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Animation budget constraints during the developntdrda game often call for the use of a limited alegeneric motions. Editing operations are
thus generally required to animate virtual charactgth a sufficient level of variety. Evaluatiniet perceptual plausibility of edited animations
can therefore contribute greatly towards produeisgally plausible animations. In this paper, wedgtobservers' sensitivity to manipulations of
overarm and underarm biological throwing animatidmsthe first experiment, we modified the releaséocity of the ball while leaving the
motion of the virtual thrower and the angle of asle of the ball unchanged. In the second experjmenevaluated the possibility of further
modifying throwing animations by simultaneouslytedj the motion of the thrower and the release aigloof the ball, using Dynamic Time
Warping. In both experiments, we found that pgpticits perceived shortened underarm throws to beylarly unnatural. We also found that
modifying the thrower’s motion in addition to moglifg the release velocity of the ball does not Bicently improve the perceptual plausibility of
edited throwing animations. In the third experimem¢ modified the angle of release of the ball ehdaving the magnitude of release velocity
and the motion of the thrower unchanged, and fdhatithis editing operation is efficient for imping the perceptual plausibility of shortened
underarm throws. Finally, in Experiment 4 we reptathe virtual human thrower with a mechanical wing device (a ramp), and found the
opposite pattern of sensitivity to modifications tbe release velocity, indicating that biologicaldaphysical throws are subject to different
perceptual rules. Our results provide valuable gjinds for developers of games and VR applicatmnspecifying thresholds for the perceptual
plausibility of throwing manipulations, while alpooviding several interesting insights for researshn visual perception of biological motion.
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1. INTRODUCTION

The study of visual perception of physical distum8 has a long history, originating with studiesNaive Physics
[Bozzi 1959, McCloskey et al. 1980]. As physicalerts are an essential part of virtual reality aggtlons and
computer games, researchers in the field of Comp@Graphics have recently started to investigateeoiess'
sensitivity to physical distortions in realistic aimanical simulations involving simple objects [Al&an et al. 2003,
Reitsma and O’Sullivan 2009, Yeh et al. 2009] otudl human characters [Reitsma et al. 2008, Heyel. 2012].
Amongst other applications, these studies are sacgdo provide guidelines for motion editing openas. As
animators may need to introduce physical distogtionanimations in order to achieve particular gpaheasuring
observers' sensitivity to anomalies can contritgresatly towards producing visually plausible aniimas [Barzel et
al. 1996]. While interactions between simple inaatienobjects or between virtual human charactere heveived
attention, little is known about visual perceptioh interactions between virtual human characterd aimple
inanimate objects.

In this paper, we explore how observers perceivelifications of virtual throwing animations introdet by
different editing methods. As animation budget ¢aists during the development of a game oftenfealthe use of
a limited set of generic motions, manipulationshaf throwing distance of a ball could then be hd|ph particular in
sports games where a character has to throw atodilferent distances on the pitch (e.g., EA Spdtadden NFL™,
Sony CE MLB 12: The Show™, 2K Sports NBA 2K12™).r@ual is to investigate, through perceptual experits,
which are the best ways to modify throwing animadievhile preserving their perceptual plausibilapd thereby to
obtain a better understanding of how such actioagarceived. Using two types of throwing motioasgfarm and
underarm, Figure 1, top) captured from a real aabat displayed on a virtual character, we first ified the release
velocity of the ball while leaving the motion ofettvirtual thrower and the angle of release of thk bnchanged
(Experiment 1). In Experiment 2, we evaluated tbhssphility of further modifying these throwing arations by
simultaneously editing the motion of the throwerd ahe release velocity of ball, using Dynamic TiM&rping
(DTW). In Experiment 3, we investigated observeensitivity to a third kind of editing operatiorg., modifying the
angle of release of the ball while leaving the niagle of the release velocity and the motion of theower
unchanged. Finally, in Experiment 4, we replacedintual human character with a virtual ramp (Fegl, bottom)
in order to evaluate whether the pattern of obgehaensitivity to distortions is specific to humgmows or if it also
generalizes to throws performed by a mechanicatcdev



Fig. 1. Examples of biological overarm (top left/daunderarm (top right) throws. Corresponding rangulels (bottom) used
in the Mechanical Device experiment..

Overall, we found that observers tolerate largedases in the release velocity of the ball (Expent). This
suggests that animators can use this simple edipegation to lengthen the throwing distance ofrare and
underarm throws to a large extent. Observers ameever less tolerant to decreases in the releaszitsgl in
particular for underarm throws. Also, modifying theeparatory motion using DTW to match the modifaas of the
release velocity (Experiment 2) does not improve dlcceptability of edited throwing animations angrenthan
modifying only the release velocity of the ball.Enperiment 3, we found that modifying only the kengf release of
the ball is effective for improving the perceptpédusibility of shortened underarm throws. Finalty Experiment 4
we found that replacing the virtual human charagtéh the virtual ramp reverses the pattern of ity to
distortions: observers become more tolerant toedmas in the release velocity of the ball thamtoeases. Our
results thus provide valuable guidelines for depets of games and VR applications by specifyinggholds for the
perceptual plausibility of simple manipulationstbfowing actions. Moreover, the results provideesalinteresting
insights for researchers in visual perception ofdgical motion, which will be discussed in Sectkn

2. BACKGROUND

Researchers in Naive Physics have shown that dtudeith high school physics instruction have sigaift
misconceptions about elementary mechanics [Cled@82]. For instance, in paper-and-pencil tests tusistently
predicted that a ball rolling inside a curved tub®uld follow a curved trajectory even when it eXitsm the tube,
whereas it will instead move in a straight line [Blaskey et al. 1980]. Conversely, whereas partitipdailed in
these abstract situations, they performed well wiresented with virtual simulations of physical eieg/Kaiser et al.
1992].

In recent years, researchers in Computer Graplaies hecome interested in evaluating by how mudhyaipally
correct animation can be modified and still lookageptually plausible [Barzel et al. 1996]. Undenstiag whether
observers are sensitive to physical distortionsmiechanical events is important in order to devebbgusible
simulations while saving time on details that oliees cannot perceive. For instance, the behavibua single
inanimate object [Kaiser et al. 1992, Nusseck et28D7], and sensitivity to errors in 3D rigid bodgllisions
between simple objects [O'Sullivan et al. 2003 t$tea and O’Sullivan 2009] have been investigateotidth capture
has also been used to evaluate observers' seyditivérrors in the motion of virtual human chaeast{Chaminade et
al. 2007], or in physical interactions betweenuaftcharacters [Hoyet et al. 2012]. Similarly, Majska et al. [2007]
studied user sensitivity to errors in aerial hunmaotions, and found that participants were not $enesto even
significant changes in angular momentum duringigtadl motion. In order to compare human and inabémaotions,
Reitsma et al[2008] evaluated observers' ability to detect eriiarthe ballistic motion of a virtual human chadeac
and of a virtual ball, and found greater sensiitid variations in the coefficient of gravity wheine actor was a
human character.



