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Abstract

The human visual system does not treat all pargmadfnage equally: the central segments of anénaag processed with a
higher resolution than the segments that fall eisual periphery. These different representatibmnot usually disrupt
our perception of seamless visual space. Howevaramatic temporal/spatial distortion is perceikgabservers of the
dynamic visual illusion presented in this papehe Tllusion accentuates differences between perblad central visual
processing by juxtaposing global motion informat{aerdescending disk) and local motion informatian ipternal spin).
The temporal/spatial distortion arises when an sleseshifts the image of the descending disk froreél to peripheral
vision (or vice versa). We argue that the peratiistortion may influence real-world visual obsgions, and we present

an analysis of the perception of certain pitchehnsport of baseball (the curveball and risirggifall).
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The process of visual perception begins when agénadi the external world forms on the retina inltlaek of the eye
(Wandell, 1996). The human visual system doedrrat all parts of the image equally; rather, gpiportionate amount of
neural processes are dedicated to the central égeds of the image. At the level of retina, thetal region (the fovea)
has a higher density of photoreceptors and gangktla than does the periphery, and (unlike othemmalian foveae)
appears disproportionately populated by midgehattjanglion cells (Masland, 2001) that have aattaristic morphology
unlike other regions of the retina (see Martin &i@ert, 2003). The central overrepresentation coetpt the visual
periphery can also be found in the lateral genteutaicleus (LGN) (Azzopardi & Cowey, 1996) and tceamn greater
extent in the primary visual cortex (Azzopardi & Gaw 1993, Tootel et al, 1982, 1988). The anatohpicgections from
the primary visual cortex to other cortical aredfeddramatically depending on whether those pridgas originated in the
central or peripheral regions of the cortex (Markbwal, 2008); projections from non-visual extriasé cortical areas to V1
seem to target the peripheral visual cortex butimettentral visual cortex (Falchier, Clavagnier,dda&; & Kennedy, 2002).

Given the anatomical and physiological differenigsesveen the central and peripheral visual systéstsuld not
be surprising that the central portions of the @ismage are seen at a higher resolution thanggments that fall in the
visual periphery (see, for instance, Wassle, GtiiRgthrenbeck & Boycott, 1989; Azzopardi & Cowey, 829What is
surprising, though, is that the distortions prodliog the processing variation between central amigbperal vision often go
unnoticed: our perceptual world appears as a sssmisual space composed from different viewbehigh-resolution
portions of the image (for instance, when we lobl Erge object, we don't perceive the objectlasyat the edges)
(Hochberg, 1982; rpt. 2007). Here we examine wlagipens to our perception of a seamless visuaésphen the central
and peripheral visual systems produce fundamerdéfgrent interpretations of the stimulus arraye ask whether our
perceptual system will be able to integrate thelmiimg responses, or whether the conflicting i@sges will lead to noticed
distortions in spatial position and motion direntioThese questions seem even more pertinent fioldprecent research that
has demonstrated that the peripheral visual systerot simply a scaled version of the central Visyatem, but also seems
to lack the central visual system’s ability to orate features (Levi 2008; Pelli & Tillman, 2008).

To investigate these issues, we developed intgeactimputer displays that accentuate the differebetween
central and peripheral perception (see Knight &d#ioa2008; Shapiro, Lu, Knight, & Ellis, 2009)n this paper, we
examine the curveball illusion (Figure 1), whicltgposes two orthogonal motion signals: a globation signal (i.e., the
direction the disk travels across the computeresgreand a local motion signal (i.e., the intes@hning of that disk). In
the curveball illusion, a disk descends vertic&iym the top center of the screen to the bottontezewhile motion inside
the disk is from right to left (click on bottom tefrrow in Figure 1 to start demonstration). Ifabserver tracks the disk
foveally, the disk appears to descend verticalbyyéver, if an observer fixates on the right parthef screen so that the disk
falls in the far visual periphery, the disk appeardrift to the left at an oblique angle (the m@ion of an oblique right
shift can be created by left-to-right internal moii. The effect can be made more dramatic if theeover shifts his/her

gaze in the middle of the disk’s descent, so tmaibject moves from the periphery to the foveavige versa). The gaze
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shift creates a perceptual “jump”: the directidrihee disk snaps from an oblique descent to acadrtiescent (periphery to
fovea) or from a vertical descent to an obliquecdas (fovea to periphery).

