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Visual signalling by asymmetry: a review
of perceptual processes
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Individual levels of asymmerry o traits that display Huctuating asymmetey eould be used as visual
signals of phenoypic {and perhaps genotypicl quality, as asymmetry can often be negatively related o
fitness pararreters. There are some data to support this hypothesis bat the sxperinetal protocols
emploved have commonly resulted in asymumetries far larger an those vbserved i nature, To date,
There has heen linle consideration of the ahility of animals to accurately diseriminate small asymmetries
iof the magnitude observed in the wildi from perfect syminetey. This is key (o assessing the plausibilizy of
the asymuuetry-signalling hy pothesis, Here, T review the perceptual processes that may leac to the diseri-
mination of asymmetry aad discuss a number of ecologically relevant facters that may influence
asymmetry signalling. These include: sigral ocientation, distance of trait #lements from the axis of
symiretry, trail complexity. trait contrast axud colovr, and the hehaviour of bo:k signaller and roceiver. T
also discuss the evoludon of symmetry preferences and rake suggestions as to where rescarchers should
facus atention © examine the generality of asymuoetey-signalling theery In highly developmentally
stable signalling systerus the magnitude of asyminetry may be wao small to be detected accurately and
veliahly, henee asymmetry signidling is unlikely o have evolved in these situatinns,
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1. INTRODUCTION

There has been much receat interest in the role of Huctu-
ating asymotetry  Ludwiz 1932] in evolutionary biology
as the minor differences berween leli and righr elements
of hilaterally svmimetrical traiis may be intimat=ly related
e (tness parametcrs reviews in Watson & Thornhill
1994 Palmer 996, Moller & Swaddle 19970 Mualler
A9 suggested that (hese small asymmetries could be
used as sigrals of phenetypic {und perhaps grnolypic
finess in sacial and scxnal encounters. There is a growing
boedy of observalional daia 10 support this hyporhesis.
However, relatively few siudics have aliered the asvin-
metry of traits and monitored subsequent behaviour w
examine the true signalling propertics of asvinmetry
independent of other confounding individual paramerers.
These studies provids a runge of data. some of which inds-
cate a prelerence for symmetry { Moller 1992, Grammer
& ‘Fhornhill 1994, Fiske & Amundser 1997, whereas
orhers do not (Oakss & HBamard 1994 Swaddle &
Caudhill 1995 Kowner 19961 However, these experiments
bave confounded :namipulations of asvmmetry with
extrancous factors feg flight performunce. trait size,
colour pattern, trait averagenessi that may also influence
behaviour and alter the dynarmics of the signalling
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When visual asymmerry of signalling traiis has been
manipulated indepencently of other confounding factors,
the evidenre indicates that asymmetry can be an eflec-
tive signal : Mailler 19493, 1993, Swaddle & Cuchill 19%a:
Bennelt ef af. 1996 Swaddle 1996; Uetz i af. 1996 bui see
Ligon ¢f af. 1994% However, these studies cmployed tech-
giques that bave resalted o asymmutrics larger thar
those commmonly observed in natwre. T date, only five
studies have employed experimental manipulations that
have resulted in asymmetry values representative of the
maghitude found n unmanipulated “populations. First.
Swaddle & Cuthill (19948) found that {emale zebra
Gnehes, Taemoppyin guttata, prefer males with symmetrical
chest bar pluiage. The rule of chest bars in the signal-
ling strategy of male zebra finches s not clear, hence
these data mus: he interpreted with caution when
assessiitg the signalling properties of Auctuating asym-
metry. Recently, Morris & Casey 11998] have shown
thar female swordiatl fdsh, Xiphophorus cortezi, preler to
assnciate with males that have symmetrical numbers of
vertical bar markings on their flanks. In a closely related
species, these bar marks appear lo have a signalling
function in intra- and interspecific sncial encountcrs
i Morris ¢t ol 19931 In comrast, asvmmetry does not
anpear 1 be used as a signal in Furopear starhings
Sternus oufgaris (Swaddle & Wirter 1995),  chaffinches
Fringitia coelebs { Jablonski & Matyjasiak 1997) or the
carwiy Forficala awricidaria {lomkins & Simmons 1998)
‘Therefore, the relative paucity of evidence currently
available suggests that the divect role of fluctuating
asymreactry in visual signalling is not clear and remaios
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an issue of considerable conmtentinn e.g. Balmbord «f al.
1993; Palmer 1996,

The supporuve evidence most olien cited lor asym-
mekry  signalling  relates relationship  herween
intrinsic properiies of the signaller and the signaller’s
phenotvpic display of developmental instability, Irudivi-
duals with low asymmetry in traits that display Ructu-
ating asymmetry often experience fitness henefits {reviews
in Watson & Thornhill 1994 Moller & Swaddl: 1997).
Huwever, signalling theory dictates that [or us w fully
assess the plausibility of the asymmetry-signaliing debate
we must alsa tharcughly investgate the ability of the
receiver 1o accurately detect, respond and remember the
level of the signal. e the trait asymmetry cf. Swaddle
199%¢!. This is a crucial clement that has been largely
overleoked.

Therelore, in this paper T review the literature related
w the visual perception of symmetry and discuss this in
terms of the asymmetry signalling debare. In particularn,
I suggest that, in vertebrates, bilateral asymmetry may be

s01mc

nsed more commonly as 4 signal than other lorms of

asvmmetry, 1 review the pereeplual processes thar may
lead to symmetry detection and discuss how the charac-
teristics of signalling trais may  mfluence asymunetry
signalling. I comment on how behavivur of both signaller
and receiver may influence asymmetry signalling. As
asymmetries in nature are aflen small icommonly less
than 1% ol 1rait size in ordinary morphological traits, but
can be larger in signalling tratts;, [ discuss the perceptual
thiresholds for asymmerry detection and the inplications
of these thresholds for signalling theory, Finally, T dheo-
rize as 1o now a preference for symimetry may arise
independently of an association wich fitness, The majurity
af studies investigating the perception of symmetry have
beer. pertormed on human subjecis, therefore the reader
should assume that my discassion refers to human vision
vnless atherwise stated. Cauzion must be applied when
attempting to draw general conclusious from human
stucles anc when applying them to other animal systems.
As we know relatively litle about non-humman symmetry
perception many  of the predictions that 1 make
concerning the visual abilities of animal ‘receivers’ are
speculative ard have not been investigated empirically. |
hope that this review will help to stimuluie such research
and forge links between perceprual psychology and evolu-
tionary biolugy.

2, SYMMETRY AS A SIGNAL

Symmetry Is a representation ol sell-similarity most
commonly cefined in terms of a structure {or part of a
structure; being subjecied w three torms of Buoclidean
translormation o glve four major forms of symmeiry
“Wevl 19521 (i) Reflectional symmetry {otten referred tn
as bilateral or mirror symmetry: is where a structure s
refected across a plane of svmmetry. (i) Rotational
symmeny ocenrs wher a structure s rotated arourd a
poimt of symmetry. it} Translational symmetry refers to
the situation where a structure is moved a4 distance
parallcl to a planc Sut its orientation s not altered.
{ivi Glide-refleetion 15 a combyination of reflectional and
translational symmetry, e 2 struciure is reflected in a
plane and then moved a distance parallel 1o that plane.

Prii. rans, . See, Lamd. BT

For the purposcs of this review I shall anly refer 1o the
Brst three forms of symmetry, as glide-rellection s a
composite form,

When mast people discuss the perception of symmetry
they refer 10 hilateral fie. reflectional symmetry) anid
overleok the other forms of symmetry, There is sonme jusi-
ficatian for this approach in terms of the perceptual
clemerus of signalling theory. Through a series of investi-
gations, several groups of invesugators have souggested
tnat in huwmnans, bilaterzl symmctry is more readily
detected and processed than the other two major forms of
symmetry transformation: rotational and transiational
{review In Wagemans 19961 Julese (19710 first indicated
that bilateral symmeiry is osscssed morc quickly than
izanslational or point-reflection e rotztion about 180°1
symunetry. Subscquently. it has been demonstraced that
symmetrics creuted by rotaion around 907 and 1867 arc
more dithoult 1o dewer than symmetries creared by
murror reflection (Royer 19617 (although relative response
10 ratation around smaller angles has not yet beer invest-
gated’. Addidonally, Firts & af. (19563 Corballis & Roldan
{1974, Bruce & Morgan 11975 and Baylis & Driver
(1994, 1995 have compiled evidence o indicate thac
bilsteral syommetry s more readily detected than trans-
lational symmetry. Hence. in higher vertebrates {as the
cxperiments cited above were perlormed on humans;, you
may expert a velative prevaleace of bilaterally svm-
metrical signalling structures w0 have evolved compared
with those chat display  rowadonal or  rapslational
symmetry. Jo s doubtful thac dhese putative peroeptual

gencrilizations apply 0 nvertelnate waxa; cspecally as
many insect laxa appear o respond to radial symmetry
ol lloral signals { Meller & Eriksson 1993

Bilatcral symmctry is more prevalent in vertehrates
than other forms of symmetry and most of the signalling
structures reporced 10 the recent literature have displayed
bilateral symemetry as opposed 10 the other (orms of
svmmetry. Radial symmetry 1s commuon in many forns of
Aowcering  plant  iand  unertchratzs)  and  bilateral
symmetry is helieved 1o have cvolved trom radially
svmimetrical ancestors resuling in most higher angio-
sperms displaying bilateral symmerry. Tt has been clzimed
that bilateral symmetry of floral traits’ may contain
rclatively  more  infurmation than radial svmmetry
{Davenport &  Koharzadeh 1982 I information s
related 1o the ‘novel” suiface area of the flower, any degrec
ol symmetry repeats information as elements of the
fower are repeated. Bilateral symmetry reflects halt obf
the fower in one axis, hence half of the flower is novel.
Floral radial symmetry most commonly oceurs in angles
less than 1807 icg three-, four-, and Gyefold radial
synunetry), thercfore relatively less of the arca of the
flower is unique. Henee, bilaterally symmetrical Howers
cnuld possess more “nflormatinnal content’ {Davenport &
Kohanzadch 1982}, although this is purcly a thearetical
argunent and there are no data w support this notion,
These could ndicate  that  bilateral
symmetry may be relanvely more important to the
general discussion of signalling issces in floral trals.
However, in instances of rotational symmetry an elenent
can be repeated two, three, four or mare tmes, and could
potentially render more intormation conrerning develop-
memal instability than the two onirrored elemnenis present

considerations
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in bilateral symymetry. Henee, radial asyvounctey may be
an cqually {or perhaps moret important feature of a
signal as bilueral symmetry inosome Howering plants.,
Iis implies that perception of radial symumeiry may he
unportant in omany insect taxa as they are commonly
‘receivers of Horal signals.

For the purposes ol this teview, 1 have emphasized
studics that have [ooused on Dilatera, syinunetry, as uwost
ol the 1event publications have reported observations and
exprriments in vertchrate taxa. Nevertheless, T have not
ignored rotational and ranslational symmetry, as these
features may have perceptual mechanisms in commaon in
many visual systems.

3. MECHANISMS OF SYMMETRY PERCEPTION

Numerons processes that underlic symmetry perception
huve been proposcd, but there is o general lack of agree-
ment ot a onitary theory that explaos how the visoal
system <leteets and responds 1o symmieirical patterns. The
crupirical studies sugges that svmmetry pereeption is a
complex process that may involve a series of mental
computations and wanslormations. Henve, early theories
stlgg:fstt'd that the visual system uudt‘.rgm‘s LW O IMme
procedural steps 10 ascertain svmameiry properties. For
example, Palmer & Hemeoway (19781 suggested ihay,
frst, an axis of symmewry s selected by a crode, hut
rapid, analysis of the ovientation of elermems within the
pattern. Second. alter the axis is cstablished. a wnoe
detailed L‘.()mpuri:-;(m ol the two halves s ‘TJI:I'rOrlI'ltlt.
Similar scparativn of visual processing into fast, pre-
atteniive assessment foliowed by slower point-hy-point
isee below] pattern matehing has been invoked by ather
rescarchers e fulesz 1971 Broce & Morzar 1970; Foster
1991

I'his form af model has been orititized on a number
ol levels {sec Wagemans 19965 In particular, Royer
19817 pointed ou that the tntial [pre-attentive) phase
al syminetry pereeption 1s the most problematic slement
to explom, as 1t iy more likely to reflect the functional
architertare of the neural system and nfluences ather
tormes of cognitive and perceprual processes ez Diiver
et al 29920 As the general property of sywmmetry can be
azsessed v the hurean visual system very quickly {in less
than |00 ms in some inslances, [e.g. Julesz 1971 Hoghen
et al, 1976 Carmody of gl 1977 Berlow & Reoves 1979
Locher & Nodine 198%9; Wagemans of . 1991 (9930, 11 is
difficult 1o explain how the pre-aventive phase accom-
plishes this in sueh a shore period of time. [t 15 poassible
that enlv purt of an image s processed (e.g. Barlow &
Reoves 1979% or that clanents withiu an image are
pocled in same wiy to fonm a shape whose symmetry 1s
assessed (cf Jenkins 19835 IT only part of an image 15
processed,  the remainder of the pattern would  he
assumed to show equal levels of symmetry Chvler 19%6),
This is a sinilar process that we commaonly use o recog-
nize evervday objects, ie. we complete the picture
without inspecong all of s parts—a orm of non-
sensory  complenon [Kanisza 19761 I e.ements ave
pocled 1o form a targer feature, this introduces another
step in the pre-attentive process that makes it more dith-
cult ta explain performance reporied in several experi-
ments sec discussion in Wagemans 1596;.

Fhit lawe B Soe fomd. B 1990

These considerations led many rescurchers 1o supposc
that symmietry detection was an intrinsic, fundamental
property of the humun visual system. Detection of
symmetry may be an implicit corallary of how the visnal
system encodes and processes information (e.g. Barlow &
Reeves 1979 Royer 1981 Palmer 1982; Pashler 1397;
Foster 1991: Locher & Wagemans 1995 Wagemans ¢ al.
1993 Tyvler & Midler 1994, Osario 1996] Recently, Wage-
mans of al. {1993} have proposcd a computational muodel
in which the visual system detects groupings of eements
fimuaally by random) within a display (they termed this
hoctstrapping ™t torm a ‘mentai’ shape. In a bilaterally
syinctrical pattern, the direction and orientation of
these groupings predicts the nex: most likely group of
elements o be found: so the visusl system searches for a
stmilar shape in the predicted direction. As the random
processing of clements s comverted into a systematic
processing of the image, the visnal svstem can quickly
ascertain whether the groupings are in the szme orienia-
tion and, heoce, axscss genceral svnuneiry properties. The
exseree of the Wagemans et el (1993) model is that
symmetry is more reacily detected when pairwise corre-
spondence of points is supported by regularity in higher-
arder structures.

Tvler & Miller (19441 have wiggested that the local
patrern veetor at the foens of atention {1.e. the foveal
may he used 1o form a rempate, which is matched 10
pastern vectors at mher localities on the retina, The werm
Hlocal pattern veetor” refers to the specific respanse profils
of local detectors, heave w malch between two locations
implics that there is a4 varrespondence between these two
clements (el some form of symmetry®.

Osorie (1996 has proposec¢ a general maodel for
symmetry detection that is based on low-level categoriza-
uon of phase relatons in the spatial harmonics across
clerments that comprise an image “cf. Morcone & Bure
1988, Synunetry detection based on the phase relation
ships of spatial trequency components has previously heen
suggested | Julesz & Chang 1979 Delius & Nowak 1982
This form ol dewection mechanism  has  also been
saggested 10 explain edge and line delection hy the verte-
brate visual svstem | Morvone ef of. 1986, and, hence, 15 an
attractive general  detection of
symmetry actoss a wide range of taxa. The basic principle
behind this thenry lies in examinatior. of the propertics of
the sine funclion of the harmomies when the harmonics of
earh element arc in phase o1 congruent. An ‘edge’ i3
dewecred it the harmaonics are in phase jor congruent) ai
zero crussings (Le. 07 or 36071, whereas a ‘line’ 1s detected
if phase congruence occurs at peaks or woughs {i.c. 907
or 27071 A bilaterally symmetrical pattern, ander this
analysis procecure, appears as a line of ro speailic
contrast ircter to Osoria {19967 for further details.
Through development of a working model, Csorin
demonstrared  thal an acray of flters, operating on
clements across an entirc mage, van use spatial phasc
iformation to determine axes of symmetry. He also
proposes that similar mechanisms could operute i less
complex visual systems and may explain the mevalence
of symmelry perception in some insect taxa {Lehrer ot al
1994 Canrla of @l 1990

In summary, there is consensus 1hat symmetry detec-
uon i3 a funcdamental property of the human visual

sugrestion for the




1386 J. P Swaddle  Pesceprion of acymmein

system, and perhaps a number of other vertelrate visual
systems, that develops eacly during awtogeny Boernstein
al, 1981). The precise mechanisms underlying the provess
of symmetry detection is nol known, althvugh more
recent madels can explain most of the reported empirizal
data [e.g Wagemans o «f (993 Ber & Miller 1904
Osorio 19961 It is likely that there arve not specific
symmetry detectors, rather thas symmetry pereeption is a
coneomitant of how  the visval system enendes and
proceascs intorniation,

{a) Animal symmetry perception

Compared with our knowledge of human vision
relazively little is known about the ability of nen-human
animals 1o perceive and respored o symmetry. Honevbees,
Agis meltifera. can he quickly mrained 1w deteer and
respottl 10 the general property of symmetry {Hertz 1929,
1933 Free 1970, Giurla of of 1985 Hordge 1996
Additionally, hees can discriminate between patterns that
possess hilateral as opposed o rotational  symmetry
iHorridge 1996 1 an aware of only three studies of
symmeiry percepiual abilitics in lshes, which indicate
that some  fishes  (Cargssinn and Macropodny,  Toecilia
reticulata;  Xiphophoras  cortezdt can detect symmctry
‘Rensch 1958, Sheridun & Pomiankowski 1997, Morris &
Ciasey 1995, Pigeans, Chlwmba livie, can
distinguish symmetry fram asymmeuy {Zentall & Hngan
1973 bu: see Morgan e af. 1976] and conceptualize the
general concept of symmetry Debus & Habers 1978
Delins & Nowak 1982 Additionally, it appears tha
chickens (Gallus gallus; Rensch 1908, 1973, Darn swallows
iIhirunde rustice; Moller 1993, zebra finches {Swaddle &
Cuthill 199404, Bennett e el 19965 bluehroats iLascmin
Fiske & 1967 , jackdaws (Coreay
monedule’ and carnion crows [Corws conene; Renseh 1908,
1974 ean perceive symmerry propertics. Fhere is also
some cvidenee thar two species of monkey can detect
symmerry {Rensch [958

The published data appear t indicate that a wide
range of taxa can detect symmery and that some non-
human taxs, especialy birds, have developed symmetry
ahilities z0 least of the order of tha
‘Sehwabl & Delius 19840 There-
o discuss the human vision
literature when considering the purpotted visual capabil-
ities of a number of animal groups. At several tunda-
mental love's. birds and non-human mammals mav have
similar for perhaps better: abilitics to detect and respond
However, T

respectively;.

SO Anmundsen

direrimination
deseriberd tor himans
thre, 11 seems relevant

to symmetrical visual stimuli than humans.
shonld also reiterate the cavear that rezders should be
aware that most of the daa discossed have not been
collected Irom non-Loman animals and dhat extrapola-
tion hevord the buman visual system should be done with
caution.

4, TRAIT CHARACTERISTICS AND ASYMMETRY
SIGNALLING

A review of 1he herature indicates thar a vamber of
fundamental properiies of a display {or signal’ may
miluence
favtors could be viewod as elements that “amplify’ the
Haxson 1389, 19940% and, kence

the way iu which svimnewry is pereeived. These
asymmetry signal {cfl

Pl Bans, B See Jaad BB

could e fnvoured by selection mechanisins. In the
following serton I postulale as to how (10 onentation of
the axis of symmetry, distance of (raits clements
from the axis of symmetry, {ii) rait complexity, and
vl trait confrast and colour may affect asymmerry

signalling.

{a} Orientation of the axizs of symmetry

T huntans. it has been claimed that symmetry abou: a
vertical axis is more salient than symmetry about any
ather axis { Marh 1939 Rack & Leaman 1963 Goldmeicr
1972 Rock 197% Corballis & Roldan 1975 Fox 1977
Barlow & Reeves 1979; Fisher & Fracasso 1987 Exph-
citly, therc are data to indicate a lierarchy in case of
derection so that svrumeiry in i vertical plane is easiest W
detect, followed by horizanial svinmnctry and then diag-
onal symuetry (Palmer & Hemenway 1978 Barlow &
Reeves 107% Royer 19811 Howoever, there are studies that
contradict this simple relatiomship {e.g Fisher & Born-
stein 1981 Jenkins {983 Pashler 1990 Corhallis &
Roldan 19757, indicating tha there may not be a struc-
tural bias in the newral filters that process ssmmetrical
patterns (ol Mansfield 1974 Mansheld & Ronrer 1978

Pashler (1990: found that informing subjects of the
arientatiou of symmetry in test stimuli increased percep-
tual performance in terms of speed and acenracy of detec-
tion. This could imply that subjects are capable of
altering :heir frame of reference jn wrms of the orienta-
lion of the axis of symmetry w Lhe most Likely vricntation
that they will experience {Shepard & Meller 1971 In
light of this, Wenderoth 11994 exposed subjects o stimuli
that varied in the oricntation of the planc of symmetry
ranging from horizontal to vertical and several inter-
mediare diagonal orfentations. Wenderoth jound  that
subjects responded  best 1w stimall whosz plane of
swimmetry was orientated at the mcan angle for the
frequency distibution of the whole population of presen-
tations. i.c. they facused on the ranst Jikely angle of orien-
tatiom. This cvidence ol ‘attentianal selectivity’ tarther
implies that the mfluence of axis orientation on percep-
ticn is not reliant on a bias o the neural array of arienta-
tiem  deweciors  Chavndburi 19905 [n soveral  cases,
symimelry about 4 vertical axis is most casily detevted,
but the mechanism underlying this bias is not clearly

understood.

The fundamental differences in the manner in which
humans perecive hilaceral symmetry in different orienta-
fiens miay have implicatons for the ways in which other
animal species perceive and respond to symmetry infor-
mation. Although there is linle known concerning orvien-
tation. =ffects in other taxa. there s some cvidence that
honeybees respond quicker to hilateral symmetry in a
vertical plane as opposed to a horizontal plane !lehrer of
al. 1995 Horridge 1996). This 1= similar to what we scc in
humans. n general, we may expect selection pressures m
favour the evolution of asymmetry-signalling tratts with a
vertical axis of symmetry, cspecially in organisms that
primuarily orientate their visual ficld about a vertical axis,
e ina similar manner o humans.

(b} Distance from the mid-line
The abilitv wn percetve svmmetries s not only relian
on the orientation of the axis of symmerry. but also the
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spacing of the elements within the  stimulus object
tCorballis & Roldan 1974, A wumber of studies have
indicated that symmetry s most readily assessed in a
narrew strip centred around the axis of symmetry | julesz
971 Brure & Morgan 1973 Barlow & Reeves 1979
Jenking 1982 Uiy may also be relaed to symmetry
heing mest eusily perecived ac the ooin of hixation
1Barlow & Reeves 1979; Saarinen 1988; Locher & Nodine
G989 Heowever, Wenderonh 11995 and Barlow & Reeves
9797 have also indicated that proximity o the edge of a
pattern is an impariant feature inosymmetry detection.
Hence, features close to the centre and close to the ouside
cége of a paitern that is reflected across an axis of
syimmeny arc most teadily assessed in rermes of their
AVILOICLTY.

These Endings could suggest that asymmetry sigualling
would be most effective in traits ihat are close (o or span
the body axis, or in trats that define the ooter cdges nf
1he overall shape of an organism. In iraits thal span the
body axis, central elenents (Lo, those around the axis of
wrmmetry? may he more effective as a signal than other
parts of the trait. 1o date, there have been ue stuclics to
explore this celationship in non-human awimal systems.
These obscrvations also predict that asymmetry signal-
ling is least likely o accur in (ruits where left and right
clements are not visihle ssmultaneously, such as coloration
patches on cither side of fishes (but see Sheridan &
Ponankowski 1997, Morris & Casey 1998,

fc} Trait complexity

In general, many researchers have predicted that
symmetry will take louger to assess o more complex
stiruli csee Baylis & Diriver 1994 presumably as more
elemenrts within paterns need 10 he processed by the
vistal svstem 1o assess the symunetry of more comples
structures. However. this relationship is not necessarily
straightlorward  as  thrie s evidence  thai
cloinents within patterns can be grouped together into
smaller subunits ol perceptual eomparison berween left
and right siles (e.g Tapiovaara 1990; Baylis & Driver
1904 I elements are closer together, then symmetry [il
present’ is detected quicker {Corballis & Roldan 974

Trait complexity may alse nfluence the manner in

Browing

which symmetry information is sxwacted from visual
stmuli. The symmetrical properties of relatively simple
patzerns with low spatia’ frequencies may be extracted
glabally and may not make speahc reguirements o1
poiny of Axation to determine the symmetrica; relation-
ships of clemems within che pateerns § Julesz 19713
Whereas, a point-lwv-point {or group-by-group, where
points ate pocled tweether; comparisan may be required
when assessing the symmetry of more complex paiterns
that have higher spatial frequencies | Julesz 197]; Bruce &
Morgan 1975 Pelmer & Hemenway 1978, Zimmer 1984,
This coukd miean that in simple structores, intrinsic
display properties such as distarce from the mid-line may
not inlluence symmetry detection as much as in complex
mnameitts. Therefore, 1t could be prcdictt’d that the
asymmetry af simple structures, such as arnument length.
could be assessed at larmer distances from the axis of
symmetry than tor complex structures such as mulii-
caloureid or patteraed elements, The twa experiments that
have demonstrated symenetry percepiion in the truts on

opposite sides of fishes [1e eft and right elements are not
simultaneously  visible! have studied relatively simple
structures: colour spols Sheridan & Promiankowski 19971
and verteal bar paiterns { Morris & Casey 1998). 1t may
lye that complex ornaments involved in asymmetry signal-
licg mav be more likely w occur ¢lose to the plane of
symmetry. And colour patches far from the axis of
symmetry (but not at the cdge ol a visible pattern} are
less likely to be used as an effective and reliable sigral.
Interestingly, red cpaulettes in male rec-winged black-
hirds, Agelaius phoericens, do oot appear (o signal asym-
metry information {Dulour & Weatheihead 19961 And
lefi and right enmponents of this tealt are a velatively
large distance from the md-plane, whereas the asym-
metey of the eomplex plumage chest bars of eebra finches
15 & signal and this plumage area spans the axis of
symmetry Swaddle & Cuchill 19944, OF course, 1hese
two studics are not directly compatable as they employed
very different methodologies and the relutive magnitude
of asymmetiies also differed. Howeves, listing  these
exampees serves to demonstrate rhar predictions con-
ceruing asymmetry signalling and distance from the mid-
plane ceuld be tested by condueting both within- and
amarg-species oxperiments that manipulate asymmetry
o amiar magnilndes using  connion,  standardized
o=thods,

It also appears tt symimelry detection in humans is
quicker if the object vontains clements that are composed
of angles and lines, as appnsed ta simple dots {Corhallis
& Roldzn 19741, The dillerence betweer dots and lines 15
alse evident when subjects are asked 10 discriminate small
asymmetry from perfect symmetry: when stimuli are
composed of maore regnlar features, asymmetry discrimi-
nation is cohanced {Hong & Pavel 19861 This may mean
that symumetry in discretely shaped patches of coloration,
such as cliest stripes in mile zebra finches, may he more
casily assessed than meore diffuse spot patterns, such s
the spotty chest plumage of temale staclings, Stonus
rulgaris (of, Swaddle & Winter 1993,

{d) Trait contrast and colour

Yhang & Gerbing {1992; have explicidly shown that
the relative contrast of clements within a stimulns pattern
wflucnces symmetry pereepuion. In their study, they
varied the comrast of elements (dots, between left and
right sides of symmetrical dot patterns. Conrast asym-
metry  uegatively influznced the proccss of assessing
morphological asymmetry, i.e. symmetry was less readily
detected in the symmetrical pattern that contained a
s implies that cantrast and colour

contrast asynunctry, "1
asymmetries will also be important when  assessirg
symmetry in natire along with simple pattern maching
see also Tvler ef el 1993) ‘Llierefore. when researchers
assess asvmmerty of signalling traits they should net oy
measure the morpholugical asymmetry but also the
contrast and colour asymroectey of lefi und right sides.

5. BEHAVIOUR, CULTURE AND ASYMMETRY
PERCEFTION

Behavioor of the signaller ard receiver may iofluence
asymrierry detection. A series ol investigations  have
repeatedly  demonstrated that viewing a symmetrical
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pattern at an increasing angle or skew) decreases the
ability to detect the symmetry [ Gerbing & Zhang 1991,
Wagemans of af. 1901, 1492, 1993; Locher & Smets 1992,
Szlvk e af. 19960 Therefore. in svstems where asymmetry
signalling has cvolved we may cxpect to see behavioural
adaptations thar minimize these skew effects. These mav
include z synchrondzadon of movemen: between signaller
and receiver or, allernauvely, a lack of movement by buth
parties that eohances the orobability that the signal s
vriemtaled perpendicular 1o the oyes of the recever.

As described above, there are a number of trait features
that can ald symmetry perception, hence we could expect
behavioural adaptations v maximize these features and
potentially amplify the signal. For example. we could
expect symmetrical signalling traits 10 be held in oa
vertival orientativn to the eyes of the receiver and signal-
lers to avold labitats of sharply varying light imensity. In
this respect, there is some evidenee of behivioural maodifi-
catinn that could enhance symmetry percentinn. When
hees land on a bilaceratly symmeinical Hower  dhey
orientate their body to the axis of synunctry [ Jones &
Bochmann 19745 This could be to maximize balance or
enbanes SYETLITLELEY pcrccption.

There may also be some cross-valtural diffecences in
the pereeption of symmetry. Human socictics choose, use
and learmn different types of symmerrics preferentially
ireview n Washhurn & Crowe 19881 When resring loy
symmelry perception in humans it may be imporiant o
take these differcnces inte accmmi as some societics are
better at detecting bilweral symmetry, sotne ratational
symmetry translational  symmetry.  For
example, Bukasu (West Kenyan! children arve less capable
af reproducing rotated objects than Senttish children, i
they are equally eflicient at reproducimg images that have
been vertically reflected  iBeatley 1977 It has been
suggested that symmetey preferences are learned 1 Para-
skevapoulo 19687 and that cducation differences may
account ‘or some of the cross-cultural differenres secn in
symmetry preference. Hargitiai (1990 has indicated that
the Japancse culture may dislike exact symmcetry more
than canventional Western eulrare. Symmerry appears as
being oo perfect for Japanese liking: it is o unnaiural
and sierile. Tt is possible that non-human animals ¢ould
also show sone clemenss of culuural variauon i their
svmmetry perceptual ahilities and preferences, altbuugh
any citccts of cultural differences would be expected to be
much weaker than in humans and are not likely 10 inlle-
ence the prescncc—absence of symumewry  preferences.
Culwral vaviation 10 symmetry  perception could be
tesced by examining perceptaal performance of sprcies
taat have been geographically separated. or by expern-
mentally exposing developing anima’s to different forms
of symmetry—asymmetry cucs. This could be an over-
comphicaton of an already complicated 1ssue, bul could, [
[eel, be an issue worthy of consideratior.

and  other

6. PERCEFTUAL THRESHOLDS AND ACCURACY

Is symmctry a canonical property that is exaggerated
by thae visual system (o Freyd & Tversky 198417 1n ather
words, do our visual systems interpret a near-symmetrivl

image as a perfectly symmetrical image? In a number of

cxperimental studies. objects that are distoried from

perfect symenety by a sel degree are perceived as being
symuncirical as reliably as vrue symumetrical stimuli {e.g
Julesz 1971 Barlew &  Recves 1979 Jenkins 1983
However, the human visual system also has the abliy
disctiminate perfectly symmetricad patierns from those
with some degree of asymmetry {Barlow & Reoves 197%
Jemkins 19535 Experimemal investigations of the percep-
il thiresbolds  of  discriminating  small  degrees  of
asymunelry from perfect symmetry are generally Lucking
[rom the literature, so it (2 not possible (o put an exact
figure on the maguitude of relative asymme:ry that is
pereeivably” differem from zero asymineiry isee below!,
Hang & Pavel {1096 report a rccent experiment in
which subjects were required to discriminale between
perlvetly symmetrical insges and these that possessed
small degrees of asymmetry. Their data indicate that
humans ran discriminate an asvmmetry of oo less than
1.5%% when the display is higkly structured but anly about
3% when the display comprises @ randon dot display.
The issue of perceptual shresholds is an imegral compo-
rent in assessing the plausibility and generality of much
ol the asymmetry-signalling litcrature. As the dsymme-
tries that are measured in natare are su small {(commeonly
less than 1Y% of trait size, 11 may not he posdble to
discern asymmetry  from  porfect symmery Swaddle
197 g

The only evidence [ am aware of which conld be inter-
prewee as indicating a perceptual direshold for discrieu-
nating asymmetry from perfect symmetry in zon-human
animals comes (ront 4 bar length discrimination experi-
ment perlormed on pigeons by Schwabl & Delius (1484
In their cxperiment, pigeons were exposed 10 Tong” and
“short” white har patterns mn a dark hackground. Pigrons
were traned o diseriminate belwesn the two categories
at nitial lengih differences of approxinuucly 46%, and
25%. In subsequent wials the difference in length
Letween the swo bars, which coulil be interpreted as a
length asymmetry, was reduced to approximarely 4% and
2%, Pageoms could still veliably distinguish briween long
aucl shart bars, implying that in an asvionetry diserimi-
nation task they vonld perveive a 2% relasive asvmmerry
as being different (rom perfect svmmetry, This exceeds
tne Apparent [Jrrr(.‘r,plual alilizics of hunans, who rpssess
a threshold for bar length discrimination ar approxi-
mztelv 1% length difference (Ono 1967 Schwabl &
Delius {19847 did nat trerpret theie data in erms of
symmatry derection and 11 should be noted that 1he
evidence their study provides is indirect, hat valuahle
mietheless.

These datz bnply that jageons hane a perceptual
threshold for asymmetry discrimination at approxinuately
2%, asymmetry. In many published reports of relative
asymmetry vitlues this could mean that the mayanty of
the population arve perceived visually as symmetrieal, as
mean asyimnetry s often less than 2%% of wair size, In
the two studies that have unequivocally demonstrated a
signalling role for asymmeiry, 1he relative difference
between symmettical and  asymmwetrical  signals was
targrr than this putative 2% threshold level: approxi-
mately 1% in Swaddle & Cuthalls {19914} zchra finches
and appraximately 2% o Morris & Casey’s 1998
swordrail fishes. For asymoetry 1o be an cHective sigoal i
must be used s a selection criterion for diserimminating
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among individuals. Hence, it the majority of individuals
are categonized as symmerrical, asvmmetry will have
lude discriminatory abidity and its use as a signal niust e
in doubt when traits display high developmental siability,
Signalling traits do tend 10 display greaier levels of Suctu-
ating asymmetry than traits under stahilizing selection
i Meller & Pomdankowski 1993, but tratt asymmetry
conld still be oo small for many visual systems. As 1 s
not possible 1o extrapolate trom Schwabl & Deliug’s

119847 single study on a single species, a detailed study of

perceprual thresholds Tor asvmumewry discrimination in
relation ta the population disteibution of trait asymmetry
valuaes is required before we can fully assess the generality
of asymmctry-signalling theory, It 15 also fair to remark
at this point that a small morphological asymmetry could
become magmlied im0 a large hehavioural asymmetry
‘rg birds with small wing and rail asymmeuries have
reduced Hight performunce, [Dvans ¢ 2 1991, Swadcle
199785 and this could provide a plausible mechanism for
asymmetry  discrimination  in systemns  (further
discussion in Meidler & Swaddle 1997:. However, Lur tae
prrposes of this review [ am restricting my comments ta
the direct visual assessment of morphological trait asym-
Merry.

Pigeons have greater visual acuiry tor length diserimi-
tuation than hwumans. so could asymmetry discrimination
ahilitics he better in birds than inammals? The visual

S0Mmc

system of hirds appears o be superior in a number o

other features, for example, pattern-recognition orienta-
ton invarance (Delius &  Hollard %451 uliraviole
colour detection i Bennett ¢f af 1996, and references
therein), polarization plane diserimination [Delius of o
197671 and hue disvriination : Emmerton & Delius 1950
Therefore, asymnietry signalling could be more presalent
n avian as opposcd to mammalian signalling systems. o
date, there have been tno lew studies pertormed with
Anr-avian taxa o comment on this suggeston.

For a signal 1 be ellective, it must be both discrimin-
able and memorable {Guilford & Dawkins 19911 Hence,
i symametry is detected it must alse be coded and stored
at somc cognitive level Even If symmetry Jand hence
asvmmetryi is perceived at a lower level, egoas a by-
product of edge and line detection {[ehus & Nowak
1982 Oworin 1995 organisms would still have to store
some merwory of the svmoterry of oder signals o make
among-signal discrimination possible. Theretore, it 15 not
only imperative 1o study asvmmetry discriminatian, but
also the manner and cfficiency in which visual asymmetry
mnformatior is stored and recalled by cognitive processes,

Assigning an accurate threshold value ta asymmetry
discrimination 1s alsoimpeostant in chat the reliability and
accuracy with whirh a receiver can assess small asynune-
trics is crucial to the signalling cactics of the signaller. In
any error-prone signalling system, the response of the
zecriver depends on the perceived level of the signal
rather than the true signalling level itseli. Additionally.

with error-prone signalling it is possible that one level of

advertising (ould be perceived z2s being many dillerent
advertsing levels ; Johnstone & Gralen 1992, Therefore,
estimaling the accuracy to which asymmewy can be
diserirninated {not just from perfect symmetry but alse
from varying levels of asymmetry] and investigating
tactors that influence this discrimination. are vital in

assessing the roln that asymmetry may play 10 any signal-
ling svstem.

7. EVOLUTION OF SYMMETRY PREFERENCES

It is passible that a preference for symmetrical ohjects
has cvolved independently of any awsoriation berween
symmetry and Htness. Aesthetir symmeiry preferences
have Dbeen observed in aumans e.g. Bahnsen 1925;
Artneave 1934, 19357 even if the svmmetry s not complete
Eisenman & Rappaport 1967, Fiscuman &  Gellens
1968; Szilagyvi & Baird 1977 Hewe 1980). There is also
some evidence for aesthete symmetry preferences in birds
and nsects {fe.g Rensch 1937, 1938; Lehrer o7 af, 1994; bt
see Deling & Nowak i1982) tor slight preference for asym-
melry in pigeons), Hence, researchers have begun to focus
o the evolutionary origins of a prelerence for symmerry,

Several artificial neural nciwork models have been
developed 1o help explain how a preference for visual
symmetry could evolve (Enquist & Arak 1994; Jobnstone
1994 Bullock & CLff 19971 Enquist & Arak’s [1994)
model suggested thut symmetry oreterences may  have
evolved as 4 conromitant of a process o detect patterns
irrespective of ovientation, distance or  pasition. This
could imply hat detection ol srmall asvinunetrics could be
masked, as varving orientation or skew will most likely
introduce a cerlain degree of perceptual asvmmetry [of.
Wagemans #f al. 199], 1992 However, Enpuist & Arak’s
model docs show some sensitivity to small asymmetries,
e of the order of magniiude vhserved in biological rraits
shat display finctuating asymmetry. There has been some
debate 1n the literature as to whether the artificial selec-
tion regime employed by Enquist & Arak influenced the
oreterence for gross symmetry that they obscrved and
-hat their model does not actaally generate ar maintain
complex symmeiry (Unok 1945 Dawking & Gllord
14973 Bullnck & CL 19971 The neural network model
proposed by Johnstone (19941 emploved a training regime
in which trait averagencss and symmetry co-varied so
that the most average traits were also the most sym-
metrical. As Johnstone notes, the sirongest response was
elicited by the most average of all signals preseated,
which were alsn the most symmetrical (see below), To
turther highlight the importance of trait averageness,

Johnswore also demonstrated  that  symmetrical  iraits

further from the population mcan size were not preferred,

Qsoria {1996} has proposed that his model of
symmerry ceteclion by catcgorization of relative phases of
spatial harmonics predicts that there should be an
mirinsic preference for symmetrical images, as symmery
increases the proporrion of axial points detected by che
vistal svstem. Osoric saggests that this reladonship could
be interpreted  us  somewhat similar to asymmetry
creating a ‘blurring” ar ‘kinking’ of a physical line. Henee,
it 15 possible that symmetry preferences ave hard-wired
into the visual svsiern as a by-product of other visual
functions: in this case as a oy-product of edge and line
detection by spatial phase. Enquist & Arak 11994 also
suggest that the visual svstem has become hard-wired for
symmetry preferences, perhaps as a result of experiencing
a high frequency of symmetrical nhjects in nature,
although this mav be a difficult evolutionary hypothesis
10 test.
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Swaddle & Cuthill (19946 Johnstons (1994 and
Enquist & Johnstone (1997} kave proposcd that symmetry
preferences might have evolved because symmetry is the
‘average’ signal expression in traits that display flacruating
asymmetry. As floctuating asymmetry shows a normal
distribution centred around zern, symmetry must be the
most  common  and  average signal.  The  specihc
mechanism they propnsed was that of prowntyping’,
which can be viewed as a form of generalization proce-
dure, It is thought thar humans form a menal prototype
that is an average for summation} of previous sigoals
against which they compare a novel signal. Several
studies have indicaied that these prototypical ropre-
sentations are preferred over more extreme  signals
Strauss 19749; Bomba & Sigueland 283 Younger 483,
Quinn & Eimas 19806; Younger & Gotlich 1988 Langlais
& Roggman 19900 As prototypes for traits that show
fluctuating asymmetry wil. be symmeuical, it could be
predicted that symmetrical {uverage) signals should be
preferred. There is also evideuce (rom the comparative
psvehiology literature that this form of generalization
procedure oceurs in pigeons e Kalish & Guttman

=4

1957; Blough 1969 and some insect species, e.g. Dresoplitla
melapagater (DIl & Helsenbery 1993). Therefore, us
syumtetry  should  always be the average and  most
cominon signal in traits that display Juctuating asym-
metry, a preference for symmetry could arise through
cstablished psvchological processes. It has subsequently
been demaonstrated that thiz form of mechanism can give
rse to a preference fr symmetry in an ardiicial sirula-
tuor  (Enquist & Johnstone (997 Additionaldy, this
process of template storage involves enrtical activity and
50 NLLy independertly  of any  lower-level
symmmelry preference mechaniso.

Overall, symmetry prelerences could have developed
mdependentdy of an assoriation with fitness parameters,
although lictle is known about preferences for nerfeat
symmetry over small asymmerries. The models discussed
above may only explain {in part} the evolution of a gross

operatc

preference for svmutetry and hence the evelution of

symmetrical signals. Their contribution ta the apparent
preference for syruetry over minor 2symmetry requires
further theoretical and empircal investigation. In light
of this, T think it 15 relevanc that Julesz (19711 showed
that slightly imperfect svinmetrical e nnldly asym-
merrical; patterns of dots are prefened over arrarge-
ments that have exact mathemzical symmetry 1o the
naked eye, the preferred doe arrangements still appear
symmetrical; their degree ol asymmetry 1s very sudtle
but detectable enough 10 render these patierns more
attractive. 'The perceptual processing of sulnle asyumne-
tries of the order [ound in traits that display fluciuating

asymmetry Wiy net fall within wraditional categunes of

symmetry perception and may difler greatly among taxa
depending on the perceprual threshelds [o: asymmetry
discrimination,

8. CONCLUSIONS

Compared with our knowledge of the human visual
system, we kaow relatively little about symmetry percep-
tun in nop-buman animals, We also do not know
whether the diserimination of small asymimetries [rom

perlect symmetry emplovs similar perceprual provesses as
detection of ssmmetey per e, For cxample, Palmer &
Hemenway 11973 showed that discriminaung  perfect
symmetry fram patierns with slight asymmetry wok 245,
which is much longer than studies report [or the prreep-
ttan af symmetry nselll This implies there 1s some addi-
tional processing or cogoitive clement involved when
discriminating a small asymmerry. Asymmelry diserimi-
nation may be more complicated than the failure 10 hnd
symmetry and  may involve some aspects of mental
storuge and pattern matching fof. Swaddle & Cuthill
19944; Toquist & Johnstone 19971

Pt‘rlmps the maost prcsriirig arca to which vur attention
shanld he focused is that of perceptnal thresholds and
accuracy of asymmetry diserioination. In eraits where
asymmetry is 10 small, ik, in traits with o high degree of
developmental stability, asymmerry signalling simply s
not viable. But we dn not know what 15 lon small unless
we get 2 more accurate cstimate of the perceptual thresh-
olds in operation. The daca collected so 1ar indicaie that
hirds may have asvmmetry detection abilities on a par
with (or perhaps shghtly better thani that of humans, So
it may be useful for researchers w use the figures [ have
highlighted i this review as a (rst indicator of whether
asymmielry signalling is viable in their study system. If
most of the population of trait asymmetry scores falls
helow a nominative 2% relative asymmetry threshold,
direct visnal signalling by Buctuaing asvmmeiry is not
likelv 113 aecur,

The accuracy with which animals can detect and
respond to asymmetry is also a fundamenta. area tha
needs tw be explored {urther. As the asymmetnies are
commonly small and the variation among individuals
may be difficult to perceive, the irequency of etrors of
perceprion may have a greac influence on the evohiion
and signalling tactcs of the signaller. Extrancous faviors
not directly involved with e phenotypic expression of
the sgnal, such as urtentation, skew or lighting, may alwo
influence asvrumetry discriminazion and introduce signif-
icant Levels of misinterpretation and pereeptual erzor.

The preceding review aof factors thal- may infuence
symmetry perception also raises the gensral question of
whether we ave measuring the  correct “pereeptoal
currency” when assessing the asymmetry of signalling
traits. For example, we do not know that two-dimensional
length of the outer tail feathers of a barn swallow is the
only important asymmetry measure that comprises that
particular signal. There may be other differences in
feather breadih, shape, criemalion and angle that may
alse he imporiant clements of the signal, Therefore, we
should explore different, more perceptually  relevamn
currencies of asymmetry ie.g Zabrodsky & Algom 1996;
when applying asymnetry-signalling heory to evalu-
fionary and ecological questions. This issue may be parti-
sessing  the asymmetry of

cularly impoertant when  as
camplex traits such as voloration patehes,

In sumamary, L hope o have brought atiention w the
camplexity ol asymmetry signalling and made wseful
suggestions as to what factors of a potential signal may
influcnce the pereeption of asymmetry. This may help
rescarchers to focus their eTorts on systems where asym-
metry signalling is more probable and illustrate that
asymunetry camnet be a universal signal il asymmelry
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values are o0 small th be perccived. There are certain
features of a wrait that can enhance Jor amplify) asymmetry
diseriminatery perfurmance and henee should be favoured
Iy sexual selectinn if asymmetry signalling oceurs. These
incluce (1) vertical orientation of 1he planc of symmelry (in

higher vertebrate species); {111 close proximity of left and

right elements to the mid-line of the bady {L.e. the axis of

{iil compositon of dlemerts within a trait 1
fortn geometrica. ines and shapes; and [vi homogeneity

SVINIMELTY )]

of trait conrast and celour. A thorough empirical test of

these predictinns is needed before the genericity of asym-
metry signalling can be {ully assessed.
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sion of this manuscript. I was financially supported by a Royal
Commission for the Exhibiton ol 183] Rescarch Fellowship,

REFERENCES

Acvneave, Fo 1994 Some miormationai aspects of visual pereep-
ion. Pl Ree 61, 1R3-195.

Atnesve. FO195% Symmetry, nformation, and memaory lor
patiern, Am. J Powiol. 68, 209-122,

Balisen, P 1928 Eine Unterschung  dber Symmetrie und
Asymmerrie bei visiellen Wahenehmingen, 0 Pockd. 108,
129 134,

Balmbnd, A, Jones, 1. & Thomas, A T. R 1993 On avian
asyinnetry: evidence of natoral selection for syemeirieal
rauls and wings w bivds, Pree. . Sve. Lond. B 252, 245201

Barlow, H. B & Rerves, B €. 1979 The versaliluy and absolwie
eficicnry of detecting mireor symmetry in raadom dor
thaplays, Ioden Rea 19, 783 793,

Bavlis. €. (.
symmelry but not repetition within single visual shapes, Frvwaf
fegn. 1377 2000

Bavlis. G G, & Driver, [ 1993 Obligatory efge-assigmuent
vision: (e role of Agure- and part-segmentaion in symmetry
devection. f fp Povchol. Fun. Feveept. Ferform, 211325 13012,

Bennett, AL D Carhill, LG, Partriddee, | G & Maier L [
1995 Ulravidlet vision and mate choiee 0 sebra finches.
Aature 380,455 435

Bentley. A. R 1977 Symmetry in paitern veprocuction by
Seortish and Kenvan children. 7 Crons=Cultwal Pycol. 8. 410
124

Blangh, 135 (984 Generalizaton gradicnt shape and sunima-
ton o steady-state wests, 7 B Awol. Befar, 12, 1 -101,

Doroba, P G & Siqueland, E. R, 1923 T'he nature and structu-e
ol infant form categories. J Ko Child Pochel 35204 324

Bornsiein, M. H., Terdinandsen, Ko & Gross. G0 G 1981
Pereeption of syrumetry in infiney. v Prvckel. 17,82 86,

Bruce. ¥ G, & Morgan, M. J. 1975 Vialations of symmetry and
cepenition invisnal patterns. Fereeptran 4. 239140,

Bullock. 5. & CUff, I 1997 The sole of “hidden prefeicnces” in
the artiheial co ovolution of symmetric signals. Fron Ko Sor
{and. B 264, 30571}

Carmady, 1> P. Nodine, €. F & Locher, 10 | 1977 Glohal
detectivm of symmeiry, Prrvgpe. Motos Skiftv 45, 12671273,

Chaudburs, A 1990 AMeodalation of the motion alteretfert by
selective attention, Aature 344,60 62,

Cook, N, 121995 Arteliw or network evolution. Mafqre 374, 315,

Carballis, 3. C. & Roldan, G F. 1974 On the perecption of

sunetrical and repeared paiterns. Paept Ppchophys. 16,
156 142,

Carballis, M. (0 & Roldan. € E 1975 Derection of semometry
aeoa funetion of aneular anentation. f Exp Pocked. Hum,
Percept. Perfem. 1,221 230,

& Driver. ] 1994 Pavallel computaticen of

Davenput, D & Roluneadel, Y0 1982 Orchids, bilateral
sy:metry and insret pereeption. J. Ther Biof. 84, 241 252
Thawking, M. S & Guiliord, T2 199 An exaggeraved picteronce
fur simple nearal network models of signal evalution? Proc. &,

Yoo, Lond. B 261, 357-560.

Delins, ] Do & Haber, GO 1878 Symemetry: can pigemns conee)-
1alize it Berar. Ried 22, 350-312.

Delius, J. D & Hollard, ¥ 1), 1995 Orientation invariant pattern
recagnition by pigrons Colvmba Ariar and humans (T
wparnin. f Comg, Pkl 108, 278 290,

Delius. J. 1 & Nowak, B, 1982 Visual symmetry revognitien by
pligeons. Pypekol. Res. 44, 1909-2)72,

Delins, | Do Perchaad, R. ] & FEmmenen, [0 1976 Polarized
ligh discriminatian by pigeons aml an elevrroretinngruphr
correlute. J Camp, Phoniel. Parhod. 90, 960 571

Il M & Hetsenberg, ML 1993 Visual peern memory with-
ol shape recognition, PAi Trans. RS, Lond. T 349, H3-152,

Driver, J.. Banlts, G € & Rafal, R 1902 Preserved figure
wromnd segreganon and symmerry deeeciion in visual neglec
Safere 360073 7,

Ihifsur, K. & Weathalicad, P ] 1996 Estimation of ornganism-
wide asvinenry in red-winged blackbirds snd i relanen o
studics ol mate selection. Prae R See, fond. B 263, 7649 575,

Fisenman, R, &  Gellens, Ho Ko 1968 Prefeenee for
complexily —simplicity wd symmetry asymunetry. Poreept.
Latar Skt 26, RER-BY

kiscnman, R. & Rappapary, J. 1967 Gownplexity preference and
semantic differenzial ratings of complexity—simplicity and
svmmetry asynmumetry Pochanonn. Sei 70145 146,

Fracrion. J. & Delws, [ DL 1960 Wavelength diseriminasion
in the visible and uliraviclet spectrum by pigeons. 7 Comp,
Physof, 141,47 32

Enepust, ML & Arak, AL 1994 Svramury, Beauey and evoludon.
Mature 372, 169 172

Lowquist. M. & Johustone, Re A 1997 Generalization aud e
evadiion of sermeiry preferences. P Ko Sae Lowd. B264,
1543 138,

Prans, M L. R Martins, [0 L. F. & Haley, 31932 The asym-
meteical cosc ol i) cloongation inoced-billed sireamerails,
Proe. K. Soc, Fond. B 256, 07 103,

Fisher. G B & Bownstein, Mo Ho 1481
syioretrys effects ol stimulus orientation and head position
Pareept. Popchapinn. 32,443 H18,

Visher. G B. & Fracesso, M. P 1987 The Goldmeier effeet
adults and children: enviesnmental, rerinal, and phenomenal
amtuences on judgments of visual svmmery, Pereption 16,
205

Fiske, P & Anwndscn, [ 1997 Ferude blurilroats preter nides
with symmetric colour bands, duim. Bekac 54, 8L-87

Fiks, B M., Weinsteine M., Rappaport, M, Andersan, N &
Leonard, J. A 1956 Stimuolos correlations of visnal pattern
recognition: a probabiliey approadch. o Rxp Fiyckor. 51, - 11

Foster. D H. 1991 Operating on spadal operations. 1a Parrern
secognition by men and mackiee 1od, RoJ Wattl, pp. 5068,
Basinsioke, LK: Macmillan Press.

Foe. ). 194 The use o siructurad disgnostics in recognition,
JOEp Pohol Lo, Percept, Pogform. 1, 57 57,

Fere, | B 1970 FHert of luwer shapes and nertar guides on the
hehaviaur “f foraging bees. Bekavionr 37, 209283,

Froyd. [0 [ & Trersky, B 1584 Forer of symmelry e lorm
perceprion. Am. j #choel. 97,109 126,

Georhino, W, & Zhang, T 1991 Visual ortentatinm and symmetry
detection under afline wanslormations. Bal, Fyrofonen. S
29, 180,

Coinrfa, M, Fichman, B & Minzel, RoUSS Sattineen aenradioiogy
eeport 10, N, Elsier & R, Menzeli Statggarc: Thiome,

Goldmeice, E. 1972 Siilarity
Puyehod. Jszues B, Monograph 29,

Identilication  of

:n visually  pereeived  furme.




1392 ] P Swaddle  Ferveption of nsymmety

Gramner, K. & Thornbill, BO1993 Homean trel aneaetveness
atl sexual selection the roles o averagencss and syimneies.
7 Comp. Prpchel, 108, 235 242,

Guiltord, T & Dawkins, 8. 8. 193] Receiver psychology and
Cre evolution ol animal signals. Arin. Behar 411 14,

Hargitrad, I 1992 Pentagonal symmetry: fullerenes anl ouasi-
crywt;i]\;. Frr. Mineral. 61, 928,

Fliassan, (3 1989 Amplifiess ard the handicap principle in sexual
selection: & cifieremt ermphasis. Frae B Swe. Lond. B 235,
385 Lk,

Hasson, Q0 1990 The cole of ampliliees i sexnal selection: an
integraion of the araphitying and the Fisherian mechanisms
Frol Eeol 4, 577 28U

Hertz, AL 1924 Die Ouganiscttion des oplischen Feldes b der
Besnre, . borad. Phovsent. 1L 107 145

Horte, MLO1655 Uher figurace Instensitit wnd Qualititen in der
optische Wahrmehmunyg der Biene, Bl 8. 53, 1040

Hoeben, J. Ho. Julese, Bo & Raoss, | 970 Shoet-term memory
firr sy emmnetry, Fivae R, 16, 331 866,

Hong, S0 & Pavel. M. 19956 Determinants of ssmnieiry pereep
uon, In Huwan ammeny pereeproon odo GO W Wleri, pp. 135
123, Lirechn: VSE Tnnernational Science Publishers.

Horridge, G AL 1396 The honevbee wpts melfifera) detects bilat-
eral svmmetry and diseriminctes axis. § Feert Phyel. 42,
FERE N

o, T
arnl hackward masking on judged soodness and eepradnctinn
of visual pattern, € fF Fap Porded . 320 2705

Jablonswi, PG & Batvjasiak, PO1997 Chaffincly (Fréngiifa
eaelehil epanletie display depends on the degree of exposure
bt pot symmetry of intrudets enaolentes Hefiario 134,
Ly 120

Jenkins, B 1082 Redundaney in the percepticn of bilateral
svmunetry i dot wextures, Feacpl, Prpchuplen. 32171177

Jenkins, B. 1983 Compoment processes in the perceptiom of
]')'ll.llﬂ':l]:) ﬁ}'ll]l]1l'1li(‘ Jdon textures. thﬂf. Pg;-r."}op."gys. 34,
454400

Jobnstone, R, AL (994 Temale pref rence o synuneteical males
as i bveproduct of selection for mate recognition, Aatiere 352
172 174,

Johmsione, Ko A& Greaten, & 18492 Evror-prone signadling. Prore
K. So.. Load. B 248, 225-233,

Jones. C. E. & Buchniana, 5. L1973 Uleaviolet floral patteris
as [umctionzl orientation cues in hymenopterous pollinalinn
sestems, dwuim, Bekar, 220451 - 185,

Tulesz. B 1570 Foundations of ¢etopean peiceplion.
Chicago Privss,

Julese, B & Ciana, | 1979 Symmeoy pereepiion and spatial-
requeney channcels. Pereption 8, 711718,

kalish, H. I. & Guitaan, N 1957 Stumulns generalization after
equal traiving on cwo smalie o sxp, Fichal, 53, 139- 141

Kanizza, . 1976 Subjective contours. S dne 234, 28-52,

Kowner, R. 2996 Facial asyomwetry and atiractiveness judgment
in developmeata) perspectice. 70 v Pkl fum. Pereepr.
Frrfinm. 22, OE2-UF5,

Langlois, ). H. & Roggmuan, 1. A
only average. Pacficd Ser 1 1G—121

Lehrer, M., Horridee, Go AL Zhang. 50 W & Gadagkar, R
1993 Shage vdsion in hees: innate preferznce for Gower-like
pavierns, Pl Dans. R Swe. Lond. R 347, 123- 1357

Ligon, J. D, Kimball, B & Mecala-Zwartjes. M. 19893 Mate
choice by fermale red jungletowl: the issues of multipls orna-
neents and urtuating asveametry, dwim, Bekoz 55, 41-50.

Locher, B & Nodine, G0 F B0 The perceptaal value of
sviumetry, Comp, Muth. Appl. 17, £75—<84

Lucier, B & Simets, G192 he influence of stimulus dinen
siopality and viewing arientation on derection of semmeiry in

dot parterns, Sall, Psychonom, Soc. 30, ¥3-40.

S MU0 Bifeas of partial svmimetry, expusure time,

Iniversity of

1940 Arracine Faces are

Locher, P& Wagemans, ). 1993 The eftecrs of element tvpe and
spanial grouping onsvmmetry dewection. Fereeplion 22, 303547,

Luchwig, W, 1932 Das Reckts-Links Problrm im Tiverich und deim
Menscher, Berlin: Springer.

Muach, YIRS Fhe analysic of semsations. New York: Dover.

Mansheld, R, ] 1974 Newral basis of vrientation perception in
primate vision, Sricaece 186, 11331135

Mansfichd, R AW & Ronaer, 8. F 1978 Oriemation anisotropy
ininockey viswad corews, Brain Res. 149, 229--23 1

Moller, A P 1900 Fluctuating csymmetry i male sexoal orna-
ments may relably eveal male quality dsim. Behae 40,
1185- 1187,

Meller, A0 P 1992 Fernale swallow preference Tor symmetrical
male sexual ornaments, Nodure 357, 238-210

Moller. A. P 1993 Fomale preference for apparently symraerric
male sexual ornamemts in the barn swaldlow Hirunda rudbica.
Behar, Ecol Sociohiol 32, 371-376,

Moller. A. B 1993 Bumblchee prelerence for symmerical
fowers, Proc Nentd Aiad. S U84 92, 2288 2292,

Moller, A0 P & Eriksson, M. 1995 Tlower asymmurey and
sexual selectiom in plants. Ohkee 73, 1522,

Moller, A. P & Pomiankowski, A 1993 Fluctating asvmmetry
and sexual selection. Graetiva 89, 267 - 279,

Meller, AL P & Swaddle, ). P 1907 divmmetry, drvelopmenial stabi-
ity and evatution, Ondtrd Universiny Press,

Morgan, M. ., Fiwh, M. D., Holman, J. G & Lea, 5 E G
1776 Pigeems learn the concept ol an &% Peresfuion 5. 57-6Hh.
Morris, M. R, & Uasey. K. 998 Female swordail fish prefer

sviunwtrical sexual signal. dwine Behaes 55,33 39,

Morris, M. R. Mussel, M. & Ryan. ML ] 1995 Verteal bars on
male Aiphophoras muitineatss. a signal har decers rival males
and attracts females, B, Feof 4, 273-270.

Moreane, M. €0 & Bure, D, C 1988 Teature detectinr in huran
vision. a phase dependent energy model. Prac. B Sor. Lond,
B235, 221-245.

Morrone, M Bure, DL Cl Ross, J & Owens, R 1986 Mach
bands are phase dependenc. Narwr 324, 230-255,

Ouakes, L. J. & Barnard, P 1954 Flucwaning asymuneuwy and
mae chulce in paradise whydahs, Vidua paradisaea: an experi-
mental maipulatian, tnim. Behar 48, 937-911

O, H. Iy Difference threshold for stisules lengzh under
sirnultancons  and  non-simultaseous
Prrespt. Prviophys. 2,201 207,

Osorin, I 1495 Symmetry detertion by categorizacion of spatial
phase, a roolel. P R Sec Lord. B263, 105 -110.

Pulmer, Ao R 1995 Waltzing with asviinielry. Bevickener 46,
hIR--332.

Palmer. S, B, 1992 Symmwiry, ransformarion and he stroctare
of percuptual systems. In Organization and representalion in pereep-
tom Ced. |0 Beekl, pp. 959-144 Hillsdale, NJ© Laweenee
Erlbann.

Palmer, 5. E. & Hemenway, K. 1978 Orientaion and svorretry:
effeet ol multiple, racational, and npear symnmeteics. 7 £ap.
Prrfol. Hum. Fercept, Ferform. 4, 691=702,

Paraskevapouln, I 1968 Symmnciry, recall, and preference in
relation o chronological aze. J Exp {uid Pickol. 6,
234-264.

Pashler. H. 1990 Coordinate (raroe oo symmeery deteetion and
object recogmition. . Fxpo Piyckad. Hum. Fereept. Preform. 16,
130-163.

Quinn, P C & Eimas. P D0 1886 Oun cutegortzation in early
infancy, Mereddé-Palmer Quart. 32, 331-303,

Rensch. B 1957 Asietische Ektoren hei Farb- und Form-
bevorangungen von Affen. Z Tierpsrekol. 14,7109

Rensch, B 1958 Dhie Wirtksamkeit dsthetischer Laktoren bo
Wirheltieren. J Tierpivchol, 15, 447441,

Rensch, B 1975 (redichtars, Beeritfrildung und Planhandlung ba
Tievpan. Berlin: Parey.

viewing  conditions,




1333

FPevceptionof aszmmetrs . P Swaddle

Rowk, L1973 Orieatation and forn. New York: Avademic Press.

Rock, I & Leamun, B 1963 A experimental analysis of vivual
symmetry. et Pocied 21, 171 185

Ruver, Fo L. 1981 Dececdon of symemetry. J§ Fup Popeal. Hun
Greept, Eerform. 7, 1186 1210,

Saxzinen, ] 1988 Detection of mirrar symmetry in random dol
patrerns @l differen cocentricites, Pision Res, 28, 733-759

Schwulid, U & Drelivs. J. D0 1984 Visual bar length diserimina-
tion threshold in the pigeon, Bied Befez: 5, 118 121

Shepard, B, M. & Meteler, [0 1970 Meatal rotation of 3-dimen-
sional olyjects. Sedence 171701 7US,

Sheridan, Lo & Pomiankowski. A, 1997 Fermale cheice for
spot asymmetry i the Trinidadian goppy. sdaie Bekan 54
L33 1529,

Stranss. M. 1979 Ahstraction of protaypical inlormation by
adults ane Wemonch-alil intams § Asp Pockal. Hum {ram,
Mem. 5. b)3-H32,

Swaddly, J. B 299G Reproductive success and symmctey in schra
{inches. Anim. Befeaz 51, 2003240

Swaddle, J. P 1997¢ Fxperimental design and the sigualling
|J:'l)pt‘[lii'h of lluf'l'.mrin_g Autm. Behar. 54,
311037,

Swaddle, T P 997, Within-idividoal changes in developmemal
stability adtect Dighn pertovmance, Bebaz Ecol, 6. 60160

Swaddle, ] 11 & Cauhill, I GO 19%e Preference for fi)'r]lm(‘tl'i('
males by female zebra finches, Seiwve 3687, 163 Thb.

Swaddle. J. P & Cothill, I G 15948 female zebra finches prefer
irales with sy mmeteically manipulated cliest plumage. Proc £
Swe. fond. B 258, 267 27

Swaddle, J. B & Cuthill, 1. G0 199 Asyounerry and o
Factal atiracrioeness: sviumetry may nol always e beanitul.
Proc, B Soc Land B 261 111 116,

Swarddle, |0 P & Witrer, M. 50 1995 Chest plumage. dominance
and Huetuativg asvmmectry in tomale stoclings, Proc. K. Sue,
fond. B 260, 21% 23,

Seilagvi, PGl & Baird, [ 00977 A aquaniitative approach
the stady of visual sy, Feeeept, Prpchoginya. 22, 287-252,
Szlyk_, J PLoRoew, Io& Fiaiwer OB 1996 Tas gl (:I"]Jr-:n'(‘ns'ln_e; n
die pereeption of symmerrical s viewed trom ditferent
anples, L Haman simmetiy percepteen o GOW Tyler), pp. 125-

134, Urreddn V5P Tiaernational Science Publishers.

Tapiowawsa, A 1990 Ideal ohserver and absobue efficiency of
Jetedting nurrer symnetrs i cmdom nmages. 7 Opt. Soe A
AT 2245 2253

Tenkins, ) L & Simmens, Lo W 1998 Femuale choice and
mimipulations of foreep yvize wod senumetey inoabe earwig
Farfientfu wirivwaria L. Anem. Bl 36, 347 350,

Tyler, C. W 1994 Human symmetry perception. T Human
syemetry perceplion fed. C. W, Teler, pp. 3-22 Ureeche: ¥SP
International Seicnce Publishers.

ARV Y

Tyler, €W, & Miller, R H. 1994 Parern identification by
trajectory analysis in aatecorrelaton hyperspace. Pioe, Hharld
caomgr. ewral Netiwarks 3031510

Tyler, C. W, Hardage, L. & Miller, R, 1935 Multiple mechan-
isnis ot detectton of refection svoume iy 1 briel exposures,
Provepition 22:Sappl. 47

Uetz, G W MoClintck, W |
Conk, K. K.
asymmetry in a male secomdary sexual charaerer infuenices
seual selection i woll” spidees, Bebar, Ecol. Soidebed. 38,
PRERNYS

Wagemans, . 1996 Detecticn of visual symowetrics. In Humaen
syt y percepton ted. COW Rler) ppe 20 48, Uneche, VaP
[neeraational Seiense Pubiishers,

Wagemnans, I, Van Gool. L & dYdewulle, G 1991 Deweetion
ol symmetry i tachistoseopically preseawsd dor patierns:
effecis of multiple axes and skewing, Focept. Puchopina. 50,
413 427,

Wagemars, ), Van Gonl [ & d'Velewalle, (0 1452
Orientational efects and cotnponem processas in symmetry
driectinm, Q_ J E.\p. f’g‘}{'.l".'r)f. Add 475 H08.

Wagemans, [, Van Gool. L., Swinnen. V. & Van Horcheek. |
1993 Higher-avder structuse in regntariey deteetion. Jisiag Bev.
33, lU67 1038,

Washhurn, D0 Ko & Crowe. DU W 1988 Symnetires of culine.
Searhies W Universiey of Washingion Press.

Watsor, B J & Thernlill, Ko 94 Fluctuating asyinmetes and
sexual selection. frends Beod. Eved 9,21 25,

Wenderth, B1494 The salience of vertiical svoometwry, Prreapenon
23,21 246,

Wenderiah, P 1995 The role of pattern outline in bilateral
svmunetry derectinn with brietly fhashed cou punierns. Spatial
Flveon 8 35 77

Weyl, Ho 1932 Spamnetrr Princeton Universiry Proess.

Younger, B. AL 1985 The segregation ol Bens it categories by
wen-motth-old infants, Carid Derelupoen 56,1574 1085,

Wunger, B AL & Gotlicl, S 19858 Development of vueeguriza-
tou skills: changes in natwe or structuee ol infant form
categnties? Hec Fivohel. 24, 6110149,

Falbwodsky, H. & Algon, 1301990 Coultnuous syouanetny D
mcdel for human higeral pereeption. In Humean spmmety percep-
fom ied, COW Weler, pa. 289-301 Uwrecht: VP Internancaud
Sclence Pulilishers.

Zemall, T. R. & Hogan, D0 B 197 Concep learning in the
pigeon: transter 10 new matching and nonmatrhing simubi.
Ane. J Fspchol, 88, 235-2+4

Zhange, L. & Gabioe W 192 Symuuetry in opposilc-contrast
dut patterns. Peseeption 21 Suppl. 2), 93

Simwner, A, G 1884 Toundarions for the measucement of
phenomenal semewiry, Gestalt Theory B, LB - 55

Miller, Do Spuh, BT &

1996 Limb regencration and subserjuent