Throwing actions, as discussed in this paper, aehanical interactions between human charactergnanimate
objects. A small number of studies have been comcewith the visual perception of such actions. irRstance,
Runeson and Frykholm [1983] displayed point-ligltaiacters throwing an unseen 2.5kg sandbag atretitfe
distances, and found that participants accuratgiynated the length of the throw. Munzert et abl@] found that
observers finely discriminated between the tradetlestances of a 600g ball when only point-lighdpdiays of the
arm of the thrower were shown. These results siighat observers can use the kinematic informapiavided by
the motion of the thrower in order to make accuiatedictions of the landing position of the throwrojectile.
Indeed, when the projectile is relatively heavy force exerted by the thrower can be perceptiafiyred from the
kinematics of its biological motion. However, nomématic cues, such as the direction of the thrsagaze when
throwing light darts towards a target, have alserbund to influence observers' ability to predie final position
of the projectile [Knoblich and Flach 2001]. Hecahd Bertamini [2000] presented 2D stick charactansl
mannequin-like 3D characters throwing small prajest and found that observers were relatively risgere to
added acceleration during the first phase of thissba motion of the projectile. On the whole, Heefindings suggest
that the mass of the projectile is a critical fadgtodetermining observers’ sensitivity to incomsixies between the
thrower’'s motion and the motion of the projectiddth sensitivity tending to increase with the ma$she projectile.
Moreover, observers’ sensitivity to anomalies iol@agical motion also depends on the visual depictibthe human
character [Hodgins et al. 1998], and usually insesawith its anthropomorphism [Chaminade et al.7R20This
suggests that anomalies in throwing animations tridghmore easily detectable on realistic virtuahbuo characters
rather than on mannequin-like or point-light chéees.

Concurrent with these perceptual studies, sevesaarchers also focused on editing human motisatisfy new
constraints and distortions. Early works focusedediting the kinematics of the motion, such asrgeing motions
to new characters [Gleicher 1998], introducing tddal kinematic constraints [Gleicher 1997], chiauggthe
trajectory of a motion [Gleicher 2001] or blendibgtween several animations [Guo and Robergé 19a &
al. 2004]. More recently, several researchersestan explore how to edit the dynamics of the nmmotiging dynamic
filters [Pollard and Reitsma 2001, Shin et al. 2008mane and Nakamura 2003, Tak and Ko 2005] orgudata-
driven approaches [Komura et al. 2005, Zordan.e2@)5]. While many approaches edit the motiongisipacetime
optimization problems [Liu et al. 2006], differeral-time solutions also exist [Shin and Oh 2006preover, most
of the editing approaches require the timing ofahamation to be modified, either speeding it uglowing it down,
a process known as Time Warping. It is also posdiblhandle non-uniform compressions or dilatatioingarts of a
motion by varying the speed modification over tioging Dynamic Time Warping (DTW), which is commoniged
in computer animation to synchronize motion segasmith different durations [Bruderlin and Williari895, Hsu
et al. 2007].

3. OVERVIEW

The study presented in this paper is an extendi@previous work where we investigated observeesisitivity to
distortions in virtual throwing animations [Vicowart al. 2012]. In that study, participants werespnted with
animations of a realistic virtual human charadieowing a tennis ball with either an overarm or eram motion. In
the first experiment, we used DTW to edit the bgatal throwing motion and modified the release e#loof the ball
accordingly, thereby preserving the consistencywbeh the motion of the thrower and that of the.balthe second
experiment, we separately modified the horizontel gertical components of the release velocityhef ball, while
leaving the motion of the thrower unchanged, whidated a mismatch between the thrower’'s motiontlaadnotion
of the ball. In both experiments, we measured @ggnts’ sensitivity to manipulations, and considiiefound that
their sensitivity depended on the interaction betwthe sign of the manipulation (speed decreasgpeed increase)
and the type of throw (overarm vs. underarm). A -gtatistical comparison between the results of tie
experiments revealed that animations edited withtADWvere perceptually more plausible than those ddig
modifying only one component of the speed of th# &ka time. We suggested that preserving the istarecy
between the thrower's motion and the motion of bladf improves the perceptual plausibility of editéatowing
animations.

However, the second experiment differed from thst fone not only because of the mismatch betwéen t
thrower's motion and the motion of the ball, busalbecause modifying separately the horizontal \eertical
components of the release velocity introduced Viara in the angle of release of the ball. We tbasnot exclude
the possibility that the variations of the angle@kase, rather than the mismatch, produced #egeyrsensitivity for
this kind of editing operation. Moreover, the obvsel interaction between speed modification (deereas increase)
and type of throw (overarm vs. underarm) requitgthér validation and explanations. Therefore,suely presented
in this paper extends on this previous work in otddurther investigate observers’ sensitivitydistortions in virtual



throwing animations through four separate experisyewhile addressing some of the questions lefhdme the
previous study.

In Experiment 1, we present the participants withrual human character throwing a tennis ballj arodify the
release velocity of the ball while leaving the thies’'s motion and the angle of release of the bathanged. This
editing operation creates a mismatch between ttoavir’'s motion and the motion of the ball. In Expsent 2, we
evaluate the possibility of increasing the percapplausibility of edited animations by eliminatitigis mismatch.
We therefore present the participants with the sanmimations as in Experiment 1, but modify the g#oof the
thrower’'s motion using DTW and modify the releastoeity of the ball accordingly. In Experiment 3 west the
perceptual plausibility of a different kind of edg operation, i.e., modifying the angle of relea$ehe ball while
leaving the thrower’'s motion and the magnitudeed¢ase velocity unchanged. As in Reitsma et aD§P0ve also
want to directly compare observers’ sensitivitymtodifications in “biological” and “mechanical” thns. Thus, in
Experiment 4, we replace the virtual human throwith a virtual ramp: after the descent along thepathe tennis
ball is released with physical parameters (positmal velocity) matching those of the throwing artiores in
Experiment 1 (Figure 1). We manipulate the releadecity of the ball, while leaving its angle oflease and the
motion along the descent unchanged. In each expatime used the same psychophysical method @edomly
interleaved staircases), and measured observersitisiy to editing operations by fitting psychotrie curves to
individual data. As the aim of this study is to endively explore observers’ sensitivity to distoms in throwing
animations, participants were always presented withkinds of throws (overarm and underarm) andimdations
of the original release velocity (increases/de@sagparately in the magnitude or angle of release)

4. SETUP

4.1 Motion capture

We recorded the full body movements of a right-tehanale actortirower hereafter). The thrower was non-
professional and did not have any specific expegewith sports involving throwing a ball. All thremwere
performed with the right arm using a standard tetaill as projectile (diamete7cm, mass60g). Another person
served as receiver, but was not recorded. Theuwecsiood in front of the thrower at a distancé&wf. The thrower
was instructed to look in front of him during thedw, and to avoid lateral movement of the balle Trajectory of
the ball was thus mainly displaced in two dimensiwith respect to the thrower: forwards and upwards

As we wished to determine whether observers' seitiito errors in throwing animations dependedtioa way in
which the throw is performed, the thrower was mstied to throw the ball to the receiver in two @itdive ways:
either with anoverarmmotion or with arunderarmmotion (Figure 1, and see the supplementary videdletailed
examples). We registered three takes for eachdditidrow, while other takes were discarded duextessive lateral
movement of the ball. For the experiments preseimtelis paper, we finally selected a single taiedach captured
throw. This choice was driven by our experimenisigdns, i.e., to avoid the confounding factor ofihg multiple
takes per throw in the staircase procedure, antifasby qualitative observations of the threedskvhich revealed
high similarities between physical parameters (@djl Therefore, for each kind of throw we seledtezitake with
the release velocity closest to the average velaéithe three captured takes. We only refer teéheelected takes in
the following.

Motion capture was conducted using a 19 camerarMagical system, and 55 markers were placed ot dloy
of the thrower. To simultaneously capture the nmotid the hand and of the fingers, we placed sixaextarkers on
each hand: two markers on the thumb and one markéhe fingertip of each finger, as in [Hoyet et2012]. We
also placed four markers on the tennis ball, sbttiey formed the vertices of a tetrahedron and thid not have any
appreciable influence on the trajectory of the .belis allowed us to estimate the position of teatre of the ball
during the entire captured motion. The body andotilemotions were captured at 120Hz.