The effect is display with previous work that shdivat an object’s perceived position can be altereen the
angle of the object’s internal motion differs frane angle of the object’s global motion (Bresslen&itney, 2006; De
Valois & De Valois, 1991, Zhang, De Valois & De &, 1991, Cormack, Blake, & Hiris, 1992). Our vwensof the effect
builds on the “infinite regress illusion” by TsedaHsieh (2006), which shows that the perceptuglladiement can be
particularly dramatic when the global motion istieal while the internal grating moves horizontali@ur study adds to the
motion literature and to the understanding of fbweeal peripheral differences by drawing attentimthie perceptual effect
generated by the transition from central to penigheésion (or vice versa) and to the effect’s aggtion to a specific (but
not unique) real-world situation. While others halso noted the fundamental difference betweempngations of foveal
and peripheral visual data in relation to eye mosets (Festinger, Sedgwick, & Holtzman, 1976; Ta&aufman,

1977), we believe that our report is the firstadl attention to the discrete shift in perceiverkdiion that occurs when an
observer shifts an image with global and local orthformation from the fovea to the peripheryyime versa; and the first

to call attention to the ramifications of this gassft.

To measure the effects of viewing the curvebalkithn in the periphery and the fovea, we develaptthnique
in which the disk falls at an oblique angle. Theserver views the disk in the fovea and at diffedagrees in the periphery
and reports when the disk appears to descend algyrticThe angle at which the disk appeared to eledwertically was
taken as the extent (or strength) of the illusitve show that the central visual system separhgsettwo motion signals,
whereas the peripheral visual system reports a ir@tibn of the signals. The result is a compelliligfortion in perceived
direction that is amplified when the observer shifte image from the central retina to the periphar vice versa.

Humans constantly shift objects from peripheraiorido central vision, and vice versa. We thereforopose that
the perceived discontinuity in our experimentalragles can be applied to real world situations. iRstance, in the game
of baseball, as a spinning ball travels from thehgr's mound to home plate, the image of theibdtiansferred from the
batter’s fovea to the batter’s periphery (and vieesa). Batters often report that a curveball ugaies a discrete change in
direction (the curveball’s “break”) even though pital measurements indicate that the curveballesugvadually; batters
also report that a fastball appears to rise whenattually falling (the “rising fastball”). \Werefore introduce a new
hypothesis that these perceptual puzzles are doaririo the differing capabilities of the centaald peripheral visual

systems.

M ethodsEthics Statement
The experiments were conducted at the Universiyafthern California (USC). The USC Institutional Rew®oard
approved the experimental protocol, and informeitkevr consent was obtained from the observers.
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Observers Two males and three females, 25 to 35 years gfwitfe normal or corrected-to-normal vision,

including the third author, served as observenéorined consent was obtained from all observers.

Stimuli  The stimulus (similar to Figure 1) was generateddobe Flash CS3 and projected on a screen witiewSonic
PJ 250 LCD projector. The background luminance wasdinf. At a viewing distance of 114 cm, the radiushef disk
was 3.5 degrees. In each trial, the disk droppe@.fbseconds with a speed of 12.5 degrees/se@bednasking grating
moved either from left to right (direction = 0 degj or from right to left (direction = 180 degreesith a velocity ranging
from 6.7 to 20 degs/s. The maximum velocity that ba achieved by our display is 20 deg/s. In compar at 1500 rpm,
the internal rotation of a baseball is about 35sledien the ball is 20 feet away from the batter.o aid judgment, a black
vertical line (1cm*35cm) was drawn directly beloeve the disk starts falling. Two black diamondtha side length of
4 cm were also provided as fixation targets, spacezontally 30 cm and 60 cm and vertically 30 (¢ralf the physical
path) away from where the disk starts drifting, e#héorresponds to a horizontal retinal eccentriofty5 and 30 degrees

