalonga motion

path with respect to Laban's Weight and Time parameters.

Analysis 3 has beensegmented into two sections. (3a) provides an initial inves-

tigation into specifying a motion path using simple parametersfor di�eren t

emotions basedon Laban's Spaceparameter, and (3b) speci�es the use of

danceand notation rules to stipulate the path of the wrists.

The analysis focuseson happy, sad, and angry emotions, in which participants

distinguished signi�cant di�erences (see x3.3.3). The data �les were segmented

manually usingiQ softwareinto threesetsof data, upward, sideways, and downward.
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5.4.1 Analysis 1: Emotion Temp o

Resultsfrom the real-world experiments showed that participants could distinguish

betweendi�eren t emotions,even with the sametempo (seex3.3.3). However, oneof

the strongestcluesto distinguishing the emotionswas the tempo of the movement.

The results from the motion captures show a distinct di�erence between the

time taken to perform each emotion, and betweenthe three stagesof the movement

(seeFigure 5.6). The variations in the tempo betweenthe directions of movement

Natural Happy Sad Angry Afraid
0

0.5

1

1.5

2

2.5
T

im
e 

(s
)

Emotions

Up
Side
Down

Figure 5.6: Averagetime taken betweenkey posesfor each emotion in an upward,
sideways and downward movement as shown in Figure 5.5. Error bars show the
standard deviation

may have beencausedby: (1) the length of the movement betweenthe key poses

wherethe up movement is the shortestand the down movement is the longestpath,

and/or (2) the phrasing of the whole movement where the start of the phrase(up

movement in this example) has an initial accelerationand the end of the phrase

(down movement) is performed with a deceleration. The phrasing of movement

requires the understanding of how each movement a�ects the next and is beyond

the scope of this research.

The most noticeabledi�erence is the consistently fast tempo for the happy and

angry emotions and the large di�erence in tempo used to expressa sad emotion.

From Table5.1, the tempo for sadis approximately half that of happy andangry. For

the VBD to simulate expressive movement, the user interface is thereforeprovided
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with a tempo controller that canvary the speedof the movement. For the evaluation

described later in this chapter, the tempi used were derived from the real-world

videos, and both the happy and angry emotions were performed with the same

tempo. Slight variations in the evaluation between the VBD and the real-world

Up Side Down
Time (s) Tempo Time (s) Tempo Time (s) Tempo

Natural 1.04 57 1.09 55 1.36 44
Happy 0.74 81 0.77 78 1.05 57
Sad 1.45 42 1.71 35 1.96 30
Angry 0.75 80 0.77 78 0.94 64
Afraid 1.36 44 1.45 41 1.91 31

Table 5.1: Averagetime and metronometempo for movement between key poses
taken from the �rst port de bra segregatedinto the three direction of movement.

dancerscanbeexpectedto occurbasedon the phrasing,the emotionbeingportrayed

and the direction of movement. With thesefactors, the real-world dancersdo not

keepan exact tempo with slight variation in speedduring the performanceof the

sequenceand a slowing down at the endof the sequence.This needsto beconsidered

when comparingthe intermediate posesof the VBD and the real-world dancers.

5.4.2 Analysis 2: Motion Dynamics of the Wrist

The task for calculating points betweenkey poses(animation key-frames)is called

inbetweeningor interpolation of key-frames. This, however, typically speci�es the

animation path, not its dynamics. The two common methods for specifying how

the speedof movement variesalonga given path are: (1) the P-curve system,which

speci�es the path and the dynamicsof the motion, and (2) expressingthe path as

a parameterisedspline with an associated curve specifying speed. Classicalballet

dancersexpressingemotions may use the samepath with di�eren t dynamics i.e.

no variation in Laban's spaceparameter but variations in the other parameters,

therefore an understanding of the dynamics irrespective of the path was required

(i.e. method 2).

The approach in this PhD hasbeento match variations in the motion dynamics

to Laban's weight and time parameters. The paths were split into upward (Up),

sideways (Side) and downward (Down) motions. Figure 5.7 presents pro�les for

the relative distancetravelled and speed. The distancetravelled was normalisedso

the relative time to perform the motion was equal to one and the relative distance

travelled to complete the motion was also equal to one. The speed pro�le was
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normalisedso that the maximum speedachieved by all the emotionswas equal to

oneas shown to occur during the down motion while expressinganger.

By looking at the shape of the speed graphs, there is a noticeable di�erence

betweenangry (sudden/accented heavy motion) and happy or sad (sustainedlight

motion). This section focusedon �tting a sigmoidal curve to the distance versus

time data to specify the dynamicsof the motion.

5.4.2.1 Fitting a Curv e to the Distance Pro�le

The objectivewasto �nd a straightforward way to de�ne the dynamicsalonga given

path. The generalshape of the distance pro�le corresponds to a sigmoidal curve.

Thesehave the main parametersshown in Figure 5.8.

The curve �tting was performed using SigmaPlot 2001 for Windows from SY-

STAT (SYSTAT, 2004). SigmaPlot 2001 o�ers a variety of sigmoid functions for

non-linear regression.Functions include Weibull (4 or 5 parameter), Gompertz (3

or 4 parameter), Hill (3 or 4 parameter) and Chapman (3 or 4 parameter) which

were discounted as being either the incorrect shape of sigmoid or having too many

parameters.The two curvesthat did appearsuitable werethe 3 parameterSigmoid:

y =
a

1 + e( � x � x o
b )

(5.1)
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Figure 5.7: Relative distance travelled and speed during the up, side and down
movements performedwith each emotion
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b

x o

a

Figure 5.8: The Logistic sigmoidalcurve wherea is the max distancetravelled, b is
the maximum gradient of the curve and xo is the centroid of the curve.

Logistic Sigmoidal
Angry 0:9996 Angry 0:9926
Afraid 0:9973 Afraid 0:9994
Happy 0:9994 Happy 0:9962
Natural 0:9996 Natural 0:9951
Angry 0:9996 Angry 0:9934

Table5.2: The AverageRMS for the Logistic and SigmoidFitting for Each Emotion

and the 3 parameterLogistic �tted curve:

y =
a

1 +
�

x
xo

� b (5.2)

Each individual pro�le was �tted to provide a set of parameters to specify a

sigmoidal curve relating to the emotionsand the direction of movement. From the

parametersobtained from each �tted curve, the objective was to �nd a correlation

betweenthe sigmoidalparametersand the emotionsbeing performed.

From the Interpreting RegressionReports provided by SigmaPlot2001,the close-

nessof the �t using the Root Mean Square(RMS) was comparedand found the

Logistic function wasa better �t than the Sigmoidfunction by approximately half a

percent. The averageRMS for the Logistic curve for all emotionswas0:9991,where

1:0 is a perfect �t and for the Sigmoid curve was 0:9953. Breaking it down into

emotionsthe averageRMS for each emotion is shown in Table 5.2:
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5.4.2.2 Analysis of Sigmoidal Distance Curv e

While the two dancersanalysedhad distinct di�eren t styles, it canbe seenin Figure

5.9 the angry motion hasa steeper gradient which occursearlier in the movement.

Figure 5.9: Graph showing the meansigmoidal logistic gradient and weight values
for each emotion. Error bars show the standard deviation

By separatingthe dancers,the di�erence betweenthe emotionscan be more easily

distinguished. Interestingly the styles of the dancersa�ect how each emotion is

performed. For both dancers,it can be seenin Figure 5.10, the angry motion is

Figure 5.10: Graph showing the meansigmoidal logistic gradient and weight values
for each emotion. Error bars show the standard deviation

94



Chapter 5 Expressive Interpolation

separatedfrom the other emotions, i.e. the red triangle is distinctly separatefrom

the other trianglesand the red circle is separatefrom the other circles. However, the

�rst dancer(circles) hasa more lyrical quality while the seconddancerhasa strong

style and this can be seenwhere the data has a similar pattern for the emotions

wherethe triangle data is o�set from the circle data downwards and to the left.
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Figure 5.11: Graph showing the area taken by the di�eren t emotionsderived from
the maximum and minimum parametersfor the centroid and gradient for a logistic
sigmoidalcurve for the distant interpolation betweenkey posesfor each combination
of emotionsfor Dancer1.

