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Abstract

Motion capturedataandtechniquedor blending,editing, andse-

qguencingthat datacanproducerich, realisticcharacteanimation;
however, the outputof thesemotion processingechniquesome-
times appearsunnatural. For example, the motion may violate

physical laws or re ect unreasonabléorcesfrom the characteror

the ervironment.While problemssuchasthesecanbe x ed,doing

sois not yet feasiblein real time ervironments.We areinterested
in developingwaysto estimateperceved errorin animatechuman
motion so thatthe outputquality of motion processingechniques
canbebettercontrolledto meetusergoals.

This papemresentsesultsof a studyof usersensitvity to errors
in animatedhumanmotion. Errorswere systematicallyaddedto
humanjumping motion, andthe ability of subjectsto detectthese
errorswasmeasuredWe foundthatuserswereableto detectmo-
tion with errors,andnotedsomeinterestingtrends: errorsin hori-
zontalvelocity wereeasielto detectthanerrorsin verticalvelocity,
andaddedaccelerationsvereeasierto detectthanaddeddecelera-
tions. Onthebasisof our results,we proposea perceptuallybased
metricfor measuringerrorsin ballistic humanmotion.
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1 Intro duction

Realisticanimationof humancharacterss importantfor applica-
tions ranging from entertainmentnd training to communication
acrossa distance. For full-body motions,a high level of realism
can be obtainedfrom motion capturedata. However, techniques
that are usedto processhis data,suchasblending,warping,and
splicing,cansometimeproduceunrealisticresults.

Artif actssuchasfoot sliding andinterbodypenetratiorarewell
known. Other artifacts, however, are lessfrequently considered.
For example, mary typesof processingcanresultin motion that
violatesthe laws of physics. Changingthe heightof a jump, for
example,changeshe effective gravitationalconstant.
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Figurel: Exampleof a motionusedin our study

Many such errors may go unnoticedby the averageviewer.
A mechanisnfor estimatingperceved error would be useful for
evaluatingprocessingechniquesgonstructingmotion graphs and
managingtime spentre ning animationgo make themoptimal or
physically correct.In addition,goodperceptuaimetricscouldallow
automaticmotiongeneratiorto be usedin applicationsvherehigh
con dencein the quality of outputis required,suchasa training
simulation.

This paperpresentghe resultsof a study of usersensitvity to
errorsin the ballistic phaseof humanjumping motion. Errorswere
addedto motion capturedumpsby manipulatingthe translational
velocity of the centerof massin a systematiavay, andusersensi-
tivity to theseerrorswasmeasuredWe foundthatsensitvity varied
with thelevel andvariety of erroraddedandthata signi cant level
of errormay be acceptabldor mary applications.Our speci c re-
sultsaresubjectto mary factors suchasthe compleity of thege-
ometricmodelwe usedfor testing[Hodginsetal. 1998]. However,
for the speci ¢ circumstance®f our test, we de ne a perceptual
metric for evaluatingtranslationalerrorsin animatedballistic hu-
manmotion.

2 Background

Prior work on perceptionof humanmotion in a computergraph-
ics context hasfocusedon the effect of animationquality on user
perception. Hodginsand her colleague41998] addedanomalies
to a running motion and were able to show that for the typesof
anomaliesested—uariationsin torso rotation, arm swing magni-
tude,or additive noise—subjectsreremoresensitve to thesevari-
ationswhenthe charactewas renderedusing a polygonalmodel
thanwhen a stick gure was usedfor rendering. Oesler et al.
[2000] shaved that perceved skill level of animatedsoccerplay-
ersincreasedvhenmoredetailedandrealisticmotionwasusedfor
theplayers.