respectively

Design & Procedure

We estimated the magnitude of the illusion as ation of peripheral eccentricity by measuring thgsgical angle of
descent that created the perception of verticalatds The interactive demonstration program (Fédurcontains a lever
that permits a replication of the procedure. Tkmeeimenter adjusted the physical angle of deseernt the observer
reported whether he/she perceived the disk tovéatically. For example, the experimenter adjuskedglobal motion
direction of the disk 20 degrees to the right & tibserver reported, “No. The disk is moving tol&ieabout 20 degrees.”
The amount of adjustment became smaller as thenayseported that he/she saw the disk fallingalas vertical. The
stimulus was on until the observer made a respamgesponse to which the experimenter changegtigsical direction of
the descending disk. The physical angle of deuiafiom the vertical at which the observer perceigesertical descent
was used to index the perceived illusion (in degyetn observer's response was measured twice. eThere twenty-four
different conditions: three eccentricities (0, 16l 80 degrees), two directions for the internatigga(0 and 180 degrees),
and four moving speeds (6.7, 10, 13.3 and 20 degjs/Bach condition was repeated four times. Olesempracticed 2 trials

for each condition before data collection.

Results The perceived motion direction of the spinning disk
depends critically on how far the disk is from eahtision (Figure 2). If the observer fixates & disk, the disk appears to
move down vertically with internal horizontal matio Linear regression analysis (&®.90) found that, for the average

observer, the perceived motion direction of thé disviates from vertical by about 0.41+0.04 (meath3s0.58+0.04,

0.63+0.02, and 0.66+0.83ccentricity (in degrees of visual angle) whendtsi’s internal motion is from right to left and

the velocity is 6.7, 10.0, 13.3 and 20.0 degs/sspectively (-0.41+0.04, -0.58+0.04, -0.63+0.0%] e0.66+0.03
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eccentricity when the disk’s internal motion isrfréeft to right). There is an almost significant Ismall dependence on the
moving velocity (F(3,9)=4.89, p=0.03). More ovdre thigher the moving speed, the bigger the deviatial thus the
stronger the illusion. For example, at an ecceiyraf 30 degrees, the disk appears to drop atde?fdee angle from
vertical when the velocity of internal motion is @8g/s. Moreover, if the observer shifts his/herega the middle of the
disk’s descent, so that the object moves from #réghpery to the fovea or from the fovea to the peery, a perceptual
“break” occurs: from periphery to fovea, the dssiaps from a descent at an oblique angle to ecaedéescent; from fovea
to periphery, the disk snaps from a vertical dest®a descent at an oblique angle.

Foveal vision seems capable of separately repiagesid reporting the two orthogonal motion sigrgaerated
by the disk; peripheral vision, however, cannotespnt the two motion signals separately. Rathsingle vector sum of
the two orthogonal motion signals is perceivedenigheral vision. Because the relative strengttheftwo motion signals
depends on eccentricity (Smith & Ledgeway, 1998p®on & Sperling, 1994), the perceived motion diiet of the ball
depends on eccentricity. Discrete changes in énegpved path of the ball arise when the imagéeftall moves from

central to foveal vision, or vice versa.

Motion Energy in the curveball illusion

According to many (but not all) contemporary thesron motion perception, the global and local nmosignals
in the curveball illusion are perceived by thetfiend second-order motion systems (Watanabe, I®&&nagh & Mather,
1989; Chubb & Sperling, 1989; Gorea, Papathomasp¥acs, 1993; Lu & Sperling, 1995, 2001; Wilsonrréea, & Yo,
1992). We can describe the motion energy used agat to these models by performing a three-dsiral Fourier
analysis (i.e., a Fourier analysis in X, y, t spadehe image cube, created by decomposing theano\Figure 1 into a

stack of still images (we extracted the still imag®m the movie with the aid of a Flash-Video cener, MacVide).

