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Asymmetric Low Spatial Frequency Information Impesv

Face Discrimination

Chin-Mei Chen

Abstract

To study how the visual system compute 3D shapaaals from shading
information, we manipulated the illumination comaliis on 3D scanned face models
and observed how the face discrimination chang#s lighting directions . We used a
symmetry algorithm to dissociate surface albedoibunthination component of face
images by separating symmetric and asymmetric caems of both low and high
spatial frequency information of face images. Stimere hybrid faces with different
combination of symmetric and spatial content. Ressilow that asymmetric low spatial
frequency (shading) information had significantuehce on face discrimination, while
the symmetric ones have little, if any, effect and discrimination. The asymmetric low
spatial frequency also changed the perceived ddgtiibrid faces. Together, these
results suggest that (1) the asymmetric low spaBgluency information dramatically
affects both perceived face identity and percetkepth; and (2) this effect increased as
the lighting direction shifts to the side. Thusr oesults provide an evidence for

3D-based face processing.

Key words: Shape from shading, illumination, symmetry, face perception, 3D object.
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Chapter 1 Introduction

We perceive a 3D object when light reflected frasisurface arrive our retinal.
The retinal image, however, is two-dimensional. ¢&erthe question is how the visual
system reconstructs a 3D representation of an bb@n 2D retinal images. It is well
known that a human observer can utilize depth ewedable in an image to facilitate
this reconstruction. One of the useful cues is slgador gradual variation of the
luminance on a surface (Horn, 1970). The luminasfce point on a surface depends on
not only the intensity and the incident angle @ light reaching the surface but also the
slant of the surface at that point, which determitiee proportion of the light reflected
from the surface reaches the eyes of an obseresicd{ under the same illumination,
the shading provides information of the slant amdurn determined the relative depth
of each point on the surface (Horn, 1986; Horn &dks, 1989). Ramachandran (1988a,
1988Db) further showed that the human visual syste@s two assumptions in extraction
of shape from shading information: One is thatehera single light source illuminating
the whole scene, and the other is that the liglshiaing from above. With these two
constraints, the visual system is able to solvepshisom shading problem as the

top-bottom luminance gradient from bright to dauggests a convex surface while the



gradient from dark to bright, a concave surfacehSeffect is best demonstrated in the

crater illusion in which inverting an image canealthe perception of surface from

convex to concave and vice versa (Gibson, 1950).

The Ramachandranian shape from shading has its Wwishown in the hollow

face illusion (Gregory, 1970), a hollow face is al@ perceived as a convex regardless

whether the lighting is from above or from botto@ne interpretation for this hollow

face illusion is that the faces are familiar olgewafth known shape, and thus does not

require shading information to resolve its 3D shapence, the face perception should

be insensitive to shading. This interpretation, @eev, contradicts with a number of

studies showing that face recognition is impairdeemwthe luminance distribution of a

face image is inverted as in photographic negaf8gad, Meng, & Sinha, 2009;

Johnston, Hill, & Carman, 1992; Kemp, Pike, Whi&&,Musselman, 1996; Liu &

Chaudhuri, 1997). In addition it is showed thatist more difficult to recognize

bottom-lit faces than top-lit faces (Hill & Bruck996; Johnston et al., 1992; Liu, Collin,

Burton, & Chaudhuri, 1999; Liu, Collin, Rainvill& Chaudhuri, 2000). That is, a

change of illumination condition has little effemt shape from shading on a face but

does have an effect on face recognition. Howewebest of our knowledge, there is no

reliable measurement on whether observers perteeveame depth on a hollow face or



a bottom-lit face as they do on a normal top-ltefaPerhaps only part of information on

those unnaturally lit face can be recovered byikaal system, and the information is

enough to perceive a hollow face as convex buenotigh for an observer to recognize

a bottom-lit face as good as a top-lit one.