Perceptionof physically unrealisticmotions has beenstudied
for rigid bodiesandsimple mechanismslt is generallyacknavl-
edgedthat peopleperform poorly on abstractphysical reasoning
tasks[Proftt 1999]. Animationhasbeenshown to improve perfor
mance[Kaiser et al. 1992] [Hecht and Bertamini2000], but good
performances obsered only for simplemotions. In the study of
Kaiser et al., for example, animationimproved performancefor
discriminatingcorrectandincorrectballistic motion of a spherical
body, but anomaliesn a spinningmotion that involved changing
inertia (a satellitewith extendingandretractingsolarpanels)were
notidenti ed unlesghe spinningmotioncompletelystoppedr re-
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verseddirection. Degradationof performancevith compleity was
alsonotedby O'Sullivan and Dingliana [2001], who shaved that
anomaliesin collisionsbetweencomplex objectswere moredif -
cult to detectthananomaliesn collisionswith sphericabbjects.

Point light experimentsare also relevant. Researcherdiave
foundthatobsererscanmale very ne discriminationsvhenpre-
sentedvith asparsaepresentationf actualhumanmotion,for ex-
ampleaccuratelyestimatinglifted weight[Runesonand Frykholm
1981]andpulled weight[Michaelsandde Vries 1998] from point
light displays.It is arguedthata high level of performancés pos-
sible becausehe relevant compleity of the motion is small; the
weight of the manipulatedobject correlateswell with obsenable
parametersuch as elbav velocity [Bingham 1987] or centerof
masspositionandvelocity [Michaelsandde Vries 1998].

Ourgoalwasto measuresensitvity to errorsin animatechuman
ballistic motionsandto developanerrormetrichasednourresults.
Looking atresultsof previousperceptuaexperimentsyve wereun-
certainhow well subjectswould perform. In somesensethis task
is simple;obsenation of centerof massvelocity overtime is suf-
cientto identify errors,andit seemedntuitive thatusersensitvity
might be high, asit is for estimatinglifted weightandfor simple
physicalreasoningroblems However, it seemeatquallyplausible
that peoplewould be forgiving of humanmotion with signi cant
errorsin centerof masshehaior (i.e., incorrectoverall physics)if
thedetailsof themotionweresufciently realistic.

3 Experiment: Errors in Ballistic Motion

We choseto studymotioncontaininga ight phasebecauserrorin
ballistic motion canbe controlledeasilyandanomaliesn ballistic
motionareacommorresultof motionprocessingechniquesOnce
thecharactehasleft theground thetrajectoryof thecenterof mass
is fully determined Any changedo thattrajectoryviolatethelaws
of physics. Suchchangesanresult, however, whenmotionswith
differing rootvelocitiesaresplicedtogetheycreatingananomalous
accelerationpr whenthe effective gravitational constantchanges
astheresultof aneditingoperation An incorrectgravitationalcon-
stantarises,for example,whenthe heightof a jump is changed
while timing remainsthe same. Scalingmotion to charactersf
differentsizescanalsochangehe effective gravitational constant.

3.1 Method

Two studieswereperformedthe rst to testperceptiorof anoma-
lous accelerationsinddecelerationsindthe secondo testpercep-
tion of errorsin effective gravity.

3.1.1 Study 1: Acceleration

Participants. Participantsvereobtainedby university-wideadver-
tising. Five womenand seven menrangingin agefrom 18 to 42
participatedn the study?®

Stimuli. Animationsof humanjumping motionswere createdas
stimuli. All animationswere shavn in the samerenderingstyle,
with the same( x ed) cameracon guration (Figure 1), with the
charactebeginning the motion at the samepositionandjumping
in thesamedirection. Shadevs wererenderedanda smallamount
of motionblur wasadded.

Errors were createdby modifying humanjumping motion ob-
tainedfrom opticalmotioncapture Sevendifferentsourcemotions
wereused. Thesesourcemotionswere performedby the sameac-
tor andwere similar in overall characteralthoughthey variedin
distanceandheight.Error variablesvereasfollows:

10ne additional subjectdid not follow instructionsand was excluded
from theanalysis.

Error level. Small,medium,or large.
Error variety Horizontalor vertical.
Error direction. Accelerationor deceleration.