From the analyseddata, Figure 5.10shows a distinct di�erence from the angry

motion and the other emotionsand this is emphasisedfor a singledancerin Figure

5.11. There are two aspectsabout the angry motion that canbe assumedin relation

to Laban's weight and time parameters. The angry motion was performed with

more accent than the other emotions (higher peak velocity; this can also be seen

in the real-world videos),and angry motion is usually described asbeing heavier in

movement.

There is a noticeabledi�erence between the angry suddenmovements and the

other emotions. From the logistic regressionfor angry, the averagegradient co-

e�cien t was B1 = (� 3:51 � 0:06) with the maximum gradient coe�cien t B1 =

(� 4:07� 0:07). The sademotion was more sustainedmovement betweenkey poses

and its averagegradient coe�cien ts were B1 = (� 2:19 � 0:01) with the minimum

gradient coe�cien t B1 = (� 1:90 � 0:00). From this data, it was decidedto work
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between the range � 2:0 to � 4:0 for the gradient of the sigmoidal curve used to

interpolate the distance travelled for demonstrating the expressive emotion on the

VBD.

Analysing the a�ect of the weight parameter,usingthe ballet rulesfor movement,

the in
ections of the wrist is the main cue for assessingthe emotive movement as

being heavy or light. Heavy weight has been described as pushing or pushing an

heavy object where the maximum speedof the motion is earlier in the movement

than with lighter motions such as a 
ic king action where the maximum speedcan

be seenlater in the movement. With the sigmoidalcurve, a comparisonbetweenthe

emotionswaslooked at to seeif there wasany correlation betweenthe weight factor

of the movement and the centroid xo of the sigmoidalcurve which de�nes wherethe

maximum gradient occurs in the curve.

From the captured data, in Figure 5.10, it maybe noted that: (1) the movement

for the heavier angry weight is attackedearlier in normalisedtime and the other other

lighter emotionsare attacked later in time, and (2) due to the phrasing structure,

the down motion (at the end of the phrase) was typically in rallentando (slowing

down), Hence,the averagetime for attack appearsearlier in time. The emotion at

the end of the phrasecan not be consideredsinceit relieson the individual style of

the dancer.

Figure 5.12: Graph showing the sigmoidallogistic centroid valuesfor emotive move-
ment for the upward, downward and sideward directions.

It was concluded the greater increasein the rate of accelerationoccurs later

for lighter motion but earlier for heavier motion. The averagecentroid coe�cien t

for happy was X o = (0:60 � 0:00) with the maximum centroid coe�cien t X o =
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(0:81� 0:01). For the angry heavier movement, the averagecentroid coe�cien t was

(0:41� 0:00) with the minimum centroid coe�cien t X o = (0:38� 0:00) not including

the ending of phrase down movement. This phrasing was not analysedwith the

current captured data. The way in which the end of a phrase(slow down) mapsto

emotive movement is outside the scope of this research.

5.4.3 Deriving Parameters for Weight and Time

From the above, it can be concludedthat motion dynamicsduring ballet movement

can be represented as a sigmoidal curve. Using SigmaPlot 2001, the simplest and

best �tted equations was the Logistic curve. The range of the gradient used in

the VBD demo is approximated to be between� 2:0 (sustained) to � 4:0 (sudden).

The centroid de�nes when the maximum speed occurs in the movement and is

approximated to be between0:3 (heavy) to 0:8 (light). The sameparametersare

usedto de�ne the amount of wrist bend wherelight is the maximum of wrist bend

during the movement and heavy has the minimum amount of wrist bend. Drawing

together data from analysis1 and 2, di�eren t parametersfor weight (dynamics and

time (tempo) can be usedto distinguish betweenmotive themes(seetable 5.3).

Happy Sad Angry Afraid
Time -2.4 -2.2 -4.1 -2.3
Weight 0.60 0.51 0.41 0.52
Tempo 80 37 79 43

Table 5.3: The averagecaptured data Laban weight and tempo parametersand
tempo parametersfor the happy, sad,angry and afraid emotions.

From the real-world experiments discussedin Chapter 3, the participants were

able to distinguish betweenthe emotionsbut found it more di�cult to distinguish

between motions with a similar tempo, weight and time i.e. sad and afraid (see

Table 5.3 showing the averageparameter values). Participants were more accu-

rate distinguishing betweenemotionswith a large di�erence in one or more of the

particular parameters,for example,betweenhappy and angry (time) and between

happy and sad(tempo). From this, it is assumedthat other factors, such asLaban's

shape parameters,were usedby participants to distinguish emotion closetogether

on the current parametersused. To increasethe participants abilit y to distinguish

emotions,more factors are required to be analysed,however, for this research, the

current parameterswereusedto characterisethe inbetweenmotion usedin classical

ballet for happy, sad,and angry, and to a lesserdegree,afraid.
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5.4.4 Analysis 3: Ballet Mo vement Path

Variations in the movement betweendi�eren t emotionsaresmall. For the untrained

eye, it is often di�cult to distinguish wherethis variation occurs. However, general

appreciation of the quality of movement is perceived as presented in the real-world

experiments (seeChapter 3). In this section there are two stagesof analysis, the

�rst wasto de�ne the path basedon the emotion beingportrayed, i.e. can the space

parameter de�ne a distinct path that is genericto all movement in di�eren t direc-

tions? , and the secondsectionwasde�ning the path basedon the dancemovement

rules, Beneshrules and from observations noted from the real-world videos.

5.4.4.1 3a: Lagrangian Motion Analysis

This analysisde�nes the motion path betweenkey posesusing a tra jectory curve,

the Lagrangiandescription of motion. In this section,the analysisconcentrated on

the right wrist path captured using the VICON data and path �tting techniques.

The wrist is critical for de�ning the overall path for two reasons:(1) Beneshnotation

speci�es the position and orientation of the armsby specifyingthe movement path of

the wrist, (2) the dancervisualisesthe arm movement asa path de�ned by the wrist

wherethe position of the wrist during the movement invokesballet rules for posing

and using the arms. From the rules for ballet and the Beneshnotation description

for movement, the path betweenkey posesare simplecurvesasshown in Figure 5.5

and thereforethe objective is to �nd a simple polynomial of the lowest order.

The spline is a piecewisepolynomial function that canhave a locally very simple

form and at the sametime be globally 
exible and smooth. Splinesare used for

modelling arbitrary functions and are commonly usedin computer graphics. There

aremany di�eren t typesof splines,however becauseof the simplicity of the curve to

be �tted, it is deemedthe extra control by changingweights towards control points,

i.e.Rational Curvesand NURBS (Non-Uniform Rational B-Splines),is not necessary

for this analysis. The movement to be �tted is known to start and end at particular

points in space.A Beziercurve or B-spline with knots de�ned to �x the end points

wasselectedasthe most appropriate meansfor �tting a spline to the captureddata.

5.4.4.2 Curv e Fitting

Curve �tting is a processof modelling a trend of outcomeswhile overcoming any

noise that is present in the raw data. Data is often accompaniedby noise. The

curve �tting processminimises an error component such as the RMS deviation
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from the raw data. Least squaresproblems of large size are now routinely solved

(Bjorck, 1996). There are a number of di�eren t methods for multi-dimensional non-

linear minimisation which fall into two categories.The conjugategradient method

(including the Fletcher-Reeves or Polak-Ribiere version) is suitable for very large

problems. The variable metric methods (Gauss-Newton)which has two main algo-

rithms: the Davidon-Fletcher-Powell (DFP), and the Broydon-Fletcher-Goldfarb-

Shanno(BFGS) and Dixon has shown that most of them generatedthe samese-

quenceof points and any di�erencesareattributed to numericalaccuracy(Lootsma,

1972).