4.2 Physics of Projectiles

The motion of a thrown object can be divided int@ tphases: the motion before it is releagm@garatory motioh
and the motion after the releasalfistic motior). When thrown in the air, an object that is subg@dy to the force of
gravity and to air resistance is callegrajectile If we neglect air resistance, a projectile alwtows a parabolic
trajectory, completely determined by its horizontald vertical velocities at the time of releasgy (and wy
respectively). More precisely, the parabolic tregeg of a projectile is characterized by the follog/two equations:

vp(t) =vhy and vy (t) = g.t+ vy 1)



wherevy(t) andw,/(t) are horizontal and vertical velocitiggjs the coefficient of gravity andis time. The parabolic
trajectory of a projectile is then obtained by griing these equations over time, and dependseretease position
of the projectile.

While Equation 1 refers to the ballistic phasel@ tnotion, the release velocitiag andwyg are determined by
the motion of the object during preparatory motionthe case of a throw performed by a human, petpey motion
refers to all the movements of the human's body itifaience the release velocities of the projectduch as the
motion of the arm and shoulder.

In order to manipulate the velocity of the projkgtiwe first needed to determine the time of redegsto
discriminate between the preparatory and the hbiallghases. To automatically compuge we selected the set of
eight markers on the right hand of the throvegr &nd another sesjj consisting of the four markers on the projectile.
We then computed the sum of the squared distartegba every combination of pairs of markérgm,):

. 2
d = Ympes, Zmpes, dist(m,,m,) 2

wheredist(m,m,) is the Euclidean distance between markarsindm,. Then,t, corresponds to the time when the
derivative ofd exceeds a manually selected threshold, i.e., wheermariation of the distance between the ball @ik
and the hand markers differed from capture noise.

We then used the captured trajectory of the pribgeduring the ballistic phase to automatically gute the
release velocities that best fitted the whole b@dlimotion. Table 1 shows the release velocitiethe ball for the
three captured takes of overarm or underarm thrtvedso highlights the takes selected for the expents, selected
to be those with the release velocity closest éoaerage velocity of the three captured takese Mwit in overarm
throws the horizontal component exceeds the vétmaponent, whereas the opposite is true for uardethrows.

Table 1. Horizontalyo and verticalyg release velocities for the three takes of thetipes of captured human throws. Velocities
for the takes selected for the experiments arespted in bold.

Vo (M/S) | o (M/s) o (M/S) | Wo(M/s)

Take 1 5.44 3.35 Take 1 4.44 5.40

Overarm| Take2 5.53 3.39 Underarm| Take 2 4.18 571
Take 3 5.76 3.23 Take3 4.42 547

5. EXPERIMENT 1: BALLISTIC MOTION EDITING

In this experiment, we are interested in studyibhgesvers' sensitivity to manipulations of the Is&lti motion in
biological human throwing animations. We modifidte tanimations using a simple editing operation, iy
modifying only the release velocity of the ball Vehieaving the preparatory motion of the virtuabidcter and the
angle of release of the ball unmodified. This edjtoperation introduces a physical mismatch betwweparatory
and ballistic motions, because the latter is medifivhile the former remains unchanged. We wantbtopare the
results of this experiment with those of the secexygkeriment in our previous study [Vicovaro et212], where we
modified not only the release velocity of the bmlt also its angle of release.

The results show that observers’ sensitivity toespenodifications depends on the fine features @wervs.
underarm) of the action being performed (a thromi)h observers being particularly sensitive to shdecreases in
the underarm throw, and quite insensitive to speedeases in both types of throw. The comparisoth wiur
previous study reveals that modifying only the aske velocity of the ball, rather than modifying lbdhe release
velocity and the angle of release, increases ttgniale at which speed modifications are tolerated.

5.1 Methods and Stimuli

To display the biological human motions, we selg@@eirtual character who roughly matched the molgdy of our
actor (Figure 1, top). The captured body motion tha&n mapped onto a skeleton, where joint angles wemputed
and used to drive the virtual character. The Hallismotion was modified by manipulating the oridinalease
velocity of the ball, whereas the preparatory motiwas left unchanged. Both the horizontal and tbdical

components of the original release velocity werdlified by the same percentage (differently from puoevious
study [Vicovaro et al. 2012]), thereby modifyingetimagnitude of the release velocity without chagdire angle of
release of the ball. The modified parabolic trajegtof the projectile was then recomputed accordmgquation 1
using the modified release velocities.



5.1.1Psychophysical Method

To accurately determine perceptual thresholds fadifitations of the release velocity, we used adcenly
interleaved staircase design [Cornsweet 1962], fitd up and down step sizes. The staircase (atanm) method

is an efficient psychophysical technique for idiig thresholds, since it ensures that most ofttiaés are presented
near the threshold for that particular observee @bcending staircase starts with the unmodifiemitland increases
the magnitude of speed modification until the obseperceives the stimulus ascorrect The magnitude of speed
modification is then decreased until the obsenacgives the stimulus @rrect, then increased until it results in
anothelincorrectresponse. This “up-down” process is repeated| angie-specified number of reversals is obtained.
As suggested by Garcia-Pérez [2001], we used a fdgwsiep ratio of 0.871, and set the stopping ¢mrdio be 8
reversals. This ascending staircase is complemédmntaddescending staircase, which starts at algleaprathreshold
level (i.e., the stimulus is glaringlgicorrect) and decreases untilcarrectresponse is given. It then reverses course,
and follows the same reversal process as previalesgribed. To avoid observers anticipating the stimulus (and
hence biasing their response), trials from sevstaircases are interleaved; the trials thus appmatom to the
observer.

This psychophysical method elicits a sufficient fmemof binary responses close to the absolutehblegdevel to
allow a psychometric curve to be fitted to the datae psychometric curve is a mathematical modeesenting how
the observer’s response to the stimuli varies daéipgnon the variation of these stimuli. This progezlallows us to
calculate the acceptance threshold, i.e., the madmiof speed modification of the original throw vehich the
animation is perceived arrect 50% of time. We also calculate the Just Noticedhiféerence (JND), i.e., the
magnitude of modification of the acceptance thrikshioat would increase or decreases the probalufity correct
response by 25%. Here, we refer to JND as a meas$tine sharpness of participants’ discriminatietweencorrect
andincorrectanimations: the smaller the JND, the clearer tk#rdition betweerorrectandincorrectanimations.

5.1.2Stimuli

Based on a pilot study, thdagnitudeof modifications of the release velocity variedviseen 0% and 90% of the
original release velocity. ThBignof the manipulation of the speed was either aadem or an increase. There were
two kinds ofThrows(overarm or underarm).

Therefore, the experiment consisted of eight stais: 2 Staircase direction (ascending, descendi2g) hrow
(overarm, underarm) x 2 Sign (decrease, increés@yder to avoid any anticipatory effect, the ¢igtaircases were
randomly interleaved. For each participant, in eafcine four experimental conditions (2 Throw xigr§ we merged
the data of the ascending and the descendingadaiin order to compute the acceptance threshdldh@nIND (see
Section 5.2).

We selected a camera viewpoint to the right ofttlhewer (Figure 1), where the fixed position of d@mera was
chosen to maximize the amount of preparatory afitsti@motion information available to participantThe ball was
displayed with a bright-yellow photographic tenbiall texture (similar to the real captured tennal)b and the
ground was displayed with a dark grey asphaltdéeured plane. The background was light-grey, sirablows were
not rendered. These settings were chosen to enttheceontrast between the ball and the rest ofviheal
environment, thus making the visual tracking of a8 easier. Because we wanted the participanfedas on the
trajectory of the ball during its flight phase, amat on the reaction with the environment oncettiélanded, the ball
disappeared before making contact with the gro&ind.some modified throws, the ball went outsidéhef border of
the screen. We did not simulate air resistanceusecthis would have a negligible perceptual eféecthe trajectory
of the ball. As some of the animations presentbiyjaly dynamic motion of the ball, all the stimulere displayed at
1600%1200 and at 85Hz on a 19-inch CRT screen.