To generatea horizontal acceleratiorerror, for example,a x ed
changan velocity wasappliedto the characterootin thedirection
of horizontalmotion. This changen velocity wasaddedsmoothly
overasmallwindow of time earlyin the ight phaseof the motion.
Detailson how errorswerecreatedcanbefoundin the Appendix.

Procedure. Participantsweretold thatthey would seea sequence
of animatechumanjumping motionscreatedrom motion capture
data. They weregiven somebackgroundnformationon how mo-
tion capturedatais createdandtold that someof the motionsthey
would seewould containerrors. They werealsotold thatall mo-
tionsarejumps,slightly lessthanhalf have no error, andall errors
would appearduring the ight phaseof the motion. Participants
were thenshowvn 12 representatie motions. They weretold that
half containederrorsbut were not told which speci ¢ motionsin
thistrainingsetcontainecerrors.

Testswere preparedby placing motionson video tapein ran-
domorder Two tapeswereused. Tapeorderdifferedfor different
subjects,and no order effects were obsened. Motions included
eachcombinationof error variablespresented times; an equal
numberof original motions;and12 motionswith compositeerrors.
Compositeerrorsincludedbothhorizontalandverticalacceleration
andwereintroducedto testour intuitions abouttheseinteractions.
Stimuli were presentecn a projectionscreenin a small confer
enceroom. Participantswereinstructedto cateyorizeeachmotion
aseither“no error (unchanged)or “error” andmarktheir level of
con dencein their answerusinga rating scalethatrangedfrom O
(mostcon dent an erroris presentithrough9 (mostcon dent an
erroris notpresent).

At theendof thestudy participantsvereasledto describetheir
experiencdn the studyof motion,includinginvolvementin sports,
danceyideogamesegtc. No signi cant effect of level of experience
wasnotedin the study We alsonotedno signi cant effect dueto
gender

3.1.2 Study 2: Gravity

Participants. Participantswvereobtainedby university-wideadwer-
tising. Nine womenand two menrangingin agefrom 19 to 29
participatedn the study?

Stimuli. Stimuli were preparedn the samemannerasin the rst
study with errorvarietiesincludingincreasedanddecreasedrav-
ity.

Procedure. The procedurevasidenticalto thatof the rst study
exceptthat all participantswere shavn one tapeconsistingof 60
motions,including 18 motionswith gravity errors,6 with vertical
errors, 6 with horizontalerrors,4 with compositeerrors,and 26
with no errors. Motions with vertical, horizontal,and composite
errorswere includedto testthe validity of comparingdataacross
studies,and performancewvas consistentvith thatobseredin the
rst study

3.2 Results

Figure 2 shavs meanratingsfor horizontalerrors (top), vertical
errors(middle), andgravity errors(bottom). Blue lines areaccel-
eration(or decreasedravity) andgreenlines are deceleratior{or
increasedyravity). Resultsare broken out by small, medium,and

2Threeadditionalsubjectsdid notfollow instructionsandwereexcluded
from theanalysis.
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Mean Ratings for Horizontal Errors
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Figure 2: Meanratingsof motionswith horizontal, vertical, and
gravity errors. The meanrating for unchangednotionsis plotted
for reference.Eachplot is broken out by error directionanderror
magnitude Error barsshav standarcerrorof themean.

large error levels. The plots shav the meanratingsof motionsat
eachmagnitudeof addederror, includingunchangedanotions.

A repeatedneasuresnalysisof variance(ANOVA) wasrun for
study1 with 3 errorlevelsx 2 errorvarieties(horizontalandverti-
cal) x 2 errordirections. All errortreatmentsould be detectedat
p < 0:01exceptfor smallverticaldecelerationsA secondANOVA
wasrun for study?2 with 3 errorlevelsx 2 errordirections.All er
ror treatmentould be detectedat p < 0:01 exceptfor smalland
mediumlevelsof increasedjravity.