We thus investigated the effect of shading on faeeeption by observing how

face discrimination ability changes with lightingirettions. To avoid nuisance

“naturalness” factor that may result from Ramachani@n lighting-from-top constraint,

we shifted the position of light source laterallprh the front to the side of a face.

Hence, all light source positions are ecologicatiyally plausible. The illumination and

face information can be separated by an algoritligetd on the assumptions that the

face is symmetric (Grammer & Thornhill, 1994; Rhed#d88; Rhodes, Geddes, Jeffery,

Dziurawiec, & Clark, 2002; Rhodes, Peters, Lee, dioe, & Burr, 2005) and is

illuminated by a single light source. Facial chéeastics may be partitioned into two

types. One is the information from the inherenbcation and reflectance properties of

the facial surface, known as the surface albedal the other is information from the

illumination of the 3D face shape, termed the ilimation component. Notice that the

luminance component cannot have a luminance less zbro, we can recast them in

terms of their contrast variation around the mescaled as 1) over the domain



x = (xy);
I(x)=(1+C(x)) (L +L(x))=1+Clx) +L(x) +C(x)L(x) (1)
where C(x) is the contrast of the inherent coloration of thee, or albedo. AncL(x)
is the illumination component. Since bedfx) and L(x) in eq. 1 are constrained to
be less than one, their product in the interadgsm must be much less than 1 and can
therefore be considered negligible in most situtid hus,

I(x) —1~C(x) + L(x) (2)

Each term may be specified in terms of its symme(®) and asymmetric (A)

components:
L(x) =LS(x,v) + LA(x v) (3a)
Clx) = CS(xv) (3b)

where LS(xy) = LS(—xy) and LA(xy) = —LA(—=xy) for the illumination
component. AnS(x,v) = CA(—x,v) for the albedo component that is assumed to be
in symmetric view, and therefore has no asymmetinponeniCA(x,v) = 0).

All that is needed for complete segregation of Hwface albedo from the
illumination component is to distinguish the residbsymmetric illumination component
LS from the entire albedo component CS. We hypatheshat a) CS contains

predominantly high-frequency energy whereas LS aost predominantly



low-frequency energy. And b) the remaining frequebands in each case are of little
relevance to face reconstruction. Hence, we caaragpthe two symmetric components
by a spatial frequency filter. Figure 1 demonssatair method. Panel A is the
asymmetric low spatial frequency component thatrasgnts the asymmetric
ilumination information.LA(x,v), of the original face imagel((c), panel C) while
Panel B is the symmetric high spatial frequency tharesents the albedo component
(CS(xv)). The hybrid face in Panel E is the sum of the &aWd CS and is almost
perceptually identical to the original face. Thsit the combination of the asymmetric
high frequency and the symmetric low spatial freqye(L5(x,v)) components (Panel
D) plays little role in face perception. Hence, tsatting them from the original face
image affects little of our face perception.

Therefore, in the current study, we investigated tioe change of the asymmetric
low spatial frequency by illumination conditiondegdts face discrimination and depth
judgment on hybrid faces. The hybrid picture pagad(Schyns & Oliva, 1997, 1999)
was designed to study the relative contributiorsjpécific spatial frequencies. In our
case, the hybrid face would be a combination of&@8 LA or CS and LS. If the
illumination condition can affect the retrieval 8D shape information from a face, we

should expect the change of illumination conditeam affect both face discrimination



and depth judgment on the hybrid faces. In additsarch illumination effect should

exert their influence through the asymmetric lovatsy frequency component of the

face images and not the symmetric ones.