The method of leastsquaresassumesthat the best-�t curve of a given type is the

curve that has the minimal sum of the deviations squared(least squareerror) from

a given set of data. Supposethat the data points are (x1; y1); (x2; y2); :::; (xn ; yn )

where x is the independent variable and y is the dependent variable. The �tting

curvef (x) hasthe deviation (error) d from each data point, i.e., d1 = y1� f (x1); d2 =

y2 � f (x2); :::; dn = yn � f (xn ). The property for least squaresis therefore:

Y
=

nX

i =1

[yi � f (x i )]2 = minimum

There are varying methods for �tting Bezier curvesand B-splines,for example,

Borgesand Pasta considerthe problem of �tting a single Bezier curve segment to

a set of ordered data by applying the Gauss-Newtonmethod (Borges & Pastva,

2002). They also demonstrate a simple extension of their algorithm to B-spline

curves. Matlab's (MathWorks, Inc., 2004a)Splinetoolbox (MathWorks, Inc., 2004b)

provides �tting algorithms for the B-spline curve in the weighted meansense.

Y
=

nX

i =1

wi [yi � f (x i )]2

Their algorithm is the least-squaresapproximant to the data x; y, by cubic splines

with two continuousderivatives,basicinterval [a::b], and interior breaksx i , provided

x i has all its entries in (a::b). In that case, the approximant consists of n + 1

polynomial pieceswheren is the number of interior breaks.

5.4.4.3 Path Fitting Analysis

The ballet movement path de�ned by the Beneshnotation meansthe path is re-

quired to start and end at a key poseposition. As described earlier, elegant ballet
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movements also follow simple curves. Therefore given thesefacts, the �tted curve

that canbebestusedto describethe tra jectory is either the Beziercurveor a Bspline

curve with end knots speci�ed to lock the curve to the start and end points. To

�t a curve to the data, Matlab 7 was usedusing the Spline Toolbox (MathWorks,

Inc., 2004a)using the least-squaresspline approximation, SPAP2, and curvesof the

second,third and fourth order were analysed. Given that it is possibleto use the

Eulerian description of motion, the purposefor this section is to �nd a simple tra-

jectory descriptionencapsulatingthe path and the expressive emotions. Becauseno

two movements are identical, a closeapproximation would satisfy an interpolation

path betweenkey poses.

SPAP2(1,k,x,y,w) with a 1 positive integer as the �rst parameter returns the

B- spline form of a least-squaresspline approximant with the knot sequence,k,

chosenwithin Matlab. Though it is possibleto selecta knot sequencefor better

distribution, it wasfelt unnecessarygiven that simplecurveswerebeing �tted. The

w allows the speci�cation of weights in the error measure,wherew must be a vector

of the samesize as x, with nonnegative entries. For example, spap2(1,2,x,y);

provides the least-squaresstraight line �t to data x,y, while

w = ones(size(x)); w([1 end]) = 100; spap2(1,2,x,y,w);

forcesthat �t to comevery closeto the �rst and last data point i.e. the start and

end of the tra jectory.

Using the above method, the x, y and z valuesfor the control points valuesof a

Beziercurve wereobtained for a third, fourth and �fth order curve. The coordinates

on the curve wererecalculatedusingthe control points and the Bezierfunction. The

higher the order the better the �t to the captured path as shown in Figure 5.13.

The results were subject to a three stage transform before comparison. The

�rst stage was to translate the points so all start points were at (0; 0; 0). Based

on knowledge of ballet, movement from key pose to key pose should be planar.

Therefore, the secondstageinvolved projecting the points onto a plane. This was

calculated by taking the averageof the crossproducts of the vector of all points,

P, from the start point, S, with the vector connectingthe start point and the end

point, E,
� !
SE. Taking the averagevector (

� � !
SP1;

� � !
SP2; :::;

� � !
SPn ) as the y-axis and

� !
SE

as the x-axis, the crossproduct was usedto calculate the plane normal. The �nal

stagewas to scalethe results so the �nal point was located at (1; 0; 0) (seeFigure

5.14).

The quadratic curve is distorted due to the noise and in
ection performed by

the captured dancersaround the key poses.Dependingon the amount of noise,the
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Figure 5.13: Averageerror and root meansquareerror for a Quadratic, Cubic and
Quartic Bezier curve �t
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Figure 5.14: Resultingcurvesfor each emotion from Beziercurve �tting calculations
wheregreenis happy, blue is sad, red is angry and magenta is afraid

curve waspulled to the right. As the order increases,the curve appearsasexpected,

a simple curve of varying heights. However, at the end points in the quartic �tted

curve and higher order curves, the control points include the in
ections and noise

linking onemovement to the next movement. From theseresults,it canbeconcluded

the a cubic curve is su�cien t to represent the captured tra jectories of the wrist

movement.

5.4.4.4 Mapping Paths to Laban's Space Parameter

Laban's spaceparameter de�nes whether the movement is direct or indirect. Per-

sonalknowledgeof ballet meanshappy and sadmovement can be classi�ed as indi-
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rect and the angry movement asdirect. Inspection of the control points taken from

the curve �tting in Figure 5.15shows somesimilarities for the upward and sideward

movements but this is lost in the downward movement. It is di�cult to seea consis-

tent relationship betweenthe control points and the emotions. Therefore, it seems

that the phrasingand direction of the movement a�ects the shape of the curve to a

greater degreethan the emotion expressedin the movement. Further analysiswith

a much larger set of captured data setswould be required to de�ne paths basedon

Laban's spaceparameters.
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Figure 5.15: Normalised Control points for �tted cubic curves. First three rows
include the four captured runs for the four emotionsand the natural emotion where
the top row is the upward movement, the secondrow is the side movement and
the third row is the down movement. The fourth row shows the averagefor each
emotion.
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5.4.4.5 3b: Rule Based Mo vement Paths

This analysisfocusedon the original real-world videosusing the author's judgement

as a professionaldancer and teacher. From the videos, two distinct variations in

the motion can be seen. The wrist movement either moves away from the body

or towards the body (the upward direction in front of the body). The emotion

being performed dictates the amount of variation towards or away from the body

betweenthe key poses.Not much variation is seenin the angry performances(direct

movement) while for the happy and sadperformance's(indirect movement) there is

a much greater amount of wrist and elbow movement during the movement. This

is the samewith both dancersand for all runs of the emotion for all exercises.

From the visual �ndings and the authorsprofessionalbackground, two variations

in the path can be described: (1) for the upward movement in front of the body,

the path starts and endswith the poseradius and during the movement the radius

for the movement gradually shortens for the �rst half of the movement and then

lengthensfor the secondhalf to arrive at the end poseradius length. (2) for the

other movements, the sameappliesfor the start and end however the radius lengths

for the �rst half of the movement and shortensfor the secondhalf. The amount

of variation for the radius half way during the motion is dictated by the space

parameter and the maximum amount was de�ned so the rules for ballet were not

broken i.e. the elbow doesnot straighten for the outward direction and the amount

of bend for the inward direction is still classi�ed as a balletic roundedarm.

5.4.5 Conclusion

From the �rst analysis(3a) of the movement path, it was inconclusive whether

the tra jectoriescould bede�ned usingLaban'sspaceparameters.Though the move-

ment is fundamentally circular in nature, other factors a�ected the tra jectory of the

performedmovement including phrasing, the direction of movement, and instances

where di�eren t ballet rules were applied as discussedin the secondanalysis (3b).

To de�ne a generictra jectory would require a deeper analysisto understand(1) the

basictra jectory for all the variousdirectionsand phrasingof movement, (2) how the

variousspaceparametersa�ect the di�eren t tra jectoriesspeci�ed by the ballet rules

for movement and (3) how the phrasing of movement by the real-world dancersis

a�ected by the various spaceparameters.