No signi cant interactionswvereobsened betweererror variety
anderrordirectionin studyl or errorvarietyanderrorlevelin either
study Therewasan interactionbetweenerror directionanderror
level (study1: F(2;426) = 5:7;p = 0:003; study2: F(2;192 =
5:5; p = 0:005). This interactioncanbe seenin Figure2: added
acceleratioror decreasedravity is proportionatelyeasierto detect
for large errors.In addition,we foundthreemain effects:

(1) Subjects found added acceleration easier to detect than
added deceleration(F(1;430 = 382;P < 0:001). Meanratings,
(with standarderror of the meanin parenthesesyere2.6(0.2)and
4.1(0.2)respectiely.

(2) Subjectsfound low gravity easierto detectthan high grav-
ity (F(1;196) = 41:9;P < 0:001). Meanratingswere2.7(0.2)and
4.7(0.2).

(3) Subjectsfound errorsin horizontal velocitieseasierto detect
than errors in vertical velocities (F(1;430) = 181;P < 0:001).
Meanratingswere2.8(0.2)and3.9(0.2).

Sensitivity to Horizontal Errors
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Figure3: Meansensitvities for all errors,with best- t linear ap-
proximation.

4 Estimating Acceptable Error

From our results,we canform an estimateof a level of errorthat
should be acceptable. We proposea methodfor calculatinger
ror thresholdsdasedbon detectiortheory[Macmillan andCreelman
1991]. Theratingsgivenby asubjecto unchangednotionsforman
approximatelynormaldistribution, andtheratingsgivento motions
containingerrorsform a secondalsoapproximatelynormaldistri-
bution. The subjects sensitvity is the distancebetweerthe means
of thesetwo distributions,in unitsof standardieviation. For asim-
ple yes/noclassi cation,sensitvity d is easilycalculatedrom the
hit rate (H), the fraction of motionscontainingerrorsthatare cor-
rectlyjudgedto containerrors,andfalsealarmrate(F), thefraction
of original motionsthatareincorrectlyjudgedto containerrors:

d=z(H) zF) 1

where z is the inverse of the normal distribution function.
(See[Macmillan and Creelmanl991]for details.) For example,a
hit rateof 69%with afalsealarmrateof 31%givesa sensitvity of
1.0. Sensitvity doesnotre ect thebiasef thesubjectsoahit rate
of 26%andafalsealarmrateof 5% alsorepresents sensitvity of
1.0. As aresult,sensitvities determinedvith onesetof biasegsuch
asatestsetting)may be appliedto a situationwith differentbiases
(suchasplayingagame).We computedsensitvities from subjects’
ratingsusing the methodin Macmillan and Creelman[1991]. In
casevherethe sparsalataled to a degeneratalistribution (e.qg.,if
aparticipantmarkedonly zeroesandnines),we calculatedsensitv-
ity usingthe participants classi cation of the motionas*“no error
(unchanged)Vs. “error” ratherthanusingthe numericalratings.
Sensitvity levels areplottedin Figure3 andlisted for all error
treatmentsn Table 1, alongwith regressionlines t to theseval-
uesplusthe origin (zerosensitvity at zeroerror). As an example
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[ Small [ Medium | Large [ RegressionLine |
H Accel | 1.02(0.27) | 1.89(0.29) | 2.53(0.19) | 0:00+ 2:44E
H Decel | 0.69(0.24) | 1.36(0.26) | 1.53(0.29) | 0:05+ L52E
V Accel | 045(0.07) | 1.25(0.17) | 2.48(0.19) | 0:25+ 2:32E
V Decel | 0.34(0.21) | 0.60(0.12) | 0.85(0.29) | 0:00+ O:81E
G Decr | 0.47(0.20) | 1.20(0.27) | 1.87(0.22) 0:12+ 0:48E
Gincr | 0.16(0.14) | 0.02(0.14) | 0.50(0.28) 0:05+ 0:10E

Table 1: Meansensitvity levels (and standarderror of the mean)
for horizontal(H), vertical (V), andgravity (G) errors. A sensiti-
ity of zeromeansthat participantscannotdetecterrors. The last
columncontainglines t to the sensitvity data,alsoincludingthe
point (0;0). E is the magnitudeof the error, in m=s for horizontal
or verticalerrorsandin m=s? for gravity errors.

