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Abstract

Motion capturedataandtechniquesfor blending,editing, andse-
quencingthatdatacanproducerich, realisticcharacteranimation;
however, the outputof thesemotion processingtechniquessome-
times appearsunnatural. For example, the motion may violate
physical laws or re�ect unreasonableforcesfrom the characteror
theenvironment.While problemssuchasthesecanbe�x ed,doing
so is not yet feasiblein real time environments.We areinterested
in developingwaysto estimateperceivederror in animatedhuman
motionso that theoutputquality of motionprocessingtechniques
canbebettercontrolledto meetusergoals.

Thispaperpresentsresultsof astudyof usersensitivity to errors
in animatedhumanmotion. Errorsweresystematicallyaddedto
humanjumping motion,andthe ability of subjectsto detectthese
errorswasmeasured.We foundthatuserswereableto detectmo-
tion with errors,andnotedsomeinterestingtrends:errorsin hori-
zontalvelocitywereeasierto detectthanerrorsin verticalvelocity,
andaddedaccelerationswereeasierto detectthanaddeddecelera-
tions. On thebasisof our results,we proposea perceptuallybased
metricfor measuringerrorsin ballistichumanmotion.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism—Animation

Keywords: animation,motion capture,evaluation, perceptual
metrics

1 Intro duction

Realisticanimationof humancharactersis importantfor applica-
tions rangingfrom entertainmentand training to communication
acrossa distance. For full-body motions,a high level of realism
can be obtainedfrom motion capturedata. However, techniques
that areusedto processthis data,suchasblending,warping,and
splicing,cansometimesproduceunrealisticresults.

Artif actssuchasfoot sliding andinterbodypenetrationarewell
known. Other artifacts,however, are lessfrequentlyconsidered.
For example,many typesof processingcan result in motion that
violatesthe laws of physics. Changingthe heightof a jump, for
example,changestheeffectivegravitationalconstant.
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Figure1: Exampleof amotionusedin ourstudy.

Many such errors may go unnoticedby the averageviewer.
A mechanismfor estimatingperceived error would be useful for
evaluatingprocessingtechniques,constructingmotiongraphs,and
managingtime spentre�ning animationsto make themoptimalor
physicallycorrect.In addition,goodperceptualmetricscouldallow
automaticmotiongenerationto beusedin applicationswherehigh
con�dencein the quality of output is required,suchasa training
simulation.

This paperpresentsthe resultsof a studyof usersensitivity to
errorsin theballisticphaseof humanjumpingmotion.Errorswere
addedto motioncapturedjumpsby manipulatingthe translational
velocity of thecenterof massin a systematicway, andusersensi-
tivity to theseerrorswasmeasured.Wefoundthatsensitivity varied
with thelevel andvarietyof erroraddedandthata signi�cant level
of errormaybeacceptablefor many applications.Our speci�c re-
sultsaresubjectto many factors,suchasthecomplexity of thege-
ometricmodelweusedfor testing[Hodginsetal. 1998].However,
for the speci�c circumstancesof 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 colleagues[1998] addedanomalies
to a running motion and were able to show that for the typesof
anomaliestested—variationsin torso rotation,arm swing magni-
tude,or additive noise—subjectsweremoresensitive to thesevari-
ationswhen the characterwasrenderedusinga polygonalmodel
than when a stick �gure was usedfor rendering. Oesker et al.
[2000] showed that perceived skill level of animatedsoccerplay-
ersincreasedwhenmoredetailedandrealisticmotionwasusedfor
theplayers.

Perceptionof physically unrealisticmotionshas beenstudied
for rigid bodiesandsimplemechanisms.It is generallyacknowl-
edgedthat peopleperform poorly on abstractphysical reasoning
tasks[Prof�tt 1999].Animationhasbeenshown to improveperfor-
mance[Kaiser et al. 1992] [Hecht andBertamini2000],but good
performanceis observed only for simplemotions. In the studyof
Kaiser et al., for example, animationimproved performancefor
discriminatingcorrectandincorrectballistic motionof a spherical
body, but anomaliesin a spinningmotion that involved changing
inertia (a satellitewith extendingandretractingsolarpanels)were
not identi�ed unlessthespinningmotioncompletelystoppedor re-
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verseddirection.Degradationof performancewith complexity was
alsonotedby O'Sullivan andDingliana[2001], who showed that
anomaliesin collisionsbetweencomplex objectsweremoredif�-
cult to detectthananomaliesin collisionswith sphericalobjects.