Before starting the experiment, participants wéverginformation on how motion capture data is tedaand told
that some of the animations had been modifiedhabih some of the animations the velocity of thé bould appear
excessively slow or fast with respect to prepagatootion. After each trial, participants indicatedhether they
thought that the trajectory of the ball wasrector incorrectregarding the preparatory motion by clicking ta br
right button of the mouse respectively. To faciéitéhe task, participants were allowed to feel wheéght of a real
tennis ball before and during the experiment, amdewtold that the tennis ball displayed in the aion had the
same weight as the real one. On average, eachimgndal session lasted about 25 minutes.

Fifteen volunteers took part in this experiment-@#, aged between 21 and 28). They were all nadvthe
purpose of the experiment, came from various edutatbackgrounds, and were compensated for timeé tith a
five-euro cash payment or book token.



5.2 Results

For each experimental condition, we used the Mafalgnifit toolbox [Friind et al. 2011] to fit a lstic
psychometric curve to the individual data of eaelntipipant, and computed individual acceptancestioils and
JNDs. The averaged results across participantsaon experimental condition are shown in Figurbl@e( bars) and
reported in Table 2.To evaluate how speed modifinaand throw influenced the acceptance threshaddperformed
a two-way Repeated Measures Analysis of Variandé@¥A) on individual estimated acceptance thresholith
within subjects factors: 2 Sign x 2 Throw. We uséelvman-Keuls post-hoc tests to further exploreradton
effects. Table 3 summarizes the most importanissitzlly significant results.

We found main effects of Sign and Throw, as wellaasinteraction effect between them, which showe t
participants are significantly more sensitive tocoEases in the release velocity of the ball thanincreases,
especially for the underarm throvwA possible explanation of this result will be wided in Section 9.2. The same
analysis was performed on JNDs but no main or &ctesn effects were found, showing that the resp®isategy
was consistent over the four experimental condition

The results suggest that observers are relativelgrant to increases in the release velocity of liadi,
independently of the kind of throwe48% increase in the original release velocity wasrated 50% of the time).
Tolerance for decreases is generally lower (with8% of the original release velocity accepted Sff%he time for
the overarm throw), and particularly low for thedenarm throw (-14%). Our findings show that obsesveensitivity
to speed modificationdepends on the fine features (overarm vs. underafithle action being performed (a throw).

To sum up, animators can modify the release velafithe ball in order to achieve big increasethim throwing
distance, i.e., the horizontal distance betweerthh@wver and the landing position of the ball. kr @xperiment, a
48% increase in the original release velocity tesbin a 85% increase in the overarm throwing distaand a 108%
increase in the underarm throwing distance (moam ttwice the original distance). However, obsenaes more
sensitive to slowed down motions: a 25.8% decraatiee original release velocity resulted in a 38é6rease in the
overarm throwing distance, and a 14% decreasetedsil a 24% decrease in the underarm throwinguaigt. The
latter result suggests that this simple editingrafien can be used to decrease the throwing distahainderarm
throws by a relatively small amount.

Recall that in the second experiment of our previstudy [Vicovaro et al. 2012] we left the motidithoe thrower
unchanged, and separately modified the horizomtdl\eertical components of the release velocityhef ball, thus
also changing its angle of release. A comparisdh thie results of the current experiment reveads tivservers are
more tolerant to modifications when both horizorgat vertical components are modified by the saeregmtage.
This suggests that modifying the absolute magnitfdelease velocity of the ball, while leaving ésgle of release
unchanged, produces more perceptually plausibleations than modifying both physical parameters.

Acceptance Thresholds JNDs
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@ Ballistic Motion Editing ~ B Full Throw Editing O Mechanical Device

Fig. 2. Mean acceptance thresholds (left) and ndeahNoticeable Differences (right) for the foupesximental conditions (horizontal axes) in
experiments 1, 2 and 4 (vertical bars depict stahdeors).

Table 2. Mean Acceptance Thresholds (AT) and JoitBable Differences (JND) with standard errorsefixperiments 1, 2 and 4.
Ballistic Motion Editing Full Throw Motion Editig Mechanical Device
Decrease Increase Decreage Increase Decrease eadacr
AT | 25.823.2% | 47.9:5.3% | 35.6:4.9% | 40.6:6.0% | 34.7-4.8% | 24.8:4.6%
JND | 10.7£2.6% | 11.8£1.4% | 8.6:2.1% 8.4-1.6% | 11.21.8% | 14.4-3.3%
AT | 14.0£2.7% | 48.0:4.8% | 21.4-3.8% | 43.9:4.0% | 38.8:5.0% | 14.2-3.6%
JND | 8.8£1.7% 8.4-1.9% 6.2£1.0% 6.6-1.1% 8.1+1.6% 9.73.4%

Overarm

Underarm




6. EXPERIMENT 2: FULL THROW EDITING

The Ballistic Motion Editing experiment created é&smatch between preparatory and ballistic motienthe former
remained unchanged while the latter was modifiadthls second experiment, we wanted to evaluateetteet of

simultaneously modifying both the preparatory amdlidtic motions. We therefore edited the preparatmotion

using DTW to modify the speed of the biologicalativing motion, and manipulated the release velogitthe ball

accordingly. While this alteration reduced or eliatied the mismatch between preparatory and bellistitions, it
may also have altered the naturalness of the meguitotion of the virtual human character and o tall. This
experiment was also reported in [Vicovaro et allZ0but is presented here with a larger numbgragficipants. The
results reveal that this new editing operation does significantly increase the magnitude at whigbeed
modifications are tolerated with respect to Batlisflotion Editing.

6.1 Methods and Stimuli

6.1.1Dynamic Time Warping

In this experiment, we are interested in modifysimultaneously both preparatory and ballistic mugioAs the
release velocity of the projectile depends on tleparatory motion, we edited the preparatory motisimg DTW to
modify the speed of the biological throwing moti@nd manipulated the release velocity of the bedloadingly.
DTW handles non-uniform compressions or dilatatiohparts of a motion by varying the speed modifara over
time, and is commonly used in computer animationsyachronize motion sequences with different darei
[Bruderlin 1995]. In the case of throwing motiotise release velocity of the projectile dependshanpgreparatory
motion of the human character. According to phystbgs corresponds to modifying the horizontal amitical
components of release velocity by the same pergeraa the speed modification of the preparatoryianoflhis
modifies the magnitude of the release velocity withchanging the angle of release of the projectikethe release
velocity is influenced only by the throwing gestunee modified the speed of the motion of the hurlaaracter only
during the period of time bounded by two local miai of the velocity of the arm, which correspondecdthe
beginning and the end of the throwing gesture. pkisod included (approximately halfway) the momehtelease.
In order to manipulate the release velocity of thew, we modified the duration of the throwingiantby the
corresponding amount and recomputed the new timmelefise. To ensure continuity with the other phasfethe
motion, we defined a timewarping function using an@tonous and? continuous spline. The modified parabolic
trajectory of the projectile was then recomputecoading to Equation 1 using the modified releaslearges. Such
editing is reasonably straightforward to perfornd amould therefore be typical in real-time applicas such as
games.

6.1.2Stimuli

In this experiment, we used the same psychophysietthod as in Experiment 1. Therefore, the experirireluded
eight staircases: 2 Staircase direction (ascendieggending) x 2 Throw (overarm, underarm) x 2 iptrease,
increase), with theMagnitude of modifications of the original motion speed \agy between 0% and 90%. The
virtual human character, the camera viewpoint, éRperimental apparatus and the other details ofattimations
were also the same as in Experiment 1.