Threshold
[ 0:13m=s; 0:10m=g]
[ 0:32mes; 0:22mFg]
[ 127m=s%;  9:0n=s7]

Table2: Error thresholdsesultingfrom a desiredsensitvity level
of 0.25o0r less. For referenceaverageinitial velocitiesin the orig-
inal jumpswere approximately2m=s in the vertical directionand
1:5m=sin the horizontaldirection.

Variety |
Horizontalerrorover 0:1s interval
Verticalerrorover 0:1s interval
Gravitationalconstant

of how error thresholdscan be setfrom thesevalues,considera
hypotheticalapplication.Supposehatfor unmodi ed motioncap-
ture datawe expectusersto think that the motion looks incorrect
10%of thetime (a falsealarmrateof 10%). Thensupposehatfor
motionscontainingerror, we arewilling to tolerateusersthinking
that the motion looks incorrecthalf again asoften, or 15% of the
time (a hit rate of 15%). The resultingsensitvity would be 0.25.
Estimatingacceptablesrrorsat this sensitvity level resultsin the
thresholdvaluesshowvn in Table2. We emphasizehatthis is just
anexample. The actualdesiredsensitvity (andresultingthreshold
valuesestimatedrom our data)would dependbn the application.

CompositeErr ors. Compositeerrors—thosavith bothhorizontal
andvertical components—didhot produceary surprises Figure4

plots meanratingsfor vertical, horizontal,and compositeerrors.
Resultsfor compositeerrorsfall approximatelywithin the bounds
of thosefor thetwo typesof errorsfrom which they arederived.

5 A Ballistic Error Metric

We brie y describehow anerrormetricfor ballistic motion might
be designedasedn ourresults.

First,considererrorsin gravity. Gravity is anaverageeffect,and
ametricdesignedo detectincorrectgravity captureserrorswhere
themotionis well behaedthroughouthe ight phasehut thetim-
ing of the motionis wrong. From the vertical takeoff velocity of
the centerof massw(t;), the vertical landing velocity of the cen-
ter of massw(t;), andelapsedime (t; t;), we cancomputethe
effective gravity representetly a motion:

Vv(tf) Vv(ti)

Oef = EOEE 2

Resultsfrom our study suggestthat under circumstancesimilar
to this study valuesfor g.;; between 127me=s® and 9:0m=s

shouldleadto sensitvity levelsbelav 0.25,resultingin thefollow-
ing constraint:

127MFs® < gop < 9:0mFs? ©)

Mean Rating for Composite Errors
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Figure4: Resultsfor compositeerrorsareapproximatelybounded
by resultsfor thetypesof errorsfrom which they arederived.
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Anomalousaccelerationanddecelerationareshortetermphe-
nomena,where the motion during the ight phaseis not well-
behaed over somewindow in time. One stratgy for measuring
errorsof this typewould beto computeerrorin horizontalor verti-
cal velocity over a sliding time window, checkingthis erroragainst
the given thresholds. For example, horizontalvelocity shouldbe
constanturing ight, andsoary changen horizontalvelocity dur
ing ight isanerror.

vh;err(t) = v (t+ 0:1s) v (1) 4
0:13mes< vh;err(t) < 0:10m=s (5)

where v, (t) is the horizontal velocity measuredat time t, and
Vherr (t) is thehorizontalvelocity errorfor thetime window of 0:1s
startingatt. Changesn velocity outsidethis rangewould ag po-
tentially anomalougamotion. The time window of 0:1s is chosen
becauseur studyresultsarebasedn this value.