Point light experimentsare also relevant. Researchershave
foundthatobserverscanmake very �ne discriminationswhenpre-
sentedwith asparserepresentationof actualhumanmotion,for ex-
ampleaccuratelyestimatinglifted weight [RunesonandFrykholm
1981]andpulledweight [MichaelsanddeVries 1998] from point
light displays.It is arguedthata high level of performanceis pos-
sible becausethe relevant complexity of the motion is small; the
weight of the manipulatedobject correlateswell with observable
parameterssuchas elbow velocity [Bingham 1987] or centerof
masspositionandvelocity [MichaelsanddeVries1998].

Ourgoalwasto measuresensitivity to errorsin animatedhuman
ballisticmotionsandtodevelopanerrormetricbasedonourresults.
Lookingat resultsof previousperceptualexperiments,wewereun-
certainhow well subjectswould perform. In somesensethis task
is simple;observationof centerof massvelocity over time is suf�-
cient to identify errors,andit seemedintuitive thatusersensitivity
might be high, asit is for estimatinglifted weight andfor simple
physicalreasoningproblems.However, it seemedequallyplausible
that peoplewould be forgiving of humanmotion with signi�cant
errorsin centerof massbehavior (i.e., incorrectoverall physics)if
thedetailsof themotionweresuf�ciently realistic.

3 Experiment: Errors in Ballistic Motion

Wechoseto studymotioncontaininga�ight phasebecauseerrorin
ballistic motioncanbecontrolledeasilyandanomaliesin ballistic
motionareacommonresultof motionprocessingtechniques.Once
thecharacterhasleft theground,thetrajectoryof thecenterof mass
is fully determined.Any changesto thattrajectoryviolatethelaws
of physics. Suchchangescanresult,however, whenmotionswith
differingrootvelocitiesaresplicedtogether, creatingananomalous
acceleration,or whenthe effective gravitational constantchanges
astheresultof aneditingoperation.An incorrectgravitationalcon-
stantarises,for example,when the height of a jump is changed
while timing remainsthe same. Scalingmotion to charactersof
differentsizescanalsochangetheeffectivegravitationalconstant.

3.1 Metho d

Two studieswereperformed,the �rst to testperceptionof anoma-
lousaccelerationsanddecelerationsandthesecondto testpercep-
tion of errorsin effectivegravity.

3.1.1 Study 1: Acceleration

Participants. Participantswereobtainedby university-wideadver-
tising. Five womenandseven menrangingin agefrom 18 to 42
participatedin thestudy.1

Stimuli. Animationsof humanjumping motionswerecreatedas
stimuli. All animationswereshown in the samerenderingstyle,
with the same(�x ed) cameracon�guration (Figure 1), with the
characterbeginning the motion at the samepositionandjumping
in thesamedirection.Shadows wererendered,andasmallamount
of motionblur wasadded.

Errors were createdby modifying humanjumping motion ob-
tainedfrom opticalmotioncapture.Sevendifferentsourcemotions
wereused.Thesesourcemotionswereperformedby thesameac-
tor andweresimilar in overall character, althoughthey varied in
distanceandheight.Error variableswereasfollows:

1One additionalsubjectdid not follow instructionsand was excluded
from theanalysis.

� Error level. Small,medium,or large.

� Error variety. Horizontalor vertical.

� Error direction.Accelerationor deceleration.

To generatea horizontalaccelerationerror, for example,a �x ed
changein velocitywasappliedto thecharacterroot in thedirection
of horizontalmotion. This changein velocity wasaddedsmoothly
overasmallwindow of timeearlyin the�ight phaseof themotion.
Detailsonhow errorswerecreatedcanbefoundin theAppendix.

Procedure. Participantsweretold that they would seea sequence
of animatedhumanjumpingmotionscreatedfrom motioncapture
data. They weregivensomebackgroundinformationon how mo-
tion capturedatais createdandtold thatsomeof themotionsthey
would seewould containerrors. They werealsotold that all mo-
tionsarejumps,slightly lessthanhalf have no error, andall errors
would appearduring the �ight phaseof the motion. Participants
were thenshown 12 representative motions. They were told that
half containederrorsbut werenot told which speci�c motionsin
this trainingsetcontainederrors.