Before starting the experiment, participants wéverginformation on how motion capture data is tedaand told
that some of the animations had been modified @ suway that the throwing motion of the virtuabchcter could
appear excessively slow or fast with respect tatanal throwing motion of a tennis ball. After eadhl, participants
were to indicate whether the presented animatiosinasural or modifiedby clicking the left or right button of the
mouse respectively. As in Experiment 1, participamere allowed to feel the weight of a real terr@ before and
during the experiment. For what concerns the difiee between the forced choice tasks we used ierExents 1
and 2 (i.e., correct/incorrect vs. natural/modifiede reasoned that the former is more appropvidten referred to a
specific relation between two variables, such &s dbnsistency between the preparatory and thestialtinotion,
whereas the latter is more appropriate when refdoéhe perceptual appearance of biological mosoh as in this
experiment.

Fifteen volunteers took part in this experiment-8\#, aged between 21 and 50). They were all nadvthe
purpose of the experiment, came from various edutatbackgrounds, and were compensated for timeé tith a
five-euro cash payment or book token. None of thewh participated in Experiment 1.



6.2 Results

As in Experiment 1, we fitted logistic psychometeciarves to the individual data of each participamt computed
individual acceptance thresholds and JNDs. Theagest results across participants for each expetaheandition
are shown in Figure 2 (red bars) and reported ibleT2. We also performed the same statistical aealyas in
Experiment 1, and Table 3 summarizes the mairstitaily significant results.

We found a main effect of Throw and an interacteffect between Throw and Sign, which showed that
participants are more sensitive to decreases ingheed of the underarm throw than to the other exmatal
manipulations The same analysis was performed on JNDs and wedfmmo main or interaction effects,
demonstrating again that the response strategy aeasistent over the four experimental conditions i
Experiment 1, these findings suggest that obsengamssitivity to speed modifications depends on $pecific
features (i.e., overarm vs. underarm) of the adtieing performed.

In order to compare the results from Experimemindl 2 (Ballistic MotionEditing vs. Full Throw Editing), we
performed a three-way mixed-effect ANOVA on indivad estimated acceptance thresholds with withirjesi®
factors Sign and Throw, and between participartofeExperimental Group. We used Newman-Keuls postiests
to further explore interaction effects, and TableuBnmarizes the main significant results. The caiapa between
blue and red bars in Figure 2 reveals the simyldr@tween the results of Experiments 1 and 2. Asatimg distance
is a monotonically increasing function of releastotity, the same magnitude of manipulation produttee same
modification of the throwing distance in the twgpeximents. The goal of this statistical comparisoto determine
which of the two editing operations is the mostahle for modifying the original release velocitytbe ball (and
thus its throwing distance) while preserving thecpptual plausibility of throwing animations. Theeuof the same
psychophysical method (i.e., randomly interleaveédircases) justifies the statistical comparisonimdividual
acceptance thresholds.

We found no main or interaction effects of varialilgperimental Group, which means thabdifying the
preparatory motion of the virtual thrower by thensa percentage as the release velocity of the badisdnot
significantly increase the magnitude at which micdtfons are tolerated, with respect to modifyingyothe release
velocity Recall instead that in our previous study [Vicavat al. 2012] we found higher tolerance to madifions
when both the preparatory motion and the releakxity of the ball were manipulated, compared teewlonly the
former was manipulated. This shift in the resultsyrpartially be due to the diminished sensitivaydistortions in the
Ballistic Motion Editing experiment, which resultécm modifying only the magnitude of release vépcather
than both magnitude and angle of release (seedB€est?). Moreover, a possible explanation for tinglarity in the
results of the Ballistic Motion and the Full Thrdgditing experiments is that, in the latter, thengei perceptual
plausibility resulting from the elimination of tireismatch between preparatory and ballistic motias wompensated
for by the loss in perceptual plausibility resudtiftom the manipulation of the biological throwingption. However,
a deeper explanatory hypothesis will be discusse&kction 9.2.

We also found a main effect of Throw and Sign, &l as a Sign x Throw interaction, similar to th@eady
discussed above and in Section 5.2. The same @algs performed on JNDs and showed a main effe€himow,
meaning that, on average, participants’ distinctietweercorrectandincorrectanimations is sharper for underarm
than for overarm throws. However, the analysis sfbwo main or interaction effects of variable Expental
Group, meaning that the response strategy wasstensbver the two experimental groups.

As editing the full throw does not significantly fmove the plausibility of edited animations, whitéroducing a
more complex correction, editing the ballistic mationly is therefore more advisable. The only ekoepseems to
be when decreasing the speed of the overarm tHoowyhich full throw editing seems to be more effee than the
ballistic motion editing, albeit not to a statistily significant extent (mean acceptance threshetpsal to -25.8% and
-35.6% respectively).

7. EXPERIMENT 3: ANGLE OF RELEASE EDITING

Ballistic Motion Editing and Full Throw Editing hayproven to be quite ineffective for producing gialy shortened
throwing animations, especially for underarm throlmsorder to test the possibility of further dexsing the original
throwing distance while preserving the perceptlaligibility of the animation, we explore maniputeis of the angle
of release of the ball while leaving the magnitudethe release velocity and the preparatory motiachanged
(Figure 3). Experiment 3 complements Experimeraslin the former we modify the angle of releasthefball while
leaving the magnitude of release velocity unchangdetreas in the latter we did the opposite. Tisalte show that
increasing the angle of release is effective foréasing the plausibility of shortened underarmling animations.



Fig. 3. Examples of angle of release manipulatfonsverarm (left) and underarm (right) throws. Mel: original captured trajectory.
Blue: 25° decrease of the angle of release. Rédn2&ease of the angle of release.

7.1 Methods and Stimuli

7.1.1Angle modifications

In this experiment, we leave the preparatory motibthe virtual character unchanged, and manipuatg the angle

of release of the throw. Such manipulations requicelifications of both the horizontal and verticaimponents of
the release velocity. In order to keep the absoklase velocityjv]| unchanged, we consider the following equation:

vl =V (i +v3) ©)

wherev;,, andy, are the horizontal and vertical components ofrthease velocity respectively. When changing the
release angle by degrees, the modified release velocitigsandv’, are computed using the following equation:

v\ _ (cos(a) —sin(a)) (v, 4

(w,,) - (sin(a) cos(a) )(u,, > )
The modified parabolic trajectory of the ball i®threcomputed according to Equation 1 using theifieddrelease
velocities. The captured overarm and underarm thraoged in our experiments are characterized bynagie aof
release relative to the ground of 31.5° and 5le$pectively, thereby producing the yellow parabolajectories
depicted in Figure 3. Decreasing the angle of slggoduces shallower trajectories, whereas inogdse angle of
release produces higher and shorter (bell-shap@ctories (see Figure 3 and the supplementaryovidiedetailed
examples). Importantly, angular decreases and aseszcan both produce large decreases in the aritirowing
distance, whereas only a few angle modifications paduce small increases in the throwing distattee:longest
distances are obtained by an increase of 5° ddinlgée of release for the overarm throw (distanceeiased by 0.9%)
and a decrease of 9.5° for the underarm throwa(ulist increased by 4.7%).

7.1.2Stimuli

In this experiment we used the same psychophysietthod as in Experiment 1. Therefore, the experiroensisted
of eight staircases: 2 Staircase direction (asogndiescending) x 2 Throw (overarm, underarm) %ga $decrease,
increase). Based on a pilot study, #egle modifications varied between 0° and 60° with resge the angle of
release of the corresponding captured throw. Thalihuman character, the camera viewpoint, thEeemental
apparatus and the other details of the animatiare &lso the same as in Experiment 1.

Before starting the experiment, participants wéverginformation on how motion capture data is tedaand told
that some of the animations had been modifiedhab ih some of the animations the trajectory of bla# could
appear implausible, i.e., too high or too shalloithwespect to preparatory motion After each tyrticipants were
to indicate whether the trajectory of the ball wasrect or incorrect with respect to the preparatory motion by
clicking the left or right button of the mouse resfively. To facilitate the task, participants wergain allowed to
feel the weight of a real tennis ball before andrduthe experiment, as before.