Themetricfor verticalvelocityis similar, but mustaccommodate
expectedchangein velocity dueto gravity. For atime window of
0:1s:

Vv'err (t) = Vv(t+ OlS) Vv(t) + 0:98m~s (6)

0:32m=s< wyerr(t) < 0:22mFs ©)

wherewy(t) is the vertical velocity measurecittimet andvyer (t)
is the vertical velocity errorfor thetime window of 0:1s startingat
t. Whenmeasuringerrorsagainsta gravitational constantdifferent
from 9:8m=s2, theequatiorfor Vyerr (t) shouldbeadjustedor the
new value.
Ourcompositaesultssuggesthatverticalandhorizontalveloc-
ity errorsmay combinein a straightforvard way. The following
metric would placelimits on combinationsof horizontaland ver-
tical errors,which shouldbe an improvementover treatingthem
separately One possibility is to work with the sumof squareof
normalizederrorvalues.For example,if theerrorattimet is ahor
izontalacceleratiorfwith threshold): 10m=s) andaverticaldeceler
ation (with threshold 0:32m=s), the appropriateconstraintwould
be: 2 | 3
"2
Vhierr ® Vyerr (1)

2
5
0:10m=s 0:32m=s <1 ®)

The expressionon the left handside of this equationis a squared
distancein velocity space with horizontaland vertical velocities
weighteddifferently Valuesin the denominatorsvould change
whenthedirectionof the correspondingrrorchanged.

6 Discussion

In this study we measuredensitvity of humansubjectsto errors
in animatedallistic humanmotion. We foundthat sensitvity was
correlatedwith the level of addederror, errorsin the horizontal
componentf the motion were easierto detectthan errorsin the
vertical componentand addedaccelerationsvere easierto detect
thanaddeddecelerations.
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Sensitivity vs. Jump Distance
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Figure5: Meansensitvity for study1 for all sevensourcemotions
(middle),thethreeshortesjumps(left), andthethreelongesjumps
(right). Accelerationsarecomparatiely easierto detectfor longer
jumps.

Why might it be easierto hide errorsin the vertical component
of themotionthanin the horizontalcomponent?Onepossibleex-
planationis thathorizontalvelocity during ight, which shouldbe
constantpehaesin asimplermannerthanvertical velocity, which
shouldhave a constanderivative (gravitational acceleration) This
differencemay make anomaliesn horizontalvelocity more visu-
ally salient.

The acceleration deceleratiordiscrepang seemedo usto be
lessintuitive. One possibleexplanationis thatit may be easierto
detecterrorswhendistanceor total time of the jump is increased
and more dif cult when one or both of theseparametersare de-
creased.

It isimportantto pointoutthatjump heightsanddistanceslone
could not have accountedor the effectswe obsered. 69% of the
motionscontainingerrorswerewithin 10% of the rangeof heights
anddistancespannedby unchangednotions.In addition,although
4 subjectdn study1 mentionedmakinguseof jump distancetim-
ing, or similar indirect obsenations of error, 11 of the 12 sub-
jects mentioneddirect obsenation of errors, suchas changesn
jump trajectory However, overall jump distancedoesappearto
have beena contrituting factorin participantratings. Our study
was not designedo testthe effect of sourcemotion—sourcemo-
tion wasnot fully crossedwith othererrorvariables.However, we
did checkfor interactionsbetweensourcemotion and othererror
variablesconsideredndividually. The only signi cant interaction
found was betweensourcemotion and error directionin study 1
(F(6;418 = 4:5;p < 0:001). Examinationof the data(shavn in
Figure5) suggestshataddedaccelerationareproportionatelyeas-
ier to detectfor jumpsthat cover alongerdistance.However, it is
interestingto note that sensitvity for accelerationss higherthan
for decelerationgven for the shortesjumps, which would not be
the casef jump distancewerethe primaryfactorusedto detecter-
rors. Becauseve did not fully crosssourcemotionswith all other
variablesin the study however, furtherinvestigationis requiredto
verify thistrendandto understandts implicationfor designinger
ror metrics.