We can represent the motion of a spinning balltinree-dimensional space by projecting the imadee=@n the x-
t and y-t planes; these projections for the curliélhgsion are shown in figure 3, panels B and Co identify the second-
order motion energy, we calculated the Michelsantrest of each point in each movie frame, remoheddC component
in each frame by subtracting from the contrast iesagf each movie frame the mean x-y image of alhtiovie frames, and
then applied a full-wave rectification to all okthesulting images (Chubb & Sperling, 1988; Lu & i8pg, 1995). The

projections of the second-order motion in the rd §-t planes are shown in supplementary figugaBels D and E.

The three-dimensional Fourier power spectrum wasptded using Matlab 7.4 and then plotted on thf &ad
fy-ft planes. Graphical representation of thetfosder motion energy is shown in figure 3, parkelnd G, and of the
second-order motion energy, in panels H and I. Mb&on energy is represented as polar plots oFthaier power
summed over every 15 degrees in the fx-ft and fehes. Note that the different directions infivét and fy-ft planes

represent different speeds in the horizontal amticad directions. For any point in the fx-ft ahgdft planes, the larger the
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slope of the line connecting the point to the arjghe faster the motion. In both the fx-ft anedftfplanes, we define motion
energy in quadrant Ei , as the sum of Fourier power in that quadrantafrier space. The total motion energy, whose

sign determines the direction of motion, is defiasd

ME=(E + E)-(E, +E,) W

In the fx-ft plane, positive motion energy signfimotion from the left to the right; negative matienergy signifies motion
from the right to the left. In the fy-ft plane, gittve motion energy signifies motion from the togthe bottom; negative
motion energy signifies motion from the bottomhe top.

To take into account contrast-gain control in motystems (Lu & Sperling, 1996), a normalized measi

motion energy,

(E1+ Es)_(E2+ E4) ?
E

NME =

total

was computed and used to estimate the presentsenae of horizontal and vertical motion in a digpl E total js the
total Fourier energy in the four quadrants andhenaxes.

For the first-order Fourier analysis: nMEy=-0.441d nMEx= 0.031. The negative motion energy in the
horizontal direction signifies right-to-left motiaf the grating inside the disk. For the secorstomotion analysis:
nMEx=0.416 and nMEy=-0.168. The negative motioargw in the horizontal direction signifies righti&ft motion,
consistent with first-order analysis. So, bothfilst-order and second-order systems have sigmifimotion energy in the
right-to-left direction. The second-order systera hignificant motion energy in the top-to-bottorredtion as well.

If one accepts a first- and second-order motioparese to these stimuli, then the analysis indicaiestantial
first-order motion information in the horizontarection, and significant second-order motion enéngdyoth the horizontal
and vertical directions. A system that respond#s$t-order motion would therefore record the tzalspinning but not
falling, whereas as a system that responds to demater motion would primarily record the ball faj. The perceived
shift of the disk’s direction in the periphery thfare is consistent with the integration of motggnals in both the first- and

second-order motion systems.

Relevance to the perceived path of the curveball In the game of baseball, a person (referred s @Etcher) throws
a 2.9-inch-diameter ball in the direction of hontatg, which is 60.5 feet away from the center efpitcher's mound; the

opponent (referred to as the batter) stands neaelpbate and attempts to hit the ball with a stumdpden bat. The pitcher
makes the batter’s task difficult by throwing tredltat different velocities and with different spirOne well-known type of