Fifteen volunteers took part in this experiment-8\#, aged between 19 and 31). They were all naivéhée
purpose of the experiment, came from various ethutatbackgrounds, and were compensated for timee with a
five-euro cash payment or book token. None of thewhparticipated in Experiments 1 or 2.



7.2 Results

As in Experiment 1, we fitted logistic psychometeciarves to the individual data of each participamt computed
individual acceptance thresholds and JNDs. Figurghdws the mean acceptance thresholds and JNDasgacr
participants) for each experimental condition. Wefgrmed the same statistical analyses as in Exeati 1, and
Table 3 summarizes the main statistically signifta@sults.

We found no significant main effect, but signifitanteraction effects between Throw and Sign, whiaticates
that participants are most sensitive to decreases inatiigle of release for the overarm throw, but mests#ive to
increases in the angle of release for the underttirow. A possible explanation of this result will be ypised in
Section 9.2. The same analysis was performed ors Jid showed a main effect of variable Sign, megttiat, on
average, participants’ distinction betweesrrect and incorrect animations is sharper for increases in the anfjle o
release than for decreases. However, the most tengaesult of this experiment is the increaseghisolute value, of
the largest accepted reduction in the throwingadist for the underarm throw. Indeed, a 23.3° irs@éa the angle
of release (acceptance threshold) results in a%4&IBcrease in the original throwing distance, whgligher in
absolute value than the 24% distance decrease wel fin Experiment 1 (see Section 5.2). In ordetetst for
statistical differences, we first transformed indixal acceptance thresholds from Experiments 1 Zridto the
corresponding modified distances. Then, we perfdrimelependent-samplietests on the modified distances by
comparing decreases in the release velocity ofbtie (Experiment 1) with decreases or increasessirangle of
release (Experiment 3). The results of thiestsconfirmed that increases in the angle of releasehf® underarm
throw do produce statistically shorter throws foe 60% acceptance threshalggF4.131, p<0.000%, but they also
showed that decreasing the release velocity ofbtleis more efficient than decreasing its anglerelease for
shortening the overarm throwy,§=-2.716, p<0.09.

Therefore, these findings suggest tinateasing the angle of release is more efficiarthe case of shortening the
underarm throwbut modifying the angle of release does not pravefficient as decreasing the magnitude of the
release velocity for the overarm throw. Also, thiethod does not help to increase the throwing miigtaf either
overarm or underarm throws, as mentioned previoimsi$ection 7.1.1. Importantly, modifications oktlangle of
release can be used not only for shortening unaletiarows, but also for obtaining shallower or higkigell-shape)
parabolic trajectories for both kinds of throwsg($lee supplementary video for detailed examples).
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Fig. 4. Mean acceptance thresholds (left) and rdaahNoticeable Differences (right) for the AngfeRelease Editing Experiment (vertical bars
depict standard errors).

8. EXPERIMENT 4: MECHANICAL DEVICE

Experiments 1 and 2 showed that observers’ seitgitiv distortions depends on the interaction bemvthe type of
throw and the sign of speed modification, with ipants being highly sensitive to speed decreas#®e underarm
throw. In order to explore if such sensitivity igesific to human motion, we now consider observeessitivity to
modifications of the release velocity of the baliem the preparatory motion involves a mechaniceiceenstead of
a human character. The participants are presentdd avtennis ball descending along a virtual woodamp
(preparatory motion) at the end of which it is esled in free fall (ballistic motion). As in Expeemt 1, we modify
the release velocity of the ball, while leavingatsgle of release and the preparatory motion urggdhnThe purpose
of this experiment is similar to that of Reitsmaadt [2008], who found that observers are more iieasto
manipulations of physical parameters in biologisallistic motion (a jumping virtual human charagtdran in the
case of simple mechanical ballistic motion (a belkéased from a cannon or from a ramp). Our fosimivever more
on the sensitivity to mismatches between preparaad ballistic motions rather than on the baltistiotion itself.
The results reveal a different pattern of sensititd speed modifications with respect to the hurttemow, with



participants being more sensitive to speed inceetis to speed decreases. However, the averagjeofesensitivity
to modifications was not significantly differenttvirespect to the human thrower.

8.1 Methods and Stimuli

8.1.1 Ramps design

In this experiment, participants are presented @ithnnis ball descending along a virtual woodemprgpreparatory
motion). At the end of the ramp, the ball is theleased in free fall (ballistic motion) with a veity matching one of
those from the previous experiments. From seveoabiple throwing mechanical devices (e.g., canmatapult,

crossbow), we chose a ramp because it allows tkereér to perceive much of the preparatory motiororder to

compare the results of this experiment with thos&xperiment 1, the ball is released with physipatameters
(position, velocity and angle) matching those & throwing animations in Experiment 1. We thereforeated two
ramp models to match the overarm and underarm thafviExperiment 1 (see Table 1 and Figure 1). Rersiake of
simplicity, the two ramp conditions will be callederarm and underarm respectively, analogous tedhesponding
human throws. Parameters for the design of the saamg presented in Figure 5. The starting posifaine ball and
its descending motion are computed from the physicaulation of a free-fall of the ball on the sacé of the ramp
under the effect of gravity (no friction) to matttie velocity at the time of release. As in Expeming, the ballistic
motion was modified by manipulating the origindegse velocity of the ball, while the preparatomgtion remained
unchanged. Both the horizontal and the vertical poments of the original release velocity were miedifby the

same percentage, thus leaving the angle of releagd®ganged. The modified parabolic trajectory of phgjectile was
then recomputed according to Equation 1 using tbdifired release velocities.

Fig. 5. Parameters for designing the virtual rarips:andd2 were the same for all the ramps, whilewas computed to ensure that a ball starting
at the top of ramp and falling on its surface urtereffect of gravity (no friction) would be regzal with a velocity0 (angle of release).

8.1.2Methods and Participants
We used the same psychophysical method as in Empetil. Therefore, the experiment consisted ofteitgtircases:
2 Staircase direction (ascending, descending) ar@gRthrow (overarm, underarm) x 2 Sign (decreaseease). The
Magnitudeof modifications of the original motion speed earibetween 0% and 90%. The camera viewpoint, the
experimental apparatus and the other details odutireations were also the same as in Experiment 1.

Before starting the experiment, the participantseweld that they would be presented with animatisimulating
a tennis ball descending along a wooden ramp, laatdin some of the animations the velocity of tiadl bfter the
release could appear excessively slow or fast daggrthe velocity of the descent. After each trigdrticipants
indicated whether the trajectory of the ball veasrect or incorrect with respect to the descent by clicking the left o
right button of the mouse respectively. To facitéhe task, participants were again allowed td thee weight of a
real tennis ball before and during the experimastyefore.

Fifteen volunteers took part in this experiment-@#, aged between 20 and 30). They were all naivéhé
purpose of the experiment, came from various ethutatbackgrounds, and were compensated for timee with a
five-euro cash payment or book token. None of thewh participated in the previous experiments.

8.2 Results

As in Experiment 1, we fitted logistic psychometeciarves to the individual data of each participamt computed
individual acceptance thresholds and JNDs. Theagest results across participants for each expetaheandition
are shown in Figure 2 (yellow bars) and reportedable 2 To evaluate how speed modification andvthtype



influence the acceptance threshold, we performédoaway Repeated Measures ANOVA on individual eated
acceptance thresholds with within subjects fact@r8ign x 2 Throw. We used Newman-Keuls post-hatstéo
further explore interaction effects. Table 3 sumnmeathe main statistically significant results.

We found a main effect of Sign and an interactifieot between Throw and Sign, which showed ffeaticipants
are significantly more sensitive to increases ia thlease velocity of the ball than to decreasspgeially for the
underarm throw The same analysis was performed on JNDs and showenain or interaction effects, showing that
the response strategy was consistent over thesfqerimental conditions.