Many parametersanbeexpectedo affect perceptiorof anoma-
lies in animatedchumanmotion. Thereis someevidencethatim-
proved graphicalguality of animationsfor example,mayincrease
the ability of usersto detectanomalousmotions[Hodgins et al.
1998][Oesler et al. 2000] [Hecht and Bertamini2000] [Stappers
andWaller 1993]. We focusedon errorsaddedto the charactes
root motionin hopesthatthe resultswould be robustwith respect
to detailin therestof theanimation but thisassumptiomemaingto
betested.

Perceptiorof anomalieslsovarieswith task[Oesleretal. 2000]
[Watsonet al. 2001]. The taskpresentedo subjectsin our study
wassimply to obsere the motionandindicatewhetherit appeared
to beincorrect.We would expectthatsensitvity to errorsmight be
higherif the charactemwasatamgetin a gameenvironment,for ex-
ample,andlowerif thecharactewasnotthefocusof attention(e.g.
abackgroundtharactein avirtual environment).More researchs
requiredto understandhow sensitvity to errorin the physicsof hu-

manmotionvarieswith task.

In our study we shaved the samemotionsto all participants
andobtainedsensitvities basedon their numericalratingsof these
motions. An alternatve designis to use a staircaseprocedure
(e.g.[Levitt 1971]),which canprovide fastercorvergenceto a de-
siredsensitvity level by dynamicallyadaptingthe stimulusto the
performancef eachparticipant.We areinterestedn exploring this
alternatve in futurework.

Onespeci ¢ areaof future work is to testthe predictve power
of our ballistic error metric on motionthathasbeengeneratedis-
ing standardmotion processingechnigues. Physically incorrect
ballistic motioncanbegeneratedby scalinga givenmotionin time,
whichwill resultin gravity errors,or splicingonemotionto another
duringthe ight phasewhich will leadto unnaturalaccelerations
anddecelerationslf resultsarepromising,next stepswould beto
addressadditionaltypesof physics errorsthat may be presentin
processednotion. In probableorderof compleity, theseareim-
plausiblechangesn angularacceleratiorduring ight; implausible
forceswhenthe characteiis in contactwith the ervironment;and
implausiblejoint torques.

It would be alsointerestingto examinewhetherpeoplearemore
or lesssensitve to errorsin animatechumanballisticmotionthanto
identicalerrorsin simplermotion,suchasaball red outof acan-
non. Sucha testwould be very easyto perform—thetranslational
motionsof the charactercenterof massfrom our study could be
usedto animatea sphericalrigid body insteadof the humanchar
acter We are excited to run this experimentto seewhetherthe
presencef the humanmodelandthe motion of the limbs during

ight degradeability to perceve errorsin ballistic motion.
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Appendix: Error Generation

To createamotionwith error, we mustaddtherequirederrorveloc-

ity or acceleratiorio the ight phasewhile minimizing undesirable
artifacts. Our primary goalswereto ensurethat charactemmotion

beforeandafter the ight phasewasunchangedexceptfor hori-

zontallandingposition)andthatthe resultingmotion hadcontinu-

oussecondderivatives (smoothvelocities). Achieving thesegoals
requireddifferentprocessindor eacherrortype. Assumea motion

M whose ight phasestartsat frameT andendsat framelL, sam-
pled at FPS framesper second. Proceduresvith namesin italics

aredescribedt the endof the section.All processings performed
on the translationaparametersf the characteroot. Examplesof

velocity curveswith andwithout errorsareshowvn in Figure6.