Chapter 2 Method

2.1 Apparatus

The stimuli were presented on a ViewSonic VA902 LD monitor controlled by
a HP D325MT computer with an ATl Radeon 9800PRQplgics card. The spatial
resolution was 1280(Hx 1024(V). The viewing distance was 127.5cm. At this
distance, a pixel subtended about 0.01° HD.01°(V). The temporal refresh rate of
the monitor was 60Hz (non-interlaced). The gammaction of the monitor was
calibrated with a LightMouse photometer (Tyler & Btade, 1997), and this
information was used to compute linear 8-bit cdtmk—up table. The accuracy of the
look-up tables was verified by an international HtigRPS-380 spectroradiometer. The
experimental control software was written in MATLARIathworks Inc., 1993) with
the Psychophysics Toolbox (Brainard, 1997; PelB97). The display had mean

luminance at 15cd/frand chromaticity at (0.33, 0.33) in CIE 1931-xyatinates.

2.2  Simuli

The face images were constructed from 3D laserrszhfaces developed by Lin

and his collegues (Lin & Ouhyoung, 2005; Lin, Y&Quhyoung, 2002). The 3D face
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models of one female face and one male face witbudral expression were used. The
front view face images were rendered from the t@d@8D models using 3ds Max 2009
(Autodesk, Inc., 2009) . The Blinn—Phong shadingdatovas employed to construct
illumination conditions. We first place four diffed light sources around the model to
produce an even ambient light to keep the shadaowegidns from entirely dark. The

point light source was placed at 0°, 15°, 30°, @8drelative to the tip of the nose and
on the horizontal meridian of faces. That is, fighting direction of & means the light

source is right in front of the face. The relatingensities between the point light source
and the ambient light were 1.5 and 0.2 respectivealyaddition, the 3D face models
under ambient illumination were used for constnggymmetric high spatial frequency

only stimuli. All images were grayscale images w86 gray levels.

As shown in eq. 3a and 3b, face images could bendeased into three parts:
asymmetric and symmetric illumination componentad ssymmetric albedo. The
decomposition was achieved by the following stépst, the face images were Fourier
transformed to the frequency domain. The real amaginary parts of the transformed
images were taken as symmetric and asymmetric coemp® respectively. Both
symmetric and asymmetric components were multipligd a Gaussian low pass

(N(0,c¢)) and a high pasg1 — N(0,5)) function, where the cut-off frequenaywas

8



12 cycles per face width, to extract the low anghhspatial frequency information

respectively. With an inverse Fourier transform, sgparated the four components of a

face images: Symmetric low spatial frequency (symL&®rresponding to LS in eq.3a),

symmetric high spatial frequency (symHSF, corregpanto CS in eq. 3b), asymmetric

low spatial frequency (asymLSF, corresponding toihAqg. 3a), and asymmetric high

spatial frequency (asymHSF). The asymHSF informagimould have little influence on

3D face perception. Therefore, this part was netlus our experiments. The symHSF

images, looks very flat, convey detailed edge imfation of facial features and in turn

the precise shape of the eyes, nose, mouth eyslastee In contrast, the LSF face

images represent the coarse-scale facial configack illumination information. All

components of all images were normalized to hawaleBMS contrast before further

processing.

The hybrid face stimuli we used were a combinattbra symHSF only image,

constructed from face images created under ambliemtination condition, and a

symLSF or an asymLSF component of face images edeander point lighting

conditions. We used FantaMorph 4.0 (Abrosoft, 20fi)generate morphed images

between the male and female symHSF faces. There s@&ren morphed symHSF

images with different proportion of femininity be#en 0 (male) to 1 (female) (0, 0.2,

9



0.4, 0.5, 0.6, 0.8, and 1.0). Figure 2A shows exasmpf morphed symHSF images.

The asymLSF components were created from facesereddin four illumination

conditions (0, 15°, 30°, 60°). The rendered faces and their asymLSF components

under four illumination conditions are illustratedFigure 2B. To ensure that symLSF

component, which is invariant to asymmetric illuadion, has little effect on face

discrimination, we also used the symLSF componenthe face under the 60°

illumination as a control.

Finally, the hybrid faces (Figure 2C) contained $gpmHSF component at a certain

morphing level and asymLSF at one illumination gbad or the symLSF component.