Testswere preparedby placing motionson video tapein ran-
domorder. Two tapeswereused.Tapeorderdifferedfor different
subjects,and no order effects were observed. Motions included
eachcombinationof error variablespresented3 times; an equal
numberof originalmotions;and12motionswith compositeerrors.
Compositeerrorsincludedbothhorizontalandverticalacceleration
andwereintroducedto testour intuitionsabouttheseinteractions.
Stimuli were presentedon a projectionscreenin a small confer-
enceroom. Participantswereinstructedto categorizeeachmotion
aseither“no error (unchanged)”or “error” andmarktheir level of
con�dencein their answerusinga ratingscalethat rangedfrom 0
(mostcon�dent an error is present)through9 (mostcon�dent an
erroris notpresent).

At theendof thestudy, participantswereaskedto describetheir
experiencein thestudyof motion,includinginvolvementin sports,
dance,videogames,etc.No signi�cant effectof level of experience
wasnotedin thestudy. We alsonotedno signi�cant effect dueto
gender.

3.1.2 Study 2: Gravity

Participants. Participantswereobtainedby university-wideadver-
tising. Nine womenand two men rangingin agefrom 19 to 29
participatedin thestudy.2

Stimuli. Stimuli werepreparedin the samemannerasin the �rst
study, with errorvarietiesincluding increasedanddecreasedgrav-
ity.

Procedure. The procedurewasidenticalto that of the �rst study,
except that all participantswereshown onetapeconsistingof 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,andcomposite
errorswere includedto test the validity of comparingdataacross
studies,andperformancewasconsistentwith that observed in the
�rst study.

3.2 Results

Figure 2 shows meanratingsfor horizontalerrors(top), vertical
errors(middle),andgravity errors(bottom). Blue lines areaccel-
eration(or decreasedgravity) andgreenlines aredeceleration(or
increasedgravity). Resultsarebroken out by small,medium,and

2Threeadditionalsubjectsdid not follow instructionsandwereexcluded
from theanalysis.
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Figure 2: Mean ratingsof motionswith horizontal,vertical, and
gravity errors. The meanrating for unchangedmotionsis plotted
for reference.Eachplot is brokenout by errordirectionanderror
magnitude.Errorbarsshow standarderrorof themean.

large error levels. The plots show the meanratingsof motionsat
eachmagnitudeof addederror, includingunchangedmotions.

A repeatedmeasuresanalysisof variance(ANOVA) wasrun for
study1 with 3 error levelsx 2 errorvarieties(horizontalandverti-
cal) x 2 errordirections.All error treatmentscouldbedetectedat
p < 0:01exceptfor smallverticaldecelerations.A secondANOVA
wasrun for study2 with 3 error levelsx 2 errordirections.All er-
ror treatmentscould be detectedat p < 0:01 exceptfor small and
mediumlevelsof increasedgravity.

No signi�cant interactionswereobservedbetweenerrorvariety
anderrordirectionin study1orerrorvarietyanderrorlevel in 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
accelerationor decreasedgravity is proportionatelyeasierto detect
for largeerrors.In addition,we foundthreemaineffects:

(1) Subjects found added acceleration easier to detect than
addeddeceleration(F(1;430) = 38:2;P < 0:001). Meanratings,
(with standarderrorof themeanin parentheses)were2.6(0.2)and
4.1(0.2)respectively.

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

(3) Subjectsfound errors in horizontal velocitieseasierto detect
than errors in vertical velocities (F(1;430) = 18:1;P < 0:001).
Meanratingswere2.8(0.2)and3.9(0.2).
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Figure3: Meansensitivities for all errors,with best-�t linear ap-
proximation.

4 Estimating Acceptable Error

From our results,we canform an estimateof a level of error that
shouldbe acceptable. We proposea methodfor calculatinger-
ror thresholdsbasedondetectiontheory[MacmillanandCreelman
1991].Theratingsgivenbyasubjecttounchangedmotionsforman
approximatelynormaldistribution,andtheratingsgivento motions
containingerrorsform a second,alsoapproximatelynormaldistri-
bution. Thesubject's sensitivity is thedistancebetweenthemeans
of thesetwo distributions,in unitsof standarddeviation. For asim-
ple yes/noclassi�cation,sensitivity d is easilycalculatedfrom the
hit rate(H), the fractionof motionscontainingerrorsthatarecor-
rectly judgedto containerrors,andfalsealarmrate(F), thefraction
of originalmotionsthatareincorrectlyjudgedto containerrors:

d = z(H) � z(F) (1)

where z is the inverse of the normal distribution function.
(See[Macmillan andCreelman1991] for details.) For example,a
hit rateof 69%with a falsealarmrateof 31%givesa sensitivity of
1.0.Sensitivity doesnotre�ect thebiasesof thesubject,soahit rate
of 26%anda falsealarmrateof 5% alsorepresentsa sensitivity of
1.0.As aresult,sensitivitiesdeterminedwith onesetof biases(such
asa testsetting)maybeappliedto a situationwith differentbiases
(suchasplayingagame).Wecomputedsensitivities from subjects'
ratingsusing the methodin Macmillan andCreelman[1991]. In
caseswherethesparsedataled to a degeneratedistribution (e.g.,if
aparticipantmarkedonly zeroesandnines),wecalculatedsensitiv-
ity usingtheparticipant's classi�cationof themotionas“no error
(unchanged)”vs. “error” ratherthanusingthenumericalratings.

Sensitivity levels areplottedin Figure3 andlisted for all error
treatmentsin Table1, alongwith regressionlines �t to theseval-
uesplus the origin (zerosensitivity at zeroerror). As an example
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Small Medium Lar ge 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+ 1:52E

V Accel 0.45(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+ 0:81E

G Decr 0.47(0.20) 1.20(0.27) 1.87(0.22) � 0:12+ 0:48E
G Incr 0.16(0.14) 0.02(0.14) 0.50(0.28) � 0:05+ 0:10E

Table1: Meansensitivity levels (andstandarderror of the mean)
for horizontal(H), vertical (V), andgravity (G) errors.A sensitiv-
ity of zeromeansthat participantscannotdetecterrors. The last
columncontainslines �t to the sensitivity data,alsoincluding the
point (0;0). E is themagnitudeof theerror, in m=s for horizontal
or verticalerrorsandin m=s2 for gravity errors.

Variety Thr eshold
Horizontalerrorover0:1s interval [� 0:13m=s; 0:10m=s]

Verticalerrorover0:1s interval [� 0:32m=s; 0:22m=s]
Gravitationalconstant [� 12:7m=s2; � 9:0m=s2]

Table2: Error thresholdsresultingfrom a desiredsensitivity level
of 0.25or less.For reference,averageinitial velocitiesin theorig-
inal jumpswereapproximately2m=s in the vertical directionand
1:5m=s in thehorizontaldirection.

of how error thresholdscan be set from thesevalues,considera
hypotheticalapplication.Supposethatfor unmodi�ed motioncap-
ture datawe expectusersto think that the motion looks incorrect
10%of thetime (a falsealarmrateof 10%). Thensupposethatfor
motionscontainingerror, we arewilling to tolerateusersthinking
that the motion looks incorrecthalf again asoften, or 15% of the
time (a hit rateof 15%). The resultingsensitivity would be 0.25.
Estimatingacceptableerrorsat this sensitivity level resultsin the
thresholdvaluesshown in Table2. We emphasizethat this is just
anexample.Theactualdesiredsensitivity (andresultingthreshold
valuesestimatedfrom ourdata)woulddependon theapplication.

CompositeErr ors. Compositeerrors—thosewith bothhorizontal
andverticalcomponents—didnot produceany surprises.Figure4
plots meanratingsfor vertical, horizontal,and compositeerrors.
Resultsfor compositeerrorsfall approximatelywithin thebounds
of thosefor thetwo typesof errorsfrom which they arederived.

5 A Ballistic Error Metric

We brie�y describehow anerrormetric for ballistic motionmight
bedesignedbasedonour results.

First,considererrorsin gravity. Gravity is anaverageeffect,and
a metricdesignedto detectincorrectgravity captureserrorswhere
themotionis well behavedthroughoutthe�ight phase,but thetim-
ing of the motion is wrong. From the vertical takeoff velocity of
the centerof massvv(ti), the vertical landingvelocity of the cen-
ter of massvv(t f ), andelapsedtime (t f � ti), we cancomputethe
effectivegravity representedby amotion:

gef f =
vv(t f ) � vv(ti)

(t f � ti)
(2)

Resultsfrom our study suggestthat undercircumstancessimilar
to this study, valuesfor gef f between� 12:7m=s2 and � 9:0m=s2

shouldleadto sensitivity levelsbelow 0.25,resultingin thefollow-
ing constraint:

� 12:7m=s2 < gef f < � 9:0m=s2 (3)
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Figure4: Resultsfor compositeerrorsareapproximatelybounded
by resultsfor thetypesof errorsfrom which they arederived.