Using Beneshnotation and the inferred ballet rules for the movement between
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the key poses,it is possible to specify the tra jectory of the motion. Using this

tra jectory, applying spatial parametersto the ballet rules for movement de�nes the

variations that can be performed. This research therefore focused on using the

inferred path speci�ed by the Beneshnotation and the ballet rules (analysis3b) to

de�ne the tra jectory of the arms for expressive interpolation.

5.5 Mathematical Metho ds for Expressiv e In ter-

polation of the Arms

The interpolation methods can be segmented into three parts: the shape of the

movement, i.e. the overall tempo of the movement (analysis 1); the dynamics, i.e.

speedpro�le (analysis2); and the path the wrist followsbetweenkey poses(analysis

3b). A simple interfacewasdevisedto control the tempo parameterand the Laban

parametersfor time, weight and spaceand is shown in Figure 5.16.

Figure 5.16: The screencapture of the VBD interface demonstrating the Tempo
slider (top right) and the Laban parameterslider bars (top left). Other functionali-
ties (bottom right) includeschanging the model to show the skeleton structure, the
model's mesh and changing the lighting. Also setting the `Idle' position, `Funky'
using the expressive model derived in this research and `Motion' using the original
Cal3D interpolation model.
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5.5.1 Setting Temp o and Elapsed Time

To cover the necessaryrangeof metronomeanddancetempos,the tempo slidercould

vary from 1 to 250beatsper minute. The tempo is usedto set the elapsedtime of

the animation. Cal3D storesand tracks the duration of the completeanimation set

by the key frames and the time for each key poseduring the animation sequence

in seconds.Changing the movement speed requires the calculation to update the

poseof the model to be basednot on the elapsedtime of the animation but on

the elapsedtime for the movement. Using the elapsedtime (time tick) and tempo

required, the next posewas calculated using the updated elapsedmovement time

and is calculatedas:

telapsed =
tempo

60
� (tnew � t last ); (5.3)

where tnew (micro seconds)is the current time, t last was the time at the last inter-

polation drawing for the animation.

5.5.2 Laban's Time and Weight

From x5.4.2.2, the sigmoidal curve is used to calculate the distance interpolated

with respect to time betweenkey poses.The logistic curve is calculated using the

Equation 5.2. The shape of the curve is changedby altering the: (1) time parameter

to changethe steepnessof the curve, (valuesrangefrom � 4:0 to � 2:0); (2) and the

weight parameterde�ning the position of the centroid (0:3 to 0:8).

The distance interpolated betweenkey posesis normalisedwhere0 is the start

of the movement (i.e. �rst key pose) and 1 is the end of the movement (i.e. the

next key pose). The asymptote is calculated using the time and weight parameter

to make sure that at time equal to 1, the distance interpolated is also equal to 1.

The asymptote is calculatedas follows:

a = 1 +
�

1
xo

� b

(5.4)

Figure 5.17 demonstratesthe extreme Laban time changeswhere the centroid

xo = 0:5 for both examples.In Figure 5.18,the sameobservation canbe found when

the gradient is kept constant (b = � 3, the median value from the gradient range)

and the centroid value is controlled from heavier movement (xo = 0:35) to lighter

movement (xo = 0:75).
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Figure 5.17: Sigmoidalgraph showing the e�ect of changesin Laban's time param-
eter, where the blue plot producessustainedmovement and the red plot produces
suddenmovement (e.g. angry).
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Figure 5.18: Sigmoidal graph showing the e�ect of changesin Laban's weight pa-
rameter, where the blue plot produces(earlier centroid) gives the appearanceof
heavier movement, and the red plot produceslight movement. Note the speed of
the movement (gradient) at the end of the light movement which has little deceler-
ation giving a higher speedentering the transition from one movement (the end of
the current movement) to the next (beginningof the next movement).
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5.5.3 Laban's Space { Spatial Arm Mo vement

For this research the di�erences in the spaceparameter were devisedto be simple

in order to demonstratethe variations in the movement and how it comparesto the

real-world movements capturedon video. From analysis3b, the distanceof the wrist

from the body varied accordingto the ballet rulesand the emotion beingportrayed.

The Beneshnotation speci�es the path to be taken with an inferenceon the depth

of the movement. This in turn introducesvariation in the circular movement. Cal3d

de�nes keyframes,i.e. orientation and position for the key poses.To demonstrate

variations in the spaceparameter,it wasnecessaryto de�ne intermediatekeyframes

i.e. orientation and position of the elbow and shoulderalong the path that follows

the ballet key pose,movement rulesand the constraints of the Beneshnotation used

to de�ne the path.

In x5.2.3,rules for position in the wrist alonga movement path described by the

Beneshnotation werede�ned. Intermediatekey posesarecalculatedusing the same

rules as the main key posesasdescribed in Chapter 4. Two equationswereusedto

calculate the distance,(1) for movement within Laban's kinesphere,i.e. extra bend

of the elbow, and (2) extensionoutside a balletic roundedarm reach.

Expressive spatial movement towards the body such as the upward front move-

ment was calculatedas:

l = r � (1 � S)(0:1r )sin(
k

n � 1
� ) (5.5)

where l is the new length from the shoulderto the wrist and r the length between

the shoulderand the wrist for the rounded arm. Roundedarms are de�ned by the

Beneshrules and calculated in x4.4.2. S is the spaceparameter [0 1] where 0 is

indirect and 1 is direct. k is the intermediate key posebeing calculated, and n is

the number of intermediate key posesrequired for the path. The most spatial bend

as seenin Equation 5.5 is 0:1r or 10%of the amount of normal roundedarm bend.

This value was heuristically observed by the author as a professionaldancer and

teacher. A greater amount of bend would result in a di�eren t poseas speci�ed by

the notation.

Outward expansive movement on the edgeof Laban's kinesphere(the sphereof

reach) is calculatedusing the following equation:

l = r + (1 � S)(L � r ); (5.6)
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where l, r and S are as described earlier. L is the maximum length the wrist can

be from the shoulder when the elbow is straight. Variations to the intermediary

key posesfor this research are linear segments. In reality, the movement would

be a smooth curve, however, for this demonstration it was found unnecessaryas

the perception of the visual movement appearedsmooth when seven intermediate

iterations or more werespeci�ed.

5.5.4 Implemen tation of the Expressiv e Mo del

The key posesfor the VBD are determinedusing the methods described in the pre-

vious chapter. The key posesde�ne the keyframesin the Cal3D animation methods

wherethe animation hasa track for each boneand the keyframeposition and orien-

tation for each boneis setat a speci�c time on the appropriate track. The Expressive

Interpolation Model (Expressive model) usedtwo stages.The �rst was to calculate

the path basedon the spatial parameterssetusingthe GUI. The secondstagewasto

interpolate along the path using the weight and time parameters(also set using the

GUI) to specify the movement dynamicson the distancetravelled along the de�ned

path.

For the �rst stage, the setting of the path, the Expressive model de�nes inter-

mediary key posesusing the rules for ballet. For this research, there were seven

intermediary posescalculatedusing the methods described earlier. If lessthan �v e

intermediate key posesare de�ned, visual changesin movement direction were no-

ticed and thereforeseven madea visually smooth motion. Oncethe path has been

de�ned, the length of the path wascalculated. The length wascalculatedusing the

vector from one intermediate point to the next.

For the secondstage,the distancetravelledby the wrist alongthe movement path

at a given time was calculated using the dynamics speci�ed by the Logistic curve.

From the calculateddistancetravelled, the amount of rotation elbow and shoulder

rotation wascalculatedto placethe wrist on the path at the correctdistancetravelled

incorporating the ballet rules.