The LSF components were from either male or ferfedes. Totally, there were 56 (4

illumination conditionsx 2 gendersx 7 morphing level) asymLSF and symHSF

hybrid face images used in the experiment. In auditfor controls, we also used 14

symLSF and symHSF hybrid images (2 genderg morphing level) and 7 symHSF

alone images at different morphing levels. Henloerd were 77 face images used in this

study. The constructed hybrid images were then eviredl with a Gaussian filter to

remove irrelevant external cues such as hair, aatscontour of faces.

10



2.3 Procedure

2.3.1 Face discrimination

We used the method of constant stimuli to measweeptoportion of the female

judgment for each test images. In each trial, theeovers were presented with one of

the 77 face images for duration of 500 ms. After fpinesentation; the observers were

shown a blank screen of mean luminance. The obsewere asked to make response

at this time. The next trial began one second dfterobserver made a response. The

task of the observers was to press keys to determiere the presented image was a

male or a female face. The order of presentatiorthef images was randomized.

Observers were not given feedback about their pedaoce.

A psychometric function consisted of the proportiaf the female judgment on

images of the same illumination condition from thee of the same gender at different

morphing levels. There were 40 trials per face ieagence, with seven morphing

levels, there were 280 trials for a psychometriaction. Given 8 asymLSF, 2 symLSF

and one symHSF only conditions, there were totHllypsychometric functions.

11



2.3.2 Depth judgment

In this experiment, the observers were to judge riiative depth of the face
images. In each trial, observers were presenteld ane of the face images together
with a reference sphere for 1s. The face and therspwere presented side by side on
the screen with 3' gap between them. The locatefh ¢f right of the fixation) of the
face or the sphere was randomly determined. Theredéiswas to press one of the keys
to rate the relative depth of the faces using amtpLikert scale, (I flat, 5- steep).

The observers were asked to use the referenceesati@n anchor of depth 3.

The face images used in depth judgment were ismaf® or 1.0 morphing levels
of those used in face discrimination experiment féference sphere were created with
3ds Max 2009 (Autodesk, Inc., 2009). The diametethe sphere was the same as the

width of the face images and had tidighting direction.

24 Dataanalysis

For each LSF condition, the fraction of female ceses was then plotted against
the morphing level of the symHSF component. Theclpssetric function was fitted

with an accumulated Gaussian functiona+ (1 —a —b) = $(x;u o)

12



whereu determines the mean, and in turn the point of stibge equality (PSE), and
o determines the slope of psychometric function, @)dand &) defines the lower and
upper bound of the psychometric function respebtivEhe differences between PSEs

for different conditions were tested with a twdddipaired test.

2.5 Participants

Seven observers with normal or corrected-to-normsibn participated in this
study. All of them were naive to the purpose of 8tudy and were not familiar with the
people whose faces were used as stimuli. Infornmedent was obtained from each

observer before the experiment. The observers fisgaly compensated for their time.

13



Chapter 3 Results

3.1 asymLSF information changed perceived facial

infor mation of hybrid faces.

Panel (A)-(F) of Figure 3 show that the fractionfednale judgment as a function
of symHSF morphing level for hybrid faces with a&y®k from different lighting
directions in three representative observers. Eftecblumn shows the psychometric
functions measured with female asymLSF componeviige the right, male asymLSF
components. The psychometric function for symH®F @ondition (black squares
and curves) are plotted in the panels for the spording observers as a comparison.
The red, green, blue, magenta psychometric curveds symbols denote the
psychometric function for hybrid faces with asymL&Bm ¢, 15, 3¢, and 60

lighting directions respectively.

Adding the asymLSF component from a female facéheosymHSF shifted the
psychometric curves to the left. The amount of geaim general increased with the
lighting directions. The observers saw a female &en at very low level of femininity.
On the contrary, adding the asymLSF component fianmale face shifted the

psychometric functions dramatically to the righhid rightward shift was especially

14



pronounced with the 30and 60 illumination conditions in which the observers
always saw a male face regardless the female mmgplavel. Indeed, the male
asymmetric low spatial frequency information hastranger effect than the female one.
Two studies (Bruce, Healey, Burton, Doyle, Cooml#d,inney 1991; Bruce, et al.,
1993) also showed the similar male advantage effectface recognition and

discrimination tasks.