The results suggest that observers are relativalgrant to decreases in the release velocity of bk,
independently of the kind of throw (acceptance shadds equal to -34.7% and -38.8% for overarm amderarm
throws respectively). Tolerance for increases igegaly lower (acceptance threshold for the uncderdarow equal to
24.8%), and particularly low for the underarm thr(is.2%). Again, our findings show that observeensitivity to
speed modifications depends on the specific featioeerarm vs. underarm) of the physical eventdpnesented.

In order to compare the results of human and mechlathrows, we performed a three-way mixed-effect
ANOVA on individual estimated acceptance thresholdth within-subjects factors Sign and Throw, aretvieen
participants factor Experimental Group. We used Mew-Keuls post-hoc tests to further explore intiwaceffects,
and Table 3 summarizes the main significant reslte comparison between blue and yellow bars gurei 2
reveals the difference between the results of Exprts 1 and 4.

We found no main effect of variable Experimentalo@ which means that, when averaged across all
experimental conditiongarticipants’ sensitivity to mismatches betweerppratory and ballistic motions does not
depend on the “biological” or “mechanical” naturefdhe thrower This result is somewhat at odds with Reitsma et
al. [2008], who found that observers’ sensitivibyerrors in ballistic motion is greater for biologi ballistic motion
than for simple physical ballistic motion. We refee reader to Section 9.3 for a more detailedudision of this
discrepancy.

We also found a main effect of Throw, as well aSign x Experimental Group interaction and a thestefr
interaction, where post-hoc analysis showed plaaticipants are more sensitive to decreases tlandreases in the
release velocity of biological throws, whereas tpmposite occurs in mechanical throws, especialtyuiederarm
throws In other words, the pattern of sensitivity to mé&ches in mechanical throws is the opposite of tha
characterizing biological throws (see Figure 2). tAs finding is particularly interesting, we refdre reader to
Section 9.3 for a complete discussion. The saméysisavas performed on JNDs and showed a main tefiec
Throw, meaning that, on average, participants’imition betweercorrect andincorrect animations is sharper for
underarm than for overarm throws. However, the yamalshowed no main or interaction effect of vdegab
Experimental Group, meaning that the responseeglyatas consistent over the two experimental groups

9. DISCUSSION AND CONCLUSION

Our study can provide useful guidelines for devetsmf games and VR applications by specifyingshoés for the
perceptual plausibility of throwing animations. Tiesults of Experiment 1 show that modifying thiease velocity
of the ball while leaving the preparatory motionchanged can be used to achieve big increases ithitbeing
distance (e.g., a 108% increase in the throwingadée for the underarm throw was considered toopeect 50% of
the time). However, the throwing distance of undarghrows can be shortened only by a small amo2dtf) using
this simple kind of editing operation. As shown tine comparison between Experiments 1 and 2, modjfifne
preparatory motion with DTW in addition to modifgnthe release velocity of the ball does not improle
perceptual plausibility of such animations. Thauhssof Experiment 3 show instead that is posdiblfirther shorten
the throwing distance of underarm throws (-48.5%)rzreasing the angle of release of the ball, evRéeping the
magnitude of release velocity and the preparatoogion unchanged. The results of Experiment 4 alsavige
guidelines for modifications of throwing animatiowgh a mechanical device, and suggest that indase observers
are more tolerant to speed decreases than to spaedses. In addition to these useful guidelimedévelopers of
games and VR applications, our study also provége®ral interesting insights for researchers inaliperception of
biological motion, which we will discuss in the lfmlving sessions.

9.1 Kinematic cues and response accuracy

In Experiment 1, we found that observers are nadftitolerant to increases in the release velagitthe ball, which
lengthen the original throwing distance by a lagyaount. One may therefore infer that observers dcawlt

accurately predict the throwing distance of lighjezts from captured biological motion. In contrdgtineson and
Frykholm [1983] and Munzert et al. [2010] found ttledbservers can accurately predict the throwingadise when
presented with point-light characters throwing wms2.5kg and 600g projectiles. As shown by Munetsl. [2010],

observers can predict throwing distances by relyingkinematic cues of the preparatory motion of tiwewer,



which in fact are good predictors of this variablbese cues depend on the mass of the projeciille,tle overall

motion of the thrower’s arm being a good predictbthe throwing distance in the case of a 600ggutilp [Munzert
et al. 2010]. However, in the case of a tennisWwalljhing approximately 60g, the fine motions af thrower’s wrist
and fingers may also be important cues for thisaée, because they significantly contribute to tdwverall force
exerted by the thrower on the projectile, whicimds the case with relatively heavy projectiles.sTimplies that the
kinematic cues provided by the thrower's arm ass iaformative when the projectile is as light aermnis ball, and
that the kinematic cues provided by the throweriistvand fingers might be more relevant when pitaticthe

throwing distance.

Munzert et al. [2010] showed that when informatkieematic cues are clearly visible, as is the caite the
overall motion of the thrower’'s arm, observers’dictions of the throwing distance are fairly acdaraHowever,
when the kinematic cues are more difficult to peteeas it is for the fine motions of the throwewsist and fingers,
it seems reasonable to expect less accurate judgmedeed, despite the realism of the virtual horolaaracter and
the favourable camera viewpoint in Experiment Dié 1), the fine motions of the thrower’s wristidingers were
barely perceivable in our stimuli. This lack of peptual information may explain why the judgmerftparticipants
in our study are less accurate compared with tfmsed in previous studies. This seems to be theepo pay when
building large-scale virtual scenarios involvindl4oody virtual human characters, thereby unavoliglatecreasing
the visibility of anatomical details. On the posdtiside, this loss of perceptual information allcavémators to use
motion editing operations without altering the r&al of full-body throwing animations.

9.2 Perceiving virtual throwing animations: perceglt processes or heuristic strategies?

According to Proffitt and Gilden [1989], when peegre required to judge the realism of complex dhinaevents,
they tend to rely on heuristic strategies rathemtlon pure perceptual judgments. Heuristics aresaons or
unconscious simplified strategies which allow peod respond while saving perceptual and/or cognitesources.
Heuristic strategies may be used when stimulusrmmétion is poor or ambiguous, and usually leadets laccurate
responses compared to pure perceptual judgmentsngtance, the lack of important kinematic cueghsas the
motion of the thrower’s wrist and fingers, mightveded the participants in our experiments to lihe& judgments
on memory of similar throwing actions they perfodre the past (a heuristic strategy) rather thapune perceptual
information.

According to Runeson and Frykholm [1983], when obses are required to predict the throwing distaota
relatively heavy unseen projectile thrown by a pdight character, they rely on the kinematic cpesvided by the
preparatory motion of the character in order to enakcurate predictions. In this case, observess arl pure
perceptual information rather than on heuristiategies. However, our study differs from Runesod Brykholm
[1983] and Munzert et al. [2010] because of theafselight projectile which, as discussed in Sat®.1, implies the
loss of prominent kinematic cues. Because of thk ¢d important perceptual information, the papanits of the first
three experiments in our study (those involvingréual human character) might have relied on héigrigtrategies,
such as referring to their past experience witlowlmg actions, rather than (or in addition to) puyrerceptual
processes.

Support for this hypothesis comes from the compartsetween the results of Experiments 1 and 2ath ef the
four experimental conditions (2 Throw x 2 Sign)e thcceptance thresholds were very similar acrosstwio
experiments, i.e., the threshold seemed to be érdgnt of the kind of motion editing operation ved (ballistic
motion only vs. full throw). This result is quitmexpected, as we asked participants two differeiestions, i.e.,
evaluating the correctness of the trajectory oflibl with respect to the preparatory motion in &fment 1, and
evaluating the naturalness of the animation in Erpent 2. It is possible that participants relied pure perceptual
information in both experiments, and that theirssvity to these two distinct editing operationaswthe same in the
four experimental conditions by mere coincidencewkver, a more plausible hypothesis is that theylube same
heuristic strategy (partially overlooking the sffietty of the tasks) in both cases.