5.6 Evaluation of Expressiv e In terp olation

Evaluation of the expressive algorithm wasachieved by comparingthe arm position

and orientation of the VBD performancesand the real-world videos,using the third

port de bras (Easy Exercise1 from Chapter 3). The VBD animation was captured
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usingKino, release0.7.5(Linux DV, 2004). All captured movieswereimported into

Adobe PremiereR
 Pro 1.5 (Adobe, 2004) and trimmed to align the �rst frame as

the start of the arm movement. The emotions captured were Angry, Happy and

Sad. Each movie was trimmed so the �rst frame was the start of the motion. The

imagesof every fourth frameof the fast tempo motion and every eighth frame of the

slow tempo motion wereexported for comparisonof which oneexampleis presented

in the next sections

Easy Exercise1 was evaluated in Chapter 3 with three separateruns of each

emotion and there wasno signi�cant di�erence betweenpairs of sameexercisesand

di�eren t exercises.Though the tempo varies marginally betweendi�eren t runs of

the sameemotions,angry for examplewasperformedwith a tempo between59 and

64, the emotionsof the sametype can be recognised.From Figure 5.11,an overlap

in the rangeof weight and time parameterswith the afraid and happy demonstrates

that tempo is usedto distinguish the di�erence in theseemotions. The di�erence

betweensadandafraid is a lot closerand though there is no overlap in the parameters

it would take an excellent teaching eye and understanding of dancemovement to

distinguish the di�erence. However, from the real-world experiments in Chapter

3, participants could distinguish di�erences though the results were not as high as

with pairs of emotionswith di�eren t tempos. It washypothesisedthat participants

considerdi�eren t factorssuch asLaban'sshapeparameterswhich describe the shape

of the body both during the motion and at the key poses.For this evaluation looking

at the inbetween movement, the afraid and sad emotions will be almost identical

without the implementation of other factorssuch asvariation in the key poseshape.

For this section,the evaluation of motion betweenkey posesthereforefocuseson the

emotionswith distinct inbetweenmotion di�erences (i.e. happy, sad,and angry). A

comparisonwas madewith all runs of the three emotionsevaluated and the results

from the evaluation of the di�eren t runs were found to be the same. This section

will present the motion captureprocessfor all evaluationsand discussthe evaluation

using onerun arbitrarily selectedfrom each emotion.

5.6.1 VBD Con�guration and Mo vie Capture of VBD Ani-

mation

The VBD can be executedin two modes: (1) the default Cal3D interpolation model

(Cal3D model), and (2) with the expressive interpolation model (Expressive model)

proposedin his chapter. This section comparestheseperformanceswith the real-
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world video performancesof the sameemotions. To set up the comparative study,

VBD was con�gured to perform with similar main parameters for each emotion

including tempo and Laban's e�ort factors.

The �rst step wassetting the VBD to perform to a similar tempo to the dancers

in the real-time video. From the runs selectedfor presenting the evaluation in this

chapter, Table 5.4 presents the tempos usedfor each emotion evaluated where the

calculation wasbasedon the �rst and alsoframe number of the movies captured at

25Hz. There were nine key posesin the third port de bras performed, i.e. a start

and end linked by eight motions. From the time taken to perform the exercisefor a

run, the tempo can be calculatedas:

(int)tempo = n=t � 60 (5.7)

wheret is the time to perform the exerciseandn is the number of motionsperformed.

First Frame Last Frame Frames(n) Time (n/25Hz) Tempo

Angry Dancer 1 101 289 188 7.52sec 64
Angry Dancer 2 094 283 189 7.56sec 63
Happy Dancer 1 105 293 188 7.52sec 64
Happy Dancer 2 106 293 187 7.48sec 64
Sad Dancer 1 982 1284 302 12.08sec 40
Sad Dancer 2 978 1269 291 11.64sec 41

Table 5.4: Averagetempos of the third port de bras calculated from the �rst and
last frame of the arm movement.

The secondstep was to set Laban's E�ort parameters. In terms of the Laban's

space,it was noticeablefrom the real-world dancersthat the spatial movement for

happy and sadwasin-direct, but direct for angry. For angry the VBD wascon�gured

with spaceset to 1 (direct) and for happy and sad, the VBD was con�gured with

spaceset to 0 (in-direct).

The comparisonwas made with both real-world dancersat the sametime so

di�erencescould be moreeasilycomparedduring the evaluation. As no two dancers

perform the sameemotionsexactly the same,it wasnecessaryto set the weight and

time parametersfor the VBD to the averagesobtained for each emotion in x5.4.2.2.

The space,weight and time parameterscon�gured for the VBD for evaluation are

shown in Table 5.5.
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Space Weight Time

Angry 1 0.41 -3.51
Happy 0 0.60 -2.42
Sad 0 0.52 -2.19

Table 5.5: Laban's E�ort parametersusedin the evaluation

5.6.2 Common Faults and Di�erences

Initial evaluation highlighted three generaldi�erencesbetweenthe Cal3D model and

Expressive model. The �rst and most obvious di�erences was the distancebetween

the VBD's wrists. Ballet rules specify this should be approximately the width of

the face. The Expressive model adheresto this rule but Cal3D model doesnot (see

Figure 5.19).

Figure 5.19: The imageon the left is the expressive interpolation and the imageon
the right is the linear interpolation. While the left imagekeepsthe ballet poserules
during interpolation the shortestquaternionbreaksthe rulesby separatingthe wrist
to a greater degree.

The seconddi�erence is the position of the headand body at a key pose.Though

the time and weight parameters a�ect the speed of the rotation when changing

from one head or body poseto another, Laban's Shape parametersalso a�ect the

orientation of the headat the key pose.For example,`retreating' rotates the headat

the key poseaway from an audiencecreating a greater rotation than with a direct

posewhile `advancing' hardly rotates the head at all to face the direction of the

body. This research focusedon the in-between interpolation, so the way the head

moved betweenthe key poseswascomparedbut not whether the beginningand end

poseof the movement was in the sameposeas the real-world dancers. This extra

rotation hasobviously beencapturedby the dancers'real-world performanceswhere

extra rotation canbe seenat the key posesduring the phrasingof the exercise.This
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can be seenin Figure 5.20(a) where the real-world dancersare focusingaway from

the facing direction of the body while in Figure 5.20(b) the direction of the headis

more aligned with the body or the front of the stage.

(a) Retreating (b) Advancing

Figure 5.20: Comparisonof key posewith di�eren t shape parameters.

The third di�erence is the varying styles of di�eren t dancers.One of the major

style variations can be seenin the wrist rotation of the dancersin Figure 5.21,5.23

and 5.24. Dancer2 expressesexcessively with her arms, and particularly the wrist.

For all emotionsportrayed, this dancerrotated the wrist, usually ninety degrees,so

a distinct angle can be seen. This is known as breaking the wrist. It is a distinct

style of this particular dancerand usually occursin the beginningof each movement.

The expressive interpolation for the VBD cannot take into considerationstyles

and nuancesof all dancers,only thosede�ned by the generalballet rules. Therefore,

the VBD performsthe movement betweenkey posesusing the ballet rulesdescribed

in Chapter 4 for the arm posesand x5.2.3 for the movement rules.

The main parts to focus on for the following evaluations are the position of the

wrist (how far it movesalong the path during intermediate poses)and the amount

of in
ection of the wrist and elbows. It wasdecidedthat the VBD would adhereto

the Cecchetti ballet rulesduring the movement betweenkey poses.This waschosen

becausethe intermediateposesduring the movement hold the samerulesasthe key

poses.

5.6.3 Evaluation of Portra ying Angry Motions

Figures 5.21, 5.23, and 5.24 present comparisonsbetween the real-world dancers

(columns (a) and (b)), the VBD using the Expressive model (column (c)), and the

VBD using the Cal3D model (column (d)). The Laban parameterwas set to direct

spaceand heavy weight (limited in
ection) and thereforethe di�erencesin the shape

of the arms (rotations of the wrist and elbow) is relative to the individual style of
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the real-world dancersas explained in x5.6.2. This comparisonfocusesmainly on

the distance travelled by the wrist along the path between key poses. The shape

of the arms was comparedin the evaluation of the happy and sadmovement where

the spaceand weight parametershave a more profound e�ect.