To quantify the effect of asymLSF on face discriation and summarize the
results from all seven observers, we determined @IS proportion of femininity of
hybrid faces corresponding to 50% female resporfeegach psychometric function of
each observer. Figure 3G shows the mean PSE eetatthe symHSF only condition. A
positive value means a rightward shift of the psyohtric curve, or more male
responses, relative to symHSF only condition. Whileegative value, a leftward shift
or more female responses. Tigalue shown in the Figure 3G was a two-tailed pkire
test of comparing PSE of each illumination condisiavith the symHSF only condition.
The error bars show 1 standard error (SE) acrossreérs. All asymLSF effects were
significant except female asymLSF frofli@hting direction. The male asymLSF from
the 30 and 60 conditions were so effective that their PSEs vibegond the measurable

range.

15



3.2 symLSF information did not change perceived facial

infor mation of hybrid images.

We also investigated whether the symmetric compooén.SF influences face
discrimination as asymLSF. Panel (A)-(C) of Figuteshow the results of three
representative observers in judging the gendebfith faces consisted of symLSF and
symHSF (cyan symbols and curves). The psychomdtriections of asymLSF
conditions of the same Bdlumination condition (magenta symbols and cujasd the
symHSF only condition (black symbols and curves)reveeplotted here as a

comparison. The star symbols denote the male ad@ésifemale LSF components.

The symLSF, be contrast with, produced little, nfaeffect on the face discrimination
than the asymLSF component. Figure 4D shows a suynohdhe PSEs from the seven
observers. Relative to the symHSF only conditibe, addition of symLSF information
produced no significant effeciz{6) = —0.00045, p =.9995 for female condition
and t(6) = —1, p = .5 for male condition). On the other hand, the ddfeze between
asymLSF and symLSF condition was significai(6) = 5.603, p =.0014 for
female condition, and the difference between maleditions was obviously beyond

measurable range).

16



3.3 Depth judgment

Figure 5 shows the depth rating for asymLSF + symkt$en circles) faces from
four illumination conditions. The depth rating feymLSF + symHSF (closed triangles)
and symHSF only (closed squares) faces is plotedafcomparison. The symHSF
components were from either 1.0 (female, Panel A® (male, Panel B). The
perceived depth for the asymLSF + symHSF faceseasmd with the direction of
lighting. This increment can be described by adimegression line with slope 0.025 for
female faces and 0.031 for male faces. Rhéor the linear regression was .983 and .91
for female and male asymLSF + symHSF hybrid faesesspectively. The perceived
depth of the symHSF only face was about the samiheasf asymLSF + symHSF
(t(6) =0.86, p =.42 for female condition and:{6) = 0.91, p =.39 for male
condition) This result is consistent with the PShftswith different illumination
conditions. That is, as the illumination directishift to the side, the asymLSF has a

greater effect not only on face perception, but als perceived depth.

17



Chapter 4 Discussion

Our results showed that asymLSF information didehayprofound effect on face
perception as it greatly changed the perceived grend the hybrid faces in our
observers. That is, the asymLSF component fromnzalie face make the observers
more likely to perceive the hybrid face as a femagardless the source of other
components. While the asymLSF component from a rizale had an opposite effect.
But the symLSF component had no such effect. Intiadd the effect of the asymLSF
component increased with the lighting directiondie TasymLSF component also
affected the perceived depth of hybrid faces. Aghis effect was more pronounced as

the lighting direction shift sideward.

4.1 Illumination effectsin face recognition

The local interaction between surface orientatioa source of illumination brings
about shading gradients on objects. Consequehtylisg pattern would be affected by
changes in illumination conditions. Since shadigvyges informative implication
regarding 3D shape (Horn, 1970), a different lightdirection could result in changes
in face representation via shading information,oas results suggest. There were

18



studies showing that lighting direction is impottéor face recognition. In addition to

aforementioned studies investigating the diffedreffect of top-lit and bottom-lit faces

(Hill & Bruce, 1996; Johnston et al., 1992; Liuat, 1999; Liu et al., 2000), Braje,

Kersten, Tarr, and Troje (1998) showed left or trighmination variation impaired face

recognition memory. These studies suggested that liphting directions and

illumination information play an important role face perception. On the other hand,

the hollow face illusion (Gregory, 1970) shows ti3& perception on a face is not

sensitive to shading information.

As discussed above, such controversial may impdy the visual system may

discount the change of illumination and the resgldlepth percept to an extent that the

face can still be perceived as convex but not gtremough to recover all the depth

information. Our result is consistent with the exmtion. We showed that the

manipulation of lighting direction changes the shgdnformation on faces, and in turn

changes both the depth perception of faces andrmpeahce of face discrimination.

Figure 6 shows that the face discrimination perfomoe is highly correlated with

perceived depth (for female condition, Pearsonetation coefficient, = —.95, and

for male conditionr = .93). Thus, if the illumination condition did not prioe proper

shading information to recover enough depth infaroma it is difficult for an observer

19



to perceive the identity of the faces.

4.2  Spatial frequency effect

There is considerable evidence indicating the ingmme of coarse-scale facial
information in face recognition. The pioneering wdarincoln illusion’ demonstrated by
Harmon and Julesz (1973) showed that applying apass filter to remove the high
frequency noise introduced by the sampling and tgiag improved recognition of a
pixelized portrait. Moreover, they suggested tha tow spatial frequency is more
critical for face recognition than high spatialduency. Subsequent studies found the
critical spatial frequency range for face recogmtiFor a review, see Ruiz-Soler &
Beltran, 2006). Harmon and Julesz (1973) suggdbtda spatial frequency as low as
2.5 cycles per face width was sufficient for fadentification. Several studies showed
that face recognition is optimal at medium spdtietjuencies (between 8 to 16 cycles
per face width) (Costen, Parker, & Craw, 1996; Gdbennett, & Sekuler, 1999;
N&asanen, 1999; Parker & Costen, 1999). The cutreffuency of our low-pass filter
fell in this range. These results indicated thahaeing of low to medium spatial
frequencies had the most detrimental effect on feemognition than high spatial

frequencies.

20



Unlike aforementioned reports, we did not simplyestigate the influence of

specific range of spatial frequencies on face pi@e. The novelty of this study,

specifically, is to identify that the asymmetriaMespatial frequency is more critical in

face perception than the symmetric ones. Sincenditieral shading is most often to be

asymmetric, due to shape from shading, the motealrifacial information should

reside in asymmetric than symmetric componentss Hotion is confirmed with our

result that (1) the asymmetric low spatial frequendormation dramatically affects

both perceived face identity and perceived deptiat @) this effect increased as the

lighting direction shift to the side.

21



Chapter 5 Conclusions

In this study, with hybrid image paradigm and faseges constructed from
different illumination conditions, we demonstrating role of asymmetric low spatial
frequency information in face discrimination. Theymmetric low spatial frequency
information has a strong influence on face peroepas illustrated by its ability to
change the perceived gender of the hybrid facesddiition, such effect increased as the
lighting direction shifts sideward. In contragtetsymmetric low spatial frequency
information had little, if any, effect on face digaination. In addition, the asymmetric
low spatial frequency information also affected pexceived depth of a face. Again,
this effect was more pronounced as the lightingadion shifts sideward. Hence, these
results are consistent with the notion that theewatd shift of lighting directions
provides more shading information that increase® tperceived depth of

shape-from-shading and in turn improves the fadiedriminability in the observers.

22
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Figure 1. The symmetric algorithm helps to dissociate tha&rgoution of the surface
albedo from illumination component in image.

A, LA, is asymmetric component of illumination of &onage.Through the proce
of shape-fronshaping, the LA provided 3D information about aefan a 2D imag
B, CS, is surface albedo. The face containinly @5 looks very flat. In addition, it
next to impossible to identify the identity of tbevner of the face with only the ¢
information. C, Original imageD, Residual informationE, Put the LA and the C
together, it is easy to see that the hybrid imaggthe originalare pictures of tf
same person even though a lot of informatidpwas thrown away.
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Figure 2. Examples of stimuli.

A, We generated a series of intermediate facialrmm&ion by morphing the symmet
compments of high special frequency (SymHSF) betweentito faces. There were se
morphed images with proportion of femininity from(dale) to 1 (female)B, Examples ¢
female asymLSF and symLSF images. There were fghtirlg directions: 0°, 15°, 30°hd
60°. The original female face was low-pass filtered preserve coarsseale shadir
information.C, The hybrid face stimuli was a combination of thenéée (or male, not show
asymLSF of one lighting direction and on one of therphed face. Here aexamples wit
the 0.5 femininity symHSF face. The symHSF face&$owery flat and it is hard to judge
gender. When combined with a female asymLSF faog,tee one with 60° lighting directic
the resulting hybrid face was frequently categatias female by most observers.
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Figure 3. The effect of asymLSF on face discrimination.

A, B, C, D, E, andF, Psychometric functions from three naive observeng fraction c
femininity responses is plotted as a function @& pmoportion of femininity of symHSF
The black psychometric curve is from symHSF onlgdibon as a comparison. The r
green, blue, magenta psychometric curves are sestilasymmetric facial informatic
Under the female asymLSF condition, when lightingation was shifted to more late!
the observers saw female faces more frequently, thadpsychometric curves shif
gradually to left. On the contrary, under the madgmLSF condition, the psychome
curve shifted dramatically to right, and psychameeturve was saturated under 30°
60° illumination conditions, especially BrandF. These two observers tend to saw I
faces in every level of femininitys, Averaged PSE shift from symHSF only conditior
asymmetric low spatial frequency facialformation. The error bars represent
standard error. Th@-value shown in each lighting direction was calcdafrom i
two-tailed paired test. The averaged PSE shift in malé &@d 60 illumination conditiol
was beyond measurable range, so we used an arq@atto
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Figure 4. Comparisons of the effect of asymLSF and symLSFaoe discrimination.
A, B, C, Psychometric function from three naive observehe ffaction of female respon:
is plotted as a function of the praion of femininity. The black psychometric curgefrom
symHSF only condition in corresponding observerse Tyan psychometric curves

results of symLSF + symHSF in the female and mal&ditions. The magenta curves
results of asymLSF + symHSEdes. Results show that the symLSF had very iitfleence
on face discrimination, because the psychometrigesuwere not significantly shifted,
The average PSE shift relative to the symHSF oahdttion. Thep-values denote the res
of the paired test. The averaged PSE shift in malé #lQmination condition was beyol
measurable range, so we used an arrow to plot.
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Figure 5. Results of depth judgment.

A, female condition.B, male condition. The depth rating value thie hybrid face:
asymLSF (under four lighting directions) combinedhvsymHSF, symLSF combined w
symHSF (under 60, and female and malsymHSF. The depth value of the refere
sphere was set to 3. Using least squares anallgsidinear regressmlines of asymLS
condition of both genders show a positive incraasgroportion to the lighting directior
The slope parameters were significantly larger tharo ¢((2) = 10.67,p= .0086 for th
female and(2)= 4.49,p=.046 for the male condition)
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Figure 7. All seven observers’ asymLSF condition data.

The fraction of femininity responses is plattas a function of the proportion

femininity.
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