Our hypothesis is that in Experiment 1 participajtdgments were not based only on the perceiveshratch
between preparatory and ballistic motion, just msEkperiment 2 they were not based only on the gdexd
naturalness of the throwing motion of the virtullaacter. Instead, in both experiments participgntigments
might have been prominently influenced by the thingndistance. Thus, participants respondedect or natural
when the ball fell within a certain range of throgidistances, anishcorrect or modifiedwhen it fell outside this
range. In Experiments 1 and 2, throwing distanaensonotonically increasing function of releaseoeiy; hence the
same magnitude of manipulation produced the sandificetion of the throwing distance in the two expeents.
The use of the same heuristic strategy which raiedhrowing distance can thus explain the sintifdoetween the
acceptance thresholds.



If this hypothesis is correct, then the results Eofperiments 1 and 2 suggest that each kind of thiow
characterized by a specific range of acceptablewtimg distances: for instance, the range of actéptdrowing
distances for the underarm throw used in our erpamts is between -24% and +108% of the originabwimg
distance. As shown by the results of Experimersh®ster throwing distances for underarm throwsaaeepted with
larger angles of release. The latter result sugdhst heuristic strategies do also take into aactie angle of release:
for each combination of kind of throw and magnitwdeelease velocity, there is a specific rangactfeptable angles
of release, which may explain the results of Experit 3.

Heuristic strategies are likely to depend on pgrdicts’ past experience with throwing actions. Télatively low
tolerance for short throwing distances in underéimows with a 51.1° angle of release (captured tarde throw)
might depend on the difficulty that participantsynteave experienced when they tried to throw a tball in this
way. Short throws can be better carried out witeravm motions, or with underarm motions with largaegles of
release. Our hypothesis is somewhat similar toghaptosed by Knoblich and Flach [2001] and Munggsl. [2010],
who stated that visual perception of throwing awiadepends on internal motor representations o$ange actions,
which are built from past motor experience.

9.3 Biological and mechanical throws

Heuristic strategies that are valid for human thgamight not extend to mechanical throws. Indeecewine virtual
human character is replaced by a virtual ramp (Ewxpent 4) the participants are more sensitive ®espincreases
than to speed decreases, the opposite of what wedfavith the human character. Conversely, the tesof
Experiment 4 are in reasonable agreement with thegerted by Reitsma et al. [2008], who investidawsual
perception of distortions in ballistic motion. Thégund greater tolerance for additional deceleratiban for
additional acceleration, and greater tolerancenforeases in the coefficient of gravity than focidases, which may
suggest the existence of a gravity overestimatias.tNote that in ballistic motion, only the vediccomponent of
velocity is affected by the coefficient of gravitigquation 1). In our study, the vertical componehvelocity was
greater for underarm than for overarm throws (TaBldf the hypothesis of a gravity overestimathmas is correct,
then participants’ greater tolerance for speedadsg@s over speed increases should be enhancederaun throws,
which is exactly what we found in Experiment 4 (g 2 and Table 3). However, the gravity overediimnabias
seems to be valid only for mechanical throws; indiee human throws we found the opposite patterrestlts. This
might simply indicate that the heuristic stratedmshuman throws are so pervasive that they owela the gravity
overestimation bias.

An important outcome of the comparison between Erpmts 1 and 4 is the similarity, in absolute ealu
between participants’ sensitivity to speed manipaites for human and mechanical throws. This reisutomewhat
unexpected in light of the results reported by &eé et al. [2008], who showed that observers ame mensitive to
manipulations of the coefficient of gravity wherepented with human ballistic motion than when prisk with
simple physical ballistic motion. They interpretbése results as suggesting that people have geqterience with
human motion than with simple physical motion, dhat biological motion provides more perceptuabiniation
than simple physical motion. These are both plaasigpotheses, but our results also suggest thanvihe stimulus
information regarding biological motion lacks, aswas the case for wrist and fingers in our humharow
experiments, observers’ average sensitivity to jghygistortions may be the same in human and sinpplysical
motions.

9.4 Future work

In our experiments, all the captured biologicalngations were characterized by a throwing distaricema To test
the effect of manipulations on a wider range obting distances would have required an impractdallge number
of stimuli. For the same reason, we tested onlywemost common throwing motions (overarm and wae) from

the vast set of possible throwing actions. The camrwpoint was fixed, and set to maximize theiglsnformation

available to the participants; tolerance to modifimimations might be larger with other arbitraaynera viewpoints.
The mass of the ball was always the same, andosgtaikimize the generalizability of the results tosnVR

applications. However, in light of the strong irdhce that this variable exerts on the preparatatyam, our results
are probably specific to throwing animations invotylight projectiles.

While the above mentioned choices were well-jutififor a first-stage experiment, future researchthan
perception of throwing animations will involve ader range of throwing distances and actions, willlgate the
effect of the camera viewpoint on the perceptioplofsical distortions, and will evaluate the effetthe mass of the
projectile on acceptance thresholds.
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Table 3. Main significant results of the preserggderiments. The full statistical analysis is aalalé in supplementary materials.

Experiment 1: Ballistic Motion Editing

Effect F-Test Post-hoc

Throw Ri1, 14=7.4314, p<0.05 Greater sensitivity to modificatiom the underarm throw
ATs Sign F1,14=41.834, p<0.00001 Greater sensitivity to decretiss to increases

Throw x Sign  k,1475.4720, p<0.05 Greater sensitivity to decreasas th increases especially for

Experiment 2: Full Throw Editing

the underarm throw

Effect F-Test Post-hoc
Throw F1,14=5.1102, p<0.0 Greatelsensitivity to modifications | the underarm thro
ATs | Throw x Sign  k, 14712.593, p<0.005 Greater sensitivity to decreaséisd underarm throw than in

Experiment 3: Angle of Release Editing

the other experimental conditions

Effect F-Test Post-hoc
ATs Throw x Sign Ik, 14752.333, p0 Greater sensitivity to angular decreases in tleeasm throw,
but to increases in the underarm throw
JNDs | Sign k1, 1475.6450, p<0.05 Sharper distinction betweerrectandincorrectanimations

Experiment 4: Mechanical Device

for angular increases than for angular decreases

Effect F-Test Post-hoc
Sign F1,14=6.6838, p<0.05 Greater sensitivity to increasas tio decreases
ATs | Throw x Sign I 1476.2372, p<0.05 Greater sensitivity to increasaes tio decreases especially for

the underarm throw

Experiment 1 vs. Experiment 2 (Between-subjectsfactor Experimental Group)

Effect F-Test Post-hoc
Throw R, 28=12.268, p<0.005 Greater sensitivity to modificaion underarm throws overall
Sign F1.26=26.010, p<0.000C Greater sensitivity to decreases than to increasesl
ATs | Throw x Sign kR, 25717.203, p<0.0005 Greater sensitivity to decretis@s to increases overall,
especially for underarm throws
No main effect or interaction effect of variablegExmental Group
INDs Throw Ra,2876.4311, p<0.05 Sharper distinction betweerrectandincorrectanimations

in underarm throws overall.

Experiment 1 vs. Experiment 4 (Between-subj ects factor Experimental Group)

Effect F-Test Post-hoc
Throw R1.26=9.7805, p<0.005 Greater sensitivity to modification underarm throws overall
Sign x E.G. k., 25732.390, p0 Greater sensitivity to increases than to decestse
ATs mechanical throws, the opposite for human throws
TxSxEG. R, 25711.689, p<0.005 Difference between human and nméchlghrows more
prominent in underarm throws
INDs Throw R, 2875.8367, p<0.05 Sharper distinction betweerrectandincorrectanimations

in underarm throws overall.