5.6.3.1 Evaluation of the Up ward Direction of Mo vement

The �rst evaluation comparedmovement in the upward direction, seeFigure 5.21.

The movement is evaluated from the top image, (1) to the bottom image, (6), and

the points to note are:

i. The suddentime motion of the real-world dancersand VBD using Expressive

model (c) comparedto the VBD using Cal3D model, (d).

ii. The amount of distancethe wrist travels in the last two iterations.

iii. Variations in the elbow and wrist bend of the real-world dancerscomparedto

the VBDs.

iv. The tension and stressin the posingof the hands.

In (i), the suddenexpressive movement of the real-world dancersand the Ex-

pressive model, (c) achievesa faster speedthan Cal3D model, (d). Dancer 2, (b),

and the Expressive model are very similarly posedat each frame. Dancer 1, (a),

accented the movement to a greater degreeand later in time e.g. frame 3 and 4.

The Expressivemodel approximately match the arm posesof Dancer2 and to match

Dancer1, the VBD weight parametercould be lessened.

In (ii), the suddenmovement causesthe endof the up movement to almost come

to a halt by the endof frame5 with the real-world dancersand the Expressivemodel.

The Cal3D model is still moving along the path when comparedto the distance

travelled for suddenmovement (even the delayed suddenmovement of Dancer 1).

The equaldistancetravelled for each frame using the Cal3D model givesthe illusion

of draggingbehind in the movement.

In (iii), there is minimal change in the shape of the arms with the Cal3D

model and the Expressive model with spaceset to direct whereasthere will be dif-

ferenceswith real dancers.For example,in Figure 5.22wherethe arms are slightly

more bent at the elbows for the angry movement in Dancer2 (middle image) when

comparedto Dancer1 (left image)dueto a softerstyle moresuited lyrical characters

in ballet (e.g. Juliet from Romeoand Juliet and White Swan from Swan Lake) as
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

(6)

Figure 5.21: Upward movement of the third port de bras performed \angrily". (a)
and (b) are real-world Dancer 1 and Dancer 2; (c) VBD set with time = � 3:508,
weight = 0:410 and spaceset at 1 (direct); and (d) VBD using Cal3Ds default
interpolation. Both VBD captureswere set with a tempo of 64 to match the real-
world dancers.

114



Chapter 5 Expressive Interpolation

opposedto stronger characters(e.g. Kitri from Don Quixote and Black Swan from

Swan Lake). Though there is a softer quality to the movement, it can be seenin

Figure 5.22 that when the samedancerperforms the happy emotion (right image)

the amount of in
ection increaseswith morebendat both the elbowsand the wrists.

(a) Dancer 1: Angry (b) Dancer 2: Angry (c) Dancer 2: Happy

Figure 5.22: Comparisonof arm bend: (a) Dancer1 performingangry with the arms
holding the original key pose(Figure 5.21,2a). (b) Dancer2 performing angry with
the arms bent to a greater degree(Figure 5.21, 2b); and (c) Dancer 2 performing
happy with the greatestdegreeof bend in the elbow and break in the wrist (Figure
5.26,2b).

In (iv), though not a part of this research, tension and stresscan usually be

found in the arms and closer inspection of Dancer 2 in the right image of Figure

5.22 revealsthe dancer's�ngers are more spiked to accentuate this extra in
ection

for the happy emotions. It is commonfor dancersto usethe handsto either aid in the

expressivenessor hold unwanted tension during movement and therefore breaking

the ballet rules for the shape of the hand. This evaluation will ignore any other

changesin the shape of the hands.

The previouscomparisonsweremadeusing the averageparametersde�ned ear-

lier. Closerapproximations of each dancer'smotionscanbemadeby further re�ning

Laban'sparameters.For example,to obtain the softermotion of Dancer2, the space

parametercould be loweredfrom the 1 setting until the elbow and wrist in
ections

are a closermatch. To createthe delayed suddenmovement of Dancer1, the weight

and time parameterscould be manipulated to a lighter and more suddenmotion to

simulate a closermatch.
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5.6.3.2 Evaluation of the downward direction of movement

The secondevaluation comparesthe downward movement for the angry motion.

Figures 5.23and 5.24. The points highlighted in the previoussectionalsoapply to

downward movement with the exceptionof the elbow. In this case,the elbow bend

during the interpolation straightens and extendsaway from the body as discussed

earlier in x5.2.3. An exaggerationof this can be seenfrom Dancer2, and to a lesser

degreefrom Dancer1, in Figure 5.25b.

Similar degreesof elbow bend are demonstratedby Dancer 2 in the downward

movements of both the happy and sad emotion. This is another stylistic example

of individual dancers. It is worth noting that by changing the spatial parameters

for the expressive VBD, the samedownward movement style of Dancer 2 can be

achieved.

Assessingthe poseof the arms in each frame for the downward movement in

Figures5.23and5.24,the arm posesof the VBD with expressiveinterpolation closely

matchesthe wrist position of Dancer1, (a). The downward rotation of the arm with

the palm facing the 
o or (highlighted in Figure 5.24 frame 2 by both dancersis a

commonarm orientation in classicalballet performed by many dancersto express

the movement and mention by Blasis in \The Code of Terpsichore" (Blasis, 1830).

However, the rules of the Cecchetti method speci�es the �fth digit (little �nger)

shouldleadthe direction of the hand in a downward movement (keepingthe classical

ballet orientation of the arms speci�ed in the key poseduring the movement) and

this was simulated in the Expressive model.

5.6.4 Evaluation of Portra ying Happ y and Sad Motions

For emotionswith a more sustainedmotion such as happy and sad, the position of

the wrist in the intermediateposeswassimilar to the original Cal3D model. Laban's

time parameterwasset to sustainedand although the Expressivemodel hasa slow in

and slow out and the maximum speedoccursis respective of the weight setting, the

shape of the distancepro�le is closeto linear. This equatesto only small di�erences

in the position of the wrist when comparing frame by frame in Figures 5.26, 5.27,

5.30,5.31,5.32,and 5.33. There are two reasonsfor the position di�erences: (1) the

averageLaban parametersand tempo usedfor the evaluation do not map exactly to

what the real-world dancerperformedon the capturedvideos,and (2) the real-world

dancerswhile expressingthe movement (particularly the slow sad movement) have

variations in the tempo betweenkey poses.The main aspect for comparisonin both
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

(6)

Figure 5.23: Downward movement of the third port de bras performed \angrily".
(a) and (b) are real-world Dancer1 and Dancer2; (c) VBD set with time = � 3:508,
weight = 0:410 and spaceset at 1 (direct); and (d) VBD using Cal3Ds slerp algo-
rithm. Both VBD captures were set with a tempo of 64 to match the real-world
dancers.
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

Figure 5.24: Continuation of downward movement of the third port de bras per-
formed \angrily". (a) and (b) are real-world dancer 1 and dancer 2; (c) VBD set
with time = � 3:508,weight = 0:410and spaceset at 1 (direct); and (d) VBD using
Cal3Dsslerp algorithm. Both VBD captureswereset with a tempo of 64 to match
the real-world dancers.

the happy and sad evaluation section is the amount of bend in the elbow and the

wrist and how the movement of the arms comparesto the real-world dancers.
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(a) Key pose�fth en haut (b) Extended arms during movement

Figure 5.25: (a) shows the poseof the arms at the key poseby both dancersand
the orientation of the elbows and wrists. (b) shows the extensionof the elbow and
the degreeof rotation performedby both dancersperforming and angry downward
movement.