pitch, the curveball, travels at about 75 mph aitt500 rpm spin. The curveball is a physically measle phenomenon:
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the imbalance of forces created by the ball's spimses the ball to deviate from a straight linetarfdllow a smooth
parabolic path. However, the curveball is als@a@ptual puzzle because batters often reporthbdtight of the ball
undergoes a dramatic and nearly discontinuousishifdsition as the ball nears home plate. The nvaktly
accepted theory on the perceived break of the batvadequately explains why a batter might swibgve or below the
ball but does not account for the phenomenologipakarance of a discontinuity in the curveballhparhis theory posits
that batters estimate the ball's speed and dimredtam the first 0.4 seconds of the pitch, and vebiall leads the batter to
overestimate the speed of the pitch (Bahill & Baldwif004). If the batter’s eyes are not fixatedtmntall for the 0.15
seconds prior to the projected time to contactpddewould take longer to reach the plate thanddter estimated and
would curve more than the batter estimated. Heeeoffer a theory that accounts for the perceptibdiscontinuity: the
curveball’'s break is a perceptual illusion causgdly) the inability of peripheral vision to mainaseparate representations
of different motion signals, and (2) gaze shiftsinigi the curveball’s flight. The discontinuitytiserefore a result of the
change in the neural response at the transitionatent when the image of the ball — or a portiothefimage — is

transferred from the fovea to the periphery (oewersa).

For the batter standing near home plate, thetbétle pitcher’'s hand has a visual angle of 0.2fekes; the ball,
when two feet away from home plate, has a visugleaof 6.89 degrees. Even if the batter couldtéxan the center of the
ball for the entirety of the ball's flight, the gimn of the ball's image that falls outside thedavincreases over the course of
the ball’s flight. Batters, however, do not keegitleyes fixated on the ball for the entirety sfflight. Babhill and Baldwin
(2004) propose two strategies for how batters tthelball. In theoptimal learning strategybatters follow “the first two-
thirds of [the ball's] trajectory with smooth puitaye movements, make a saccadic eye movementriedécted point of
bat-ball collision,continueto follow the ball with peripheral vision letting the ball catch up to the eye, and finally, at the
end of the ball's flight, resume smooth pursuitkiag with the images of the ball and bat on theef§ [emphasis added].

In theoptimal hitting strategybatters “track the ball with smooth pursuit eyeviements and fall behind in the last five
feet.” Both strategies are consistent with the vadepropose for gaze shift in the perceived brdakecurveball: the
image of the ball falls in the batter’s fovea dgrsome portions of the ball’s flight toward homatpl in the periphery
during other portions of the flight, and in the éavand periphery as the ball approaches home platerefore, the
difference between central and peripheral visidkeisto understanding the break of the curveb@lir experiment suggests
that the visual periphery’s representation of fiestd second-order motion signals is relativelyrsea@ompared to the fine
separations maintained in foveal vision. To demmasthow our laboratory experiment is relevanhmhireak of the

curveball in the field, we applied our experimemedults to the actual vertical trajectory of avelnall (Figure 4A), as

tabulated by Bahill and Baldwin (2004, table 10.Hirst, we fit a parabolall = aD’ + bD + ¢ (where D is the distance
between the ball and the batter), to the measuagettory of a curveball (Figure 4A). The paramgtgere estimated using
the “solver” function in Microsoft Excel; the valsiéor parameters were a= 0.002, b= 43.808, and®6¥6. The Rvalue of

the fitted function to the tabulated data equal®®.1 We interpolated values of D that create efuiatval spacing for the
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fitted equation (i.e., we found values of D suchttkD? + Ah® = Constant time). These values could be calalate
interactively with the equation: D =sqrt (time_interval/(1+&#(D,-b) ?). We computed the physical velocity of the

curveball at every moment of time (Figure 4B).

To compute the moment-by-moment perceived velafithe ball, we added a 0.66x eccentricity (degrees
deviation to the physical velocity (Figure 4C); ttadculation assumed that the batter’'s gaze sloiftse expected point of
bat/ball contact when the ball is 20 feet away filtome plate, and the batter at that moment sedsathwith a 10-degree
eccentricity, and the eccentricity linearly redute® degrees as the ball travels the final 20tfeébme plate (Bahill &
Baldwin, 2004). Lastly, we repeated the third stapeiccentricities 5, 15, and 20 degrees, and cadpbe perceived

moment-by-moment trajectory of the ball (Figure 3D)

The analysis indicates that if the batter shiftghigér gaze to fixate on the ball at any point @engérceived path
(i.e., if the batter resumes viewing the ball fdiygaa break of up to 1.25 ft will be perceivecefibnding on the initial
eccentricity and when eye shift occurs). A simédaalysis could be applied to the horizontal motbthe curveball or to

the perceived rise of a fastball.