Anomalousaccelerationsanddecelerationsareshortertermphe-
nomena,where the motion during the �ight phaseis not well-
behaved over somewindow in time. Onestrategy for measuring
errorsof this typewouldbeto computeerrorin horizontalor verti-
cal velocityoverasliding timewindow, checkingthiserroragainst
the given thresholds.For example,horizontalvelocity shouldbe
constantduring�ight, andsoany changein horizontalvelocitydur-
ing �ight is anerror.

vh;err (t) = vh(t + 0:1s) � vh(t) (4)

� 0:13m=s< vh;err (t) < 0:10m=s (5)

where vh(t) is the horizontal velocity measuredat time t, and
vh;err (t) is thehorizontalvelocityerrorfor thetimewindow of 0:1s
startingat t. Changesin velocity outsidethis rangewould �ag po-
tentially anomalousmotion. The time window of 0:1s is chosen
becauseourstudyresultsarebasedon thisvalue.

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

vv;err (t) = vv(t + 0:1s) � vv(t) + 0:98m=s (6)

� 0:32m=s< vv;err (t) < 0:22m=s (7)

wherevv(t) is theverticalvelocity measuredat time t andvv;err (t)
is theverticalvelocity errorfor thetime window of 0:1s startingat
t. Whenmeasuringerrorsagainsta gravitationalconstantdifferent
from � 9:8m=s2, theequationfor vv;err (t) shouldbeadjustedfor the
new value.

Ourcompositeresultssuggestthatverticalandhorizontalveloc-
ity errorsmay combinein a straightforward way. The following
metric would placelimits on combinationsof horizontalandver-
tical errors,which shouldbe an improvementover treatingthem
separately. Onepossibility is to work with the sumof squaresof
normalizederrorvalues.For example,if theerrorat timet is ahor-
izontalacceleration(with threshold0:10m=s) andaverticaldeceler-
ation(with threshold� 0:32m=s), theappropriateconstraintwould
be: 2

4

 
vh;err (t)

0:10m=s

! 2

+
�

vv;err (t)
0:32m=s

� 2
3

5 < 1 (8)

The expressionon the left handsideof this equationis a squared
distancein velocity space,with horizontaland vertical velocities
weighteddifferently. Valuesin the denominatorswould change
whenthedirectionof thecorrespondingerrorchanged.

6 Discussion

In this study, we measuredsensitivity of humansubjectsto errors
in animatedballistic humanmotion. We foundthatsensitivity was
correlatedwith the level of addederror, errors in the horizontal
componentof the motion wereeasierto detectthanerrorsin the
vertical component,andaddedaccelerationswereeasierto detect
thanaddeddecelerations.
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Figure5: Meansensitivity for study1 for all sevensourcemotions
(middle),thethreeshortestjumps(left), andthethreelongestjumps
(right). Accelerationsarecomparatively easierto detectfor longer
jumps.

Why might it beeasierto hideerrorsin thevertical component
of themotion thanin thehorizontalcomponent?Onepossibleex-
planationis thathorizontalvelocity during �ight, which shouldbe
constant,behavesin asimplermannerthanverticalvelocity, which
shouldhave a constantderivative (gravitationalacceleration).This
differencemay make anomaliesin horizontalvelocity morevisu-
ally salient.

The acceleration/ decelerationdiscrepancy seemedto us to be
lessintuitive. Onepossibleexplanationis that it may be easierto
detecterrorswhendistanceor total time of the jump is increased
and more dif�cult when one or both of theseparametersare de-
creased.