5.6.4.1 Evaluation of the upward direction of movement

The spatial movement of the arms in the upward direction in front of the body can

be seenin Figure 5.26 and 5.27, where the position of the wrist is drawn towards

the body preservingthe ballet rules for the arms. Figure 5.28demonstratesthe use

of the elbow and wrist by the real-world dancerand the VBD using the Expressive

model with light indirect motion (middle image) which is lacking thesein
ections

using the Cal3D model(imageon the right).

In comparisonof the upward direction as indicated in Figure 5.28:

(a) shows the real-world dancer has altered the movement path to be closer to

the body basedon the movement rules for the upward direction of the arm

movement. The Expressive model has also posedthe arms in a similar shape

but the Cal3D modelholdsthe curved arm shape de�ned by the key pose.

(b) shows the real-world dancerperforming lighter motion leading the movement

by the wrist with a greaterdegreeof bending. This hasbeensimulated by the

Expressive model. The lack of this characteristic can be seenin the Cal3D

model.

(c) shows the amount of tilt set by the real-world dancer was not excessive and

followed the rules of ballet and thereforematched closelyto both VBDs. It is

noted that on a di�eren t run, the tilt for the body derived from the expression

on the real-world dancerat a key posecan be larger with indirect movement.

(d) shows the real-world dancerhasaddeda turn to the headduring the phrasing
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

(6)

Figure 5.26: Upward movement of the third port de bras performed\happily". (a)
and (b) are real-world dancer 1 and dancer 2; (c) VBD set with time = � 2:421;
weight = 0:598 and spaceset at 0 (indirect)and (d) VBD using Cal3Ds slerp algo-
rithm. Both VBD captures were set with a tempo of 64 to match the real-world
dancers.
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

(6)

Figure 5.27: Upward movement of the third port de bras performed \sadly". (a)
and (b) are real-world dancer 1 and dancer 2; (c) VBD set with time = � 2:421;
weight = 0:598 and spaceset at 0 (indirect); and (d) VBD using Cal3Ds slerp
algorithm. Both VBD captureswereset with a tempo of 40 to match the real-world
dancers.
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(a)

(c)

(a)

(b)

(e)

(c)(c)

(d)
(a)

(b) (b) (e)

Figure 5.28: Comparisonof the spatially indirect upward movement taken from the
framesfor the happy expressionin the upward direction in Figure 5.26. Highlighted
di�erences identi�ed are: (a) the rotation of the elbow joint; (b) the rotation of the
wrist joint; (c) the amount of tilt and twist of the body; (d) the amount of tilt and
turn of the head;and (e) the position of the wrists in relation to each other.

of the movement at the key poses.This cannot be captured by either VBD.

(e) shows the distancebetweenthe handsusingthe Cal3D model asdiscussedear-

lier in x5.6.2. The expressivealgorithm recti�es the breakingof this ballet rule.

However, the handsof the 3Dmodel of the VBD are slightly disproportionate

and when the wrists are correctly positionedin accordanceto the ballet rules,

the hand sizemakesthe �ngertips too closetogether. This could be corrected

by altering the model.

The shape and orientation of the arms was closely matched in the real-world

dancerand the Expressive model. The wrist in
ection wasnot asgreat as the real-

world dancer, but this is merely a parameter change in the Expressive model to

specify the maximum amount of rotation in the ballet rules for the wrist. Despite

this, the rotation is still a closermatch to the real-world dancerthan the held pose

of the VBD using the linear interpolation.

5.6.4.2 Evaluation of the downward direction of movement

The following sectiondescribesthe downward movement for happy and sad,where

the weight is light and the movement is more indirect downward movement. The

screenshotsweretaken at an interval of every four framesfor happy and every eight

framesfor sad. This is becausethe tempo of the sadmovement wasslower than the

happy interval. A comparisonbetween the emotionswas not being made so their
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framesdo not needto match. The downward movements are captured in Figures

5.29,5.30,5.31,5.32,and 5.33.

(c) (c)(c)

(c) (c) (c)

(d)

(d)

(a)

(b)

(a)

(b)

(b)

(a)

(a)

(b)

(a) (a)

(b)(b)

Figure 5.29: Comparisonof the spatial indirect downward movement. The top row is
a snapshotof indirect down movement from above the headto the sidefrom Figure
5.32 and the bottom row is a snapshot taken of the indirect movement lowering
from the sidetaken from Figure 5.31. Highlighted di�erences identi�ed are: (a) the
rotation of the elbow joint; (b) the rotation of the wrist joint; (c) the amount of tilt
and twist of the body; and (d) the amount of tilt and turn of the head.

In comparisonof the downward direction as indicated in Figure 5.29:

(a) shows the real-world dancerhasextendedthe elbow to make maximum useof

arm extensionduring the downward movement. The Expressive model shows

how the VBD emulates the sameaction, creating a straighter line from the

shoulderto the wrist. The Cal3D model holds the original key poseand loses

this changein the shape of the movement.

(b) shows the orientation of the wrist di�ers in the downward movement from

above the headto the side,and lowering from the side. As with the elbow, the
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

(6)

Figure 5.30: Downward movement of the third port de bras performed \happily".
(a) and (b) are real-world dancer1 and dancer2; (c) VBD set with time = � 2:421;
weight = 0:598 and spaceset at 0 (indirect)and (d) VBD using Cal3Ds slerp algo-
rithm. Both VBD captures were set with a tempo of 64 to match the real-world
dancers.
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

Figure 5.31: Continuation of downward movement of the third port de bras per-
formed \happily". (a) and (b) are real-world dancer 1 and dancer 2; (c) VBD set
with time = � 2:421;weight = 0:598and spaceset at 0 (indirect)and (d) VBD using
Cal3Dsslerp algorithm. Both VBD captureswereset with a tempo of 64 to match
the real-world dancers.

real-world dancer rotates the wrist joint following the ballet rules for move-

ment and in both cases,it can be seenthat the VBD using the Expressive

model capturesa similar shape while the Cal3D model doesnot. This is es-

pecially noticeable in the bottom examplewhere the wrist rotation is in the

opposite direction.

(c) shows during the phrasingof the port de bras, the real-world dancersexagger-

ated the amount of tilt in the body and turn of the head. The amount of tilt

and turn is derived from the key poseswhile expressingthe emotions. These

variations in the key poseare exaggeratedand outside the Beneshde�nition
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

Figure 5.32: Downward movement of the third port de bras performed\sadly". (a)
and (b) are real-world dancer 1 and dancer 2; (c) VBD set with time = � 2:421;
weight = 0:598 and spaceset at 0 (indirect); and (d) VBD using Cal3Ds slerp
algorithm. Both VBD captureswereset with a tempo of 40 to match the real-world
dancers.

of the pose. Variations in the key poseare not in the scope of this research

and therefore,the extra degreeof rotation is not simulated.

(d) shows the sameevaluation applies to the head as it does with he body (c)

wherehe extra amount of rotation is addedto the body.
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(a) (b) (c) (d)

(1)

(2)

(3)

(4)

(5)

Figure 5.33: Continuation of Downward movement of the third port de bras per-
formed \sadly". (a) and (b) are real-world dancer1 and dancer2; (c) VBD set with
time = � 2:421; weight = 0:598 and spaceset at 0 (indirect); and (d) VBD using
Cal3Dsslerp algorithm. Both VBD captureswereset with a tempo of 40 to match
the real-world dancers.

An interesting observation when comparing the body and head movement be-

tween the key poseson the real-world dancersare the extra rotations at the key

posedo not changeduring the interpolation. The interpolation algorithm developed

can thereforestill be applied and further research to posingthe key posesincluding

methodsbasedon expressioncanbeappliedwithout a�ecting the current algorithm.
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5.7 Discussion

This evaluation section presented examplesof the third port de bras used in the

real-world experiments in Chapter 3. The rules for motion in classicalballet also

hold through the di�eren t arm motions and this is shown wherethe analysisof the

captured motion of the �rst port de bras were applied to the third port de bras.