Horizontal Errors. Assumemotion M sampledat 120Hz, with
horizontaldirectionH. Useroutine AddEror(E,H,M,T+12,T+24)
to adda horizontalvelocity error with magnitudeE to the motion
from 0.1sto 0.2safter the startof the ight phase.To preventa
velocity discontinuityat landing, remove this error velocity over
theremaindeiof the motionwith AddEror(-E,H,M, T+25,L)

Gravity Err ors. Computenaw durationt, = Duration(M,G’0) for
the new gravity level, and Timewarp(M,Nfm,tn) M to createa new
motionN. Finally, Deseam(N,d4V) to remave positiondisconti-
nuity dY andvelocity discontinuitydV atlanding. Thesedisconti-
nuitiesshouldbe quite small andresultfrom discretizatiorerrors,
motion capturedataerrors, and differencesbetweentakeoff and
landing height of the centerof mass. Note that preservingaver-
agehorizontalvelocity andinitial vertical velocity leadsto jumps
thatcover a shorterhorizontaldistancen highergravity casesand
alongerdistancan lower gravity cases.

Vertical Err ors. Computenew durationt, = Duration(M,G,E for

the vertical velocity error E, and Timewarp(M,Nfm,tn) M to create
anew motionN. AddEror(E,VN,T+12,T+24)to adda verticalve-

locity errorof magnitudeE to themotionover the periodfrom 0.1s
to 0.2safterthe jump starts. Finally, Deseam(N,d¥V) according
to the position discontinuitydY and velocity discontinuitydV at

landing. As with gravity errors,preservinghe horizontalvelocity

andgravity andapplyingtheseeffectsover the new durationof the
ight phaseleadsto jumpsthat travel greateror lesserhorizontal
distances.

General Processingand Procedure De nitions. Errors were
addedo themotionsat 120Hz,andthemotionsweredownsampled
to 30Hz for display All motionsweretranslatedo align the root
positionsof their rst framesandrotatedto align theirjump direc-
tion. The ight phaseof ajumpwasde ned asthe rst framewhere
thelowestjoint wasabove 7cmfrom the groundplanethroughthe
rst framewherethelowestjoint wasbelon 7cm. For all motions,
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Figure6: Examplesof velocitieswith and without errors. (Top)
Horizontal velocitieswith and without addedaccelerationin the
horizontaldirection. (Middle) Vertical velocitieswith andwithout
addedacceleratiorin the vertical direction. (Bottom) Vertical ve-
locitieswith andwithout decreasedravity.

the positionchangeof thelastframeof the ight phasewasadded
to all subsequentramesto align the landingwith the end of the
jump. Procedurale nitions follow.

AddEror(E,D,M,a,b): Add anerrorvelocity of magnitudeE along
directionD to theroot translationof motion M. Rampin(E,Ua,b),
thenGetRsition(U,V), thensimply addthe motions:M[i] = M[i] +

V[i] D.

Duration(M,G,E): Computethe new ight time for root motion
M given gravity G, vertical velocity error E, and initial verti-
aal velocity V; using basic kinematics. 0= b(é( (V; + E)

(Vi+ E)2+ 2G(&+ 1 G2 Fpo))

Timewarp(M,Nim,tn): Timewarpthe ight phaseof M from tp, to

tn secondsn anease-in/ease-outannersoasnotto causeadiscon-
tinuitiesin joint velocities,andplacetheresultin N. First,remove

gravity andaveragehorizontalvelocity from root translationof M,

resultingin M Performthe timewarp. Add backin the average
horizontalvelocity andgravity removedearlierbut appliedoverthe
whole of the new motion, resultingin N.

Deseam(M,dMdV): Someerrortypesleadto a verticalvelocity dis-
continuity at landing, which is x ed in this postprocessingtep.
For a given requiredposition correctiondY anda given required
velocity correctiondV, let D[T + 0:2 FPS+i]= ( 2dY+ 0:1
dv)t3+ (3dY 01 dV)t? wheret = L pg for 0 i<
L T 02 FPS D isthenaddedto roottranslationM to make
thecorrectionsspeci edby dY anddV: MJ[i] = M[i]+ DIi].

Rampin(E,a,b): Usingthespline 2x3+ 3x2, smoothlytransition
from 0 atframeato E atframeb, andplacetheresultin arrayU.

GetPosition(UV): Integratea velocity error in arrayU up into a
changen positionin arrayV.