Discussion The hypothesis presented here connects the break of
the curveball to a growing literature that demaatss dramatic differences between central and lpendp vision. A
longstanding question in vision science conceraseffects that anatomical and physiological diffees in the fovea and
periphery have on visual function. One promingmdthesis is that vision in the periphery is priityaa spatially,
temporally, and photometrically scaled versionisfon in the fovea. Such a view is supported hylifigs that grating
sensitivity and Vernier acuity measured in theeeiry match measurements in the fovea scaled agtarfthat accounts
for the differing distribution of ganglion cells €li, Klein, & Aitsebaomo, 1984; Rovamo et al., 198#owever, other
findings suggest that vision in the periphery carb®@fully explained by the scaling of foveal visiLevi, 2008; Pelli &
Tillman, 2008). Our results indicate that the pleeral visual system combines features that thedlovisual system can
process separately (Chung, Levi, & Legge, 2001; Udariharan, & Klein, 2002; Nandy & Tjan, 2007). Humans are
consistently bringing the information in the pegphto the fovea, and vice versa. We have showimntioéion shifts from
the fovea to the periphery are consistent with #ananodel in which the foveal visual system regmeeparately to first-
and second-order motion information, and the periahsystem combines first- and second-order matifammation.
Motion shifts could result from a capacity limitati for segregating features in the periphery (amadels that account for
visual crowding, Levi 2008; Pelli & Tillman, 2008} from different spatial and temporal weightinggist- and second-
order motion information as the stimulus moves afiam the fovea. There are, however, other motmaels that could
account for motion in these stimuli without recauts first- and second-order motion processes.irfiatance, the
multichannel gradient model (Johnston & Clifford 959 Johnston, McOwan, & Benton, 1999; Cropper & J@im<2001)

combines motion signals at different scales. likidy that such a model could be adjusted to antdor a shift in direction
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from fovea to the periphery; however, we note tiically blurring the stimulus does not createanthtic change in the
perceived direction of the ball. Therefore, it Wbseem that a gradient model would have to inchdf#itional parameters

to account for the combination of motion signaltater stages of processing.

Lastly, we propose that this discrete shift ingeéred direction is directly germane to the perediflight of
spinning balls. In the game of baseball, if adratbuld track a curveball’s entire flight, a gqmattion of the ball would be
in his/her peripheral vision when the ball appraschome plate. Since batters cannot maintain feyeatracking, the shift
from central to peripheral vision (and vice versanore dramatic. We therefore contend that a mibdgélemphasizes
limited capacity (or different temporal and spatigighting) in the periphery has all the propertiesessary to contribute to
the perceived break of the curveball, and thastit from foveal to peripheral vision (and vices&) underlies the batter's

perception of a break.