The VBD using the expressive algorithm derived in this research could simulate the

motions of both dancersby manipulating the parametersfor tempo and Laban's

weight, time and space.

The di�erences from the real-world dancersand the Expressive model werefrom

variations in the keyposesby the dancersperformingemotions,the individual phras-

ing of the completemotion, and the di�eren t distinct stylesof the real-world dancers.

In terms of the in-betweenmotions, the match with the real-world dancerswas ex-

tremely closeand, by the manipulation of parametersbasedon Laban'sweight, time

and space,can simulate expressive motions betweenkey poses.

5.8 Summary

The motion pro�le of real-world dancerscaptured using VICON and iQ wereanal-

ysed and mathematical rules were devisedto simulate the in-between motion be-

tweenballetic key poses.The in-betweenmotion simulated the real-world dancers

by manipulating parametersbasedon Laban's weight, time, space. The manipu-

lation of theseparametersaltered the interpolation to visually match the weight,

time and spacemovement in the real-world videosanalysedin Chapter 3. The VBD

tempo wasalsomanipulated to match the timing of the movement being performed

by the real-world dancers.

The evaluation showedthat the newemotivemathematicalmethodswerecapable

of matching the real-world videos. The main variations in the comparisonwere

because:(1) parameterselectionfor the VBD wasnot the perfectmatch to the real-

world dancers,and (2) each danceralsoperformsto their own distinct style which is

impossibleto capturebasedon the ballet rulesfor key posingand movement. Future

research on thesevariations would heighten a viewer's perception of the expressive

gesturesbeing performedand generatea better match with the real-world dancers.

The distinct style and phrasingof individual dancersis extremely hard to quan-

tify . In this research, real-world dancerswereusedwith their own distinct stylesand

nuances.Thesenuancesare particular to each dancerand distinguishesonedancer
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from another. An exampleof this is the excessive useof the wrists by one of the

real-world dancers,as discussedearlier.

This chapter hasshown speci�c aspectsof the motion canbeparameterisedbased

on Laban's e�ort descriptors. The closenessof the match between the real-world

dancersand the VBD using the expressive mathematical methods infers that by

changing theseparameters,a user can allow speci�c expressive motions performed

by the VBD.
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Conclusion and Future Work

In this thesis, the research wasseparatedinto three sections:(1) to understandthe

appliedproblemfor achieving a VBD capableof displaying expressivemovement, (2)

the devisingand development of the rules and mathematical equationsto orientate

the skeletonjoints of the VBD into each key poseusinga machine-readableformat of

Beneshnotation, and (3) the analysisof balletic movement to develop interpolation

algorithms with respect to the Laban E�ort parameters.

The �rst section analysedcertain �delit y requirements of a VBD and looked

into how theseissuesof �delit y a�ect the user'sjudgement to distinguish emotions.

Videos of real-world dancersshowed that di�eren t emotions can be distinguished

from each other, even when presented via video on a small two dimensionalscreen.

Experiment 2 assessedthe use of di�eren t frame rates to assesslevels of interpo-

lation required for a VBD. The high percentage accuracyoverall showed di�eren t

frame rates had only a marginal e�ect on the participants. This highlighted that

interpolation betweenkeyframesequivalent to 5-25Hzis capableof providing enough

visual clues for the user to distinguish di�erences in emotions from the animated

movement of a VBD.

The secondsectiondescribed a machine-readableformat for dancenotation with

keyframerendering. The prototypeparsedthe data usingbuilt-in domainknowledge

and conventions to render the VBD in key poses. This includes default position

settingsand the useof classicalballet rulessuch asturnout and straight legs. Ballet

professionalscould name the poseof the VBD using ballet terminology and also

annotate the VBD posethat matched the input from the �le format. Though there

weresomeminor discrepancieson someof the VBD poses,the overall shape of each

poseasde�ned by the rulesof classicalballet and inferred in Beneshposedthe VBD

correctly. Using each poseas a keyframe,a combination of theseposescan be used
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as the basisfor setting an exerciseor dancefor a VBD.

In the third section,motion pro�les of capturedreal-world dancer'swereanalysed

and mathematical rules were devisedto simulate the in-between motion between

balletic key poses. The in-between motion simulated the real-world dancersby

manipulating parametersbasedon Laban's weight, time, space.The manipulation

of these parametersand the manipulation of the tempo altered the interpolation

to visually match the weight, time and spacemovement in the real-world videos

analysedin the earlier real-world experiments.

6.1 Future Work

Future research is required to extend the emotive model and algorithm for expres-

sive movement and create a comprehensive VBD driven by dance notation. The

full development of a software animation system to represent and simulate dance

would be bene�cial to historians, choreographersand choreologiststo: (a) evalu-

ate ballet choreography with expressive styles,and (b) aid professionalsto visualise

the movement required for resurrecting ballet scores. In classicalballet, the main

mode of knowledgetransfer is the live demonstration process. The comprehensive

VBD would �ll a gap in the learning processof choreography and danceusing VE

technologies.

This thesis is an initial step towards developing such a VBD. There are still

many areasof further research and development to creating a completeVBD. One

aspect is the further development of the �le format and its parsing for the VBD.

This research hasnot included any of the below stave notation which includesstage

position and speci�es the dancersmovement around the stage. This research has

looked at the basic ballet poses,and testing of more complex posesneedsto be

evaluated with the currently implemented dancerules. Also, de�ning balletic poses

in the future requiresanalysisof the degreeof orientation for the head and body

related to arm posesand emotionsbeing portrayed. This is currently calculated to

a set valuesspeci�ed by the author professionalopinion, and variations in the key

posesdepending on the quality of the movement being performed.

This thesis presented expressive motion of the arms. As ballet is basedon co-

ordination and the methods and algorithms devisedwith someadjustment can be

applied to the legs,head,body and pelvis. Beforethis can be accomplished,move-

ment rules basedon ballet conventions needto be devisedfor:

� the legsincluding the useof the foot on the 
o or, turnout applied using basic
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biomechanical constraints and the centre of balance

� transition of the pelvis as the root node to allow the VBD too travel around

the stagebasedon the notation. Contact with the stage(usually the feet) will

needto be considered.

� Useof the foot on the 
o or due to the fact there are strict rules in ballet on

the useof the foot which is inferred in the Beneshnotation.

With regardsto further development related to synthesisingexpressive motion,

future analysis is required on the variation in the key pose shapes taken by the

VBD basedon Laban's shape parametersrelated to the emotion portrayed. Laban

discussesthe connection between the E�ort and Shape parameterswhere Shape

characterisesmovements as being towards or away from the centre of the body.

Shape includesparametersfor the three directional axes: vertical (rising and sink-

ing); saggital (advancing and retreating) and horizontal (widening or narrowing)

(Dell, 1977). Interestingly, danceteachers and choreographerswould usethe same

or similar descriptionsto inform the dancer if the danceposeduring a movement

needsto be adapted. It is thereforehighly feasiblethat using theseparameters,the

poseof the dancer can be varied at each key posewith respect to the expression

being performed.

The �nal aspect for future research is the transition betweensegmented move-

ments and the phrasing of the combined segments. Though the learning process

and understandingof danceis usually simpli�ed by breaking it down to manageable

sequences,the danceis viewed as a whole. This is particularly true with lessstruc-

tured danceas in contemporary, neo-classicaland modern dancewhere the shape

of the completemovement is as important as the nuanceof each individual motion.

It is necessaryto identify the phrasingof the motions with regardsto the emotions

and de�ned by the Beneshnotation including understanding the e�ect portraying

an emotion hason the transition betweeneach segmented motion.

Despite the need for continued development, the VBD is useful in its current

form. It demonstratesthat the rules of ballet can be coded in software to allow

balletic posesto be visualised,and shows how weight, time and spacecan be used

to convey di�eren t emotionsin a virtual performance.
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