It is importantto pointout thatjumpheightsanddistancesalone
couldnot have accountedfor theeffectswe observed. 69%of the
motionscontainingerrorswerewithin 10%of therangeof heights
anddistancesspannedby unchangedmotions.In addition,although
4 subjectsin study1 mentionedmakinguseof jump distance,tim-
ing, or similar indirect observations of error, 11 of the 12 sub-
jects mentioneddirect observation of errors, suchas changesin
jump trajectory. However, overall jump distancedoesappearto
have beena contributing factor in participantratings. Our study
wasnot designedto test the effect of sourcemotion—sourcemo-
tion wasnot fully crossedwith othererrorvariables.However, we
did checkfor interactionsbetweensourcemotion andothererror
variablesconsideredindividually. The only signi�cant interaction
found was betweensourcemotion and error direction in study 1
(F(6;418) = 4:5; p < 0:001). Examinationof the data(shown in
Figure5) suggeststhataddedaccelerationsareproportionatelyeas-
ier to detectfor jumpsthatcover a longerdistance.However, it is
interestingto note that sensitivity for accelerationsis higher than
for decelerationseven for the shortestjumps,which would not be
thecaseif jump distanceweretheprimaryfactorusedto detecter-
rors. Becausewe did not fully crosssourcemotionswith all other
variablesin thestudy, however, further investigation is requiredto
verify this trendandto understandits implicationfor designinger-
ror metrics.

Many parameterscanbeexpectedto affectperceptionof anoma-
lies in animatedhumanmotion. Thereis someevidencethat im-
provedgraphicalquality of animations,for example,mayincrease
the ability of usersto detectanomalousmotions[Hodgins et al.
1998] [Oesker et al. 2000] [Hecht andBertamini2000] [Stappers
andWaller 1993]. We focusedon errorsaddedto the character's
root motion in hopesthat the resultswould be robustwith respect
to detailin therestof theanimation,but thisassumptionremainsto
betested.

Perceptionof anomaliesalsovarieswith task[Oeskeretal.2000]
[Watsonet al. 2001]. The taskpresentedto subjectsin our study
wassimply to observe themotionandindicatewhetherit appeared
to beincorrect.We would expectthatsensitivity to errorsmight be
higherif thecharacterwasa target in a gameenvironment,for ex-
ample,andlowerif thecharacterwasnotthefocusof attention(e.g.
a backgroundcharacterin a virtual environment).More researchis
requiredto understandhow sensitivity to errorin thephysicsof hu-

manmotionvarieswith task.
In our study, we showed the samemotionsto all participants

andobtainedsensitivities basedon their numericalratingsof these
motions. An alternative design is to use a staircaseprocedure
(e.g.[Levitt 1971]),which canprovide fasterconvergenceto a de-
siredsensitivity level by dynamicallyadaptingthe stimulusto the
performanceof eachparticipant.Weareinterestedin exploringthis
alternative in futurework.

Onespeci�c areaof future work is to testthe predictive power
of our ballistic errormetricon motion thathasbeengeneratedus-
ing standardmotion processingtechniques. Physically incorrect
ballisticmotioncanbegeneratedby scalingagivenmotionin time,
whichwill resultin gravity errors,or splicingonemotionto another
during the �ight phase,which will leadto unnaturalaccelerations
anddecelerations.If resultsarepromising,next stepswould be to
addressadditionaltypesof physics errorsthat may be presentin
processedmotion. In probableorderof complexity, theseareim-
plausiblechangesin angularaccelerationduring�ight; implausible
forceswhenthe characteris in contactwith the environment;and
implausiblejoint torques.

It wouldbealsointerestingto examinewhetherpeoplearemore
or lesssensitiveto errorsin animatedhumanballisticmotionthanto
identicalerrorsin simplermotion,suchasa ball �red out of a can-
non. Sucha testwould bevery easyto perform—thetranslational
motionsof the charactercenterof massfrom our studycould be
usedto animatea sphericalrigid body insteadof the humanchar-
acter. We are excited to run this experimentto seewhetherthe
presenceof the humanmodelandthe motion of the limbs during
�ight degradeability to perceiveerrorsin ballisticmotion.
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Appendix: Error Generation

To createamotionwith error, wemustaddtherequirederrorveloc-
ity or accelerationto the�ight phasewhile minimizingundesirable
artifacts. Our primary goalswereto ensurethat charactermotion
beforeandafter the �ight phasewasunchanged(except for hori-
zontallandingposition)andthat theresultingmotionhadcontinu-
oussecondderivatives(smoothvelocities). Achieving thesegoals
requireddifferentprocessingfor eacherrortype.Assumeamotion
M whose�ight phasestartsat frameT andendsat frameL, sam-
pled at FPSframesper second.Procedureswith namesin italics
aredescribedat theendof thesection.All processingis performed
on the translationalparametersof thecharacterroot. Examplesof
velocitycurveswith andwithouterrorsareshown in Figure6.

Horizontal Err ors. Assumemotion M sampledat 120Hz, with
horizontaldirectionH. UseroutineAddError(E,H,M,T+12,T+24)
to adda horizontalvelocity errorwith magnitudeE to themotion
from 0.1sto 0.2safter the startof the �ight phase. To prevent a
velocity discontinuityat landing, remove this error velocity over
theremainderof themotionwith AddError(-E,H,M,T+25,L).

Gravity Err ors. Computenew durationtn = Duration(M,G0,0) for
thenew gravity level, andTimewarp(M,N,tm,tn) M to createa new
motionN. Finally, Deseam(N,dY,dV) to remove positiondisconti-
nuity dY andvelocity discontinuitydV at landing.Thesedisconti-
nuitiesshouldbequitesmall andresultfrom discretizationerrors,
motion capturedataerrors, and differencesbetweentakeoff and
landing height of the centerof mass. Note that preservingaver-
agehorizontalvelocity andinitial vertical velocity leadsto jumps
thatcover a shorterhorizontaldistancein highergravity casesand
a longerdistancein lowergravity cases.

Vertical Err ors. Computenew durationtn = Duration(M,G,E) for
theverticalvelocity errorE, andTimewarp(M,N,tm,tn) M to create
anew motionN. AddError(E,V,N,T+12,T+24)to addaverticalve-
locity errorof magnitudeE to themotionover theperiodfrom 0.1s
to 0.2safter the jump starts. Finally, Deseam(N,dY,dV) according
to the position discontinuitydY and velocity discontinuitydV at
landing. As with gravity errors,preservingthehorizontalvelocity
andgravity andapplyingtheseeffectsover thenew durationof the
�ight phaseleadsto jumpsthat travel greateror lesserhorizontal
distances.

General Processingand Procedure De�nitions. Errors were
addedto themotionsat120Hz,andthemotionsweredownsampled
to 30Hz for display. All motionsweretranslatedto align the root
positionsof their �rst framesandrotatedto align their jump direc-
tion. The�ight phaseof ajumpwasde�nedasthe�rst framewhere
thelowestjoint wasabove 7cmfrom thegroundplanethroughthe
�rst framewherethelowestjoint wasbelow 7cm. For all motions,
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Figure6: Examplesof velocitieswith andwithout errors. (Top)
Horizontal velocitieswith and without addedaccelerationin the
horizontaldirection. (Middle) Verticalvelocitieswith andwithout
addedaccelerationin the vertical direction. (Bottom) Vertical ve-
locitieswith andwithoutdecreasedgravity.

thepositionchangeof the last frameof the�ight phasewasadded
to all subsequentframesto align the landingwith the endof the
jump. Procedurede�nitions follow.

AddError(E,D,M,a,b):Add anerrorvelocityof magnitudeE along
directionD to theroot translationof motionM. Rampin(E,U,a,b),
thenGetPosition(U,V), thensimplyaddthemotions: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-
cal velocity Vi using basic kinematics. t0 = b( 1

G(� (Vi + E) �q
(Vi + E)2 + 2G( E

20 + E� FPS
L� T� 0:2� FPS))c.

Timewarp(M,N,tm,tn): Timewarp the �ight phaseof M from tm to
tn secondsin anease-in/ease-outmannersoasnot to causediscon-
tinuitiesin joint velocities,andplacetheresultin N. First, remove
gravity andaveragehorizontalvelocity from root translationof M,
resultingin M0. Performthe timewarp. Add back in the average
horizontalvelocityandgravity removedearlierbut appliedover the
wholeof thenew motion,resultingin N.

Deseam(M,dY,dV): Someerrortypesleadto averticalvelocitydis-
continuity at landing, which is �x ed in this postprocessingstep.
For a given requiredpositioncorrectiondY anda given required
velocity correctiondV, let D[T + 0:2� FPS+ i] = (� 2dY + 0:1�
dV)t3 + (3dY � 0:1 � dV)t2 wheret = i+ 1

L� T� 0:2� FPS for 0 � i <
L � T � 0:2� FPS. D is thenaddedto root translationM to make
thecorrectionsspeci�edby dY anddV: M[i] = M[i] + D[i].

Rampin(E,U,a,b): Usingthespline� 2x3+ 3x2, smoothlytransition
from 0 at framea to E at frameb, andplacetheresultin arrayU.

GetPosition(U,V): Integratea velocity error in arrayU up into a
changein positionin arrayV.
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