A similar principle may also explain illusions assted with fastballs. Typical major league fafitbamavel at 90
mph, with a 1200 rpm backspin. Fastballs descentth@r way from the pitcher's mound to home plaig, batters often
report the perception that fastballs rise (McBea#90). The perception of a rise is consistent Wity a batter’s peripheral
vision would perceive a ball with a backspin. Thare two different types of fastballs, a two-seamd a four-seam; batters
and pitchers report that the two balls appearaeetrwith different trajectories even though winaktel analysis has shown
no difference between the lifts produced by théediit spins (Watts & Bahill, 2000). Bahill and Bald (2004) estimated
that the spin of the two-seam fastball would bevattbhe human flicker threshold, whereas the spih@four-seam fastball
would be below flicker threshold (assuming thattiie-seam fastball spins so that the two seams ¢hesbatter’s field of
view on each rotation of the ball, and the fourmsdastball spins so that the four seams crossdtterts field of view on
each rotation). Research with realistic basebalukitors or field studies with eye-tracking equiminare necessary to
further understand the perceived directions ofalpches. The curveball illusion addresses a mgeneral problem for
perceptual theory. We have shown that a singkaldi§mulus (a spinning disk that moves verticalbyvn the screen)
produces a perception in the fovea that differsmftbe perception in the periphery. The human visysiem must therefore
integrate fundamentally different interpretatiofishee higher-order information available in theended visual stimulus.
Our results give emphasis to Hochberg’s (1982;2Q0.7) prescient and cautionary comment that adgmtl’ vision
researcher “would worry somewhat about the mattethe extended stimulus array] before either mgldiractical
prescriptions to designers of aircraft displays Emdling strips, or building theoretical and phdphical structures on the
assumption that such information from extendedwtisarrays is in fact the predominant basis ofmabiperception.”
Humans constantly shift objects between centralpngbheral vision and may encounter effects lie durveball’s break
regularly. Peripheral vision’s inability to sepiraifferent visual signals may have far-reachimglications in

understanding human visual perception and funcitiaiseon in daily life.
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Figure 1. The curveball illusion (the display iseractive in Adobe Reader 9.2).

A disk descends vertically from the top of the saréo the bottom. The inside of the disk consiét sinusoidal grating
that drifts horizontally from right to left. If thebserver tracks the disk in central vision, trek@ippears to descend
vertically. If the observer tracks the disk in fheriphery (i.e., if the observer looks to the tight attends to the motion of
the disk), the disk appears to descend obliqueligddeft. The effect can be made more dramatitefobserver shifts
his/her gaze in the middle of the disk's descemthat the object moves from the periphery to tved (or vice versa); this
gaze shift creates a perceptual “jump” in whichdirection of the disk snaps from an oblique destea vertical descent

(periphery to fovea) or from a vertical descenamocoblique descent (fovea to periphery).
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Figure 2. Perceived angle of deflection vs. ecagtytrof test disk. The experimenter adjusted thggical angle of the
disk’s descent, and observers reported whethatisheappeared to descend vertically. The plot shilve angle reported as
a function of viewing direction. The perceived matdirection of the disk depends critically on htaw the disk is from

central vision.
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Figure 3. Motion analysis of the curveball illusi@) A single frame of the curveball illusion. As# falls from the top of
the display to the bottom. Within the disk is aternal grating that moves from right to left. Wheewed foveally,
observers can separate the internal and the ghottén signals, and the disk moves in a straigt&; livhen viewed
peripherally, the motion appears to move alongldigoe trajectory. B&C) First-order motion plots imetx-t and y-t
planes. D&E) Projections of DC-removed and redifiecond-order curveball movie in the x-t and yanps. F-1) Fourier

analysis of the first-order and second-order motinargy of the curveball movie in the fx-ft andffylanes.
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Figure 4. Experimental results applied to an ddtagectory of a curveball. A) The parabola étthe curveball data
tabulated in Bahill and Baldwin (2004). B) The phwgséieelocity of the curveball at every moment oféimC) The
deviation of the moment-by-moment perceived vejooitthe ball, assuming that the batter’'s gazeshif the expected
point of bat/ball contact when the ball is 20 fteaufrom home plate (i.e., when the ball is 20dinfrhome plate, the batter
shifts his/her eyes so that the ball is at 10-degrzentricity; the eccentricity decreases lineatgn the ball reaches home
plate). D) We used the perceived moment-by-momelaicity of the ball from part C to estimate theqaéved trajectory of
the ball, which is dependent on the initial ecdeityrand when eye shift occurs. Each line indésavhen the batter shifts
his/her eyes from the ball toward home plate (itee,red line indicates that the observer shiftgher eyes when the ball is
20 ft away; green line, 15 ft; dark blue line, 1difht blue line, 5 ft). The longer the batterable to maintain foveal

fixation on the ball, the less the ball will be peived to deviate from its parabolic path.
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