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Becently ( Trope, Huber, Loidalt, Aver, & Feder 1%90), we found that pigeons discnimimated
bebaren large scts of photorealistic frontal mages of human faces on the bags of sexc This
ability we precdominantly based on information contained n the viswal texture of these
images rather than in their configural |:-r-:-|:-::r|:|i:-.-'. The pigroms could learn the distinction
even when differences of shape and average interaity were completely removad . Here, we
proved more specihically the pigeons” Hexbility and efhciency to utilz e the class- disdreuish-
ing inforrration contained in complex natural dasses. First, we used prindpal componant &
wdl a= disariminant functon amalysis in order to deter mine which aspeds of the male and
ferrale images could support sucessful ategonzation. We then conducted various tests

involving svatemmatic transformations and reduction of the feature content o examine
whether or not the pigeons” categonzaton behmaour comes under the control of ategory-
level feature dimensiors—that 1=, those simulus sspects that most 3-.'-.LLFEI2!'."|]|' divide the
gimulus dasses o the experimenter-ddined categories of “MMale™ and “Foamale™
Enbanced classibaation ability in the presence of impovenshed test faces that varied only
along one of the first three principal components provided evidence that the pigenns vsed
these dass-distinguishing stirmulus aspedts & a basis for genemlization to new irstances.
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Researchers of visual categonization in pigeons have long been faced with a dilenm.
These who trained pigeons on u::mp]ﬁ"-: sinulus clisses, like photographs of natural
scenes, could demonstrate the pigeons’ capacity for categorization but lost the ability
to idenafy the features to which the birds were respon Those whio usad -:.Jrefuﬂv
corstructed artificial stmuli, like simple line dravings, could study the underlving care-
porgzation mechanism but at the expernse of a limited Emem]mbjhn to matural visual
classes. These tradinons, called the amadfysic and the nwshenic ilT_TJ]'II:th-l‘.l‘r Fersen and Lea
( 19640, can be viewed as alter native ways to test visual caegorization in animals. Here, we
report a sty in which we sought to unify bath approaches by using modern technical
and stanstical tools o discover which features pigeons tse when solving a “maturalistic™
classification tsk.

Recently, we started to investigate the visual classificaion by pigeons in a task that
seemed 1o us an appropriate simulation of the categonzation problem n mature (Tioje,
Huber, Loadolt, Aust, & Fieder, 1999}, The design of that study and of the present cne
were developed by attending © the following ains:

| The simuhs classes are natural categories that are consstent with natural simuhos
variation and can be assumed © be evdved o be classified correctly. As representa-
nors of complex natural objects, the st provide complex variations i both the
spatial arrangements of somulus components on the one hand and ther particular
appearance on the other hand. Speafcally the suface properries of objects, meluding
the colour, mtenaty, and other frst-order statistics (which we called “exture™ n
Troje et al., 1999) seam to be an essential part of the informanon that is contamed m
the visual array reflected by natural objects (Gibson, 1979).

Pigenis are mive with respect to that discrimination task at the onset of the experiment;
netther mnate nor ndivichally acquired concepts should be likely to mterfere with the
citegorzation rule.

The ohiect representanon should p]m'jnle an ethcient m;]jng; scheme. Instead ot the
commonly used prvel-besed representanon of chiects it is preferable to use a simuhes
space in which the objects are coded by means of corresponding features (comes porn-
dence-hased represensasion). 1:1:nm.|run|;;sud'1 sophsticated representations allows the wse
of simple distance measures and linear classifiers.

[t
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The first two requirements were satished by choosing hurmman faces as snnh (as did
Titsumon & Yoshohara, 1997, and Wasserman, Tassinary, Blait, & Sayasenh, 1989} and
the polymorphous fearure “sex™ as chss defimition. The third was achieved some
vears ago by Vetter and Troje (1995) who developed a teature-basad represent:lru:un for

mmeges of faces by exploiting pixel-by-ping correspondence between the images. The
fearures wsed for estﬂh]ls]ung correspandence were not sermntically predefined high-level
features like “eye™ or “nose”, but were established on the sngle-pixel level by wsing
adapted optical flow ﬂlp;c:nrhn's i Het Arancan, Hanna, & Hingorani, 1992}, One
important acvantage of this kind of object representation is that it makes it possible to
separate the informanon contained i the mages of burman faces by addressing the spanial
arrangernents of strmulus features (“shape™ ) on the one hand and their particular appear-
ance (“visual texture™) an the other hand (Tioje & Vetter, 1998; Vetter & Troje, 1997,



The main result of our first experiments with these snmuli wes the differental
contribution of texture and shape to ctegorzation deasions about the sex of human
taces (Troje et al., 1999} Three groups of eighr pigeons each were confronted wath
chfterent versions of the same set of stimuli differing according to the amount of shape
and texcture infarmanon that they contained '[:lnh-ﬁ pigeors that were presented with
texture information (with or without additional shape informmtion) successfully sorted
200 faces info the ategories “Malke™ and *Ferrole™. OF those faces, 100 were associated
with differential reinforcement dunng training, but the rermining 100 faces were spon-
taneously classified thereafter with no measurable difference in perfarmance.

In further expeniments we sought o identify the reason for the superiority of the
texture task over the sape tsk. COne experiment was designed o verify whether the
pigeons wsed particular image attributes of those two feature E‘emms, ach as the average
intensity or sie of the fices. Withinclss corrdatiors between those attributes and the
pecking rates dunng classification training indlicated a predominant role for both of them
This result was confirmed by inserting test inmges with ambiguous size or overall inten-
sity and measuring the degree of disruption on the pigeons” clssification abilicy. We
concluded that the surface pmpfmes of natural objects serve as a very general and potent
perceptual dimension in the pigeon’s visual environment.

A timal experiment was conchucted m order o determine whether the subjects were also
abe to learn the sex diserimimation when the images were normmlized for both their shape
and tor ther overall intersity (the “Exture-only, mtersity-normalized™ sinuation; subse-
quently labeled “normalized”). The pesitive results provided evidence that plgeoIs are
able 1o successfully shift strategies and use other sommlus aspects for the appropnate
division of the reduced stimolus space. Although not one of the Troje etal. (19949 study's
original aims, which were mainly oriented at pervepaial’ questions, these findings have
important Jm;.uhmnnns tor the way in which pigeons use teatures © dassify stmuh.

OF course, one is empeed o explain the preference for the texre tsk by claming
that the pigenns are able to extract some relevant informmation from the feature space by
mears of an acquired adiustroent of the saliency of features contained i the surface
dorrain. However, it is also conceivable that a narve pigeon approaches the dassficanon
task with a foeed set of ways of analvsing pictures (the fearure analysis inpodieis; see Lea,
1984). If this were the case, the difference between the texture and the shape group in
Troje et al. {1999) would be a matter of percepaon rather than of cognition; their findings
wiotlld be of little relevance tor theonies of ategorranon (see ako Watarmbe, Lea, &
Dittmich, 19493).

A basic requirenent for the claim that pigeors learn to use the relevant feature dimen-
sion rather than coming with fed saliences for particular features is o prove that they
are able to ack the task—that is, that they confinue to master the classification problam
dlespite removing those cues that originally facilitated learning. Indeed, deprived of the
intensity cue that was IJ'L1.|Z'II:I]‘L'ill'l'[ for the successful classification, as demonstrated in a test
including armbiguous images in this respect, pigeons were able to relearn the task (Troje et
al., 1'?3"9? It would be interesting to determine not only what features they now used in an
intensity-nommalzed situation but, particularly whether these features were informative
in the sense that they accurately divided the feature space inm the experimenter—defined
categies.



Crven the -;m‘q:ule"ﬂn at the informmation theat is contained in the surtace propernes of
the face in it 15 first necessary o reduce the dimensionality of the given pichure set in
order tnﬁnsfm those dimensions that account for most of the variance in the stinwulus space.
Privapal componenry aalyss (PCAY—a multivariate statstical method first described by
Pearson (1901 and thereafter widely used for such purposes (Sirovich & Kirbwy, 19875
a too] that vields an orthogonal basis with the axes ardered according to their overall
varince. PCA has also been applied to similar tasks, like human face recognition (Turk &
Pentland, 1991) and gender classificanion (07 Toole, Abdi, Deffenbacher, &Eﬂﬂett. 19913,
Here, we applied Pﬁ to our stimulus inages in order © find those dimensions of
varance that acomnt for most of the varanoe miskin the conplete picture set (males
plus fermales),

A comrmonly used statistical method for finding the parameters in a multidimensional
feature spoce that accounts for nwet of the vanance femren two or more groups oif
interest there the two cheses “Mak™ and “Fermle™) 18 disorimgnam: fovcion analysi.
We applied this method here in order © determine whether the Lﬁn?nricrﬂ that showr
the greatest contmbunon © the male/fenale separation are actuall y used as discriminanon
cues by the pigeons.

To investigate this poesbdity we used three related tests. First we examined rank
correlations between response rates o individual stinubi and the values of the frst A
principal components for the same stimuli. Then we created synthetic test images that
varied only acoording to each of the first three principal components and measured the
spontanects perfarmance on those images. Furthermore, we assessed the role of colour
by ex a covrelation amalysis with colowr values of mdividual faces, and by then
presenting the pigeons with greyscale test inages. Finally, in order tw determine whether
any ]'ll[[h—lE"I.E'] teatures of the faces were used by the pigeons as discrimination cues, we
“degraded” the images by using two standard filter techniques (blurring and block
pormraying) and measured the transfer ability to those filtered faces.

Method
Subjacts

Experimental subjects were 11 pigoons (Ciabanie Foi ) of a tradidonal livestock race (% Strasser™)
fram a local supplier. These indivichals had been wsed previoely in Expenment 3 of Tk ot al.
i 194909} anc] were selocted out of a total of 15 subjedts because they had reached a significant kevel of
performance at the end of that experiment. They were hosed inseveral corpartmnts o a hrgr: i»4
m”) cutchoor aviary in groups of 8 to 10 individuals of mixed sex. Unlimited water and gnt were
provided chily in the aviary, whereas food was provided only in the learning beeees during and afier
the excperimental sessions. The birds were maintaned at weights slightly lower than their free-
feecling we ghi=

Apparatus

The expariment was conducted i two identical onekey operant Skinner boves located 1nthe
ndoor Bhoratory, each box was connected through a passagesay system with one outdoor aviary
compartment {Haber, 19941 The front panel of sudha 30 30+ 40 om wooden chamber was



equipped with a pedang key and a food hopper. The oversized, dear Perspex pecking key (3-om
charncter, ENV-1 230, MED Associates, LIS AL was mounted in the centre of the panel 28 an above
the floor. A6 - G emaperture for the food hopper wes directly bedow the key (8.5 conabove the floor).
The pigeon grain fesder (ENV-206M) used a 28V DC sdendid-activated hopper designed to
ensure reliable delivery of grain tothe bird. A hopper Li_ﬂt ilhurnirated the meepacle area whenever
grain wae acoessible. During the experiments, the chamber was weakly illuminated by a 2-W house-
Eﬁht (EMNV-213) lncated in the rear part of the chamber. All images were presented at a sime of 64
; pi:u;ds tabout 2 2cm)in full colowr {except n the grevecale test) agaimst a Wack backgmound ona
15" (38 ¢, dhagonal ) PC momitor { Panasomc PanaSynce 400 at a distance of 5 cm behind the dear
pecking key. ﬂ?;cmsum.dm presentation procedure: wes contralled by Pentium PCs, one for each
chamber, nning a Del ph |:r-:-gr'1.m that select o the patterns :|-.1.1:-r-JJrq_zt-:-1 pre-specified sequance.
"The MED behenioural contra package, including a computer interface card {DIG-704) insick a
Fentium P, a modular interface (S0 senes, | 711, DIG-321), and the behavioural control
softeare (VED-PC for Windowsl, was used to control events in the operant chambars and to

ML ET TESpOscs.

Stirnuli

For the generation of the face stirmuli, we wsed a database of compater modeds, which bad been
collected from three-chmensional laser scans of the heads of 100 male and 100 fermale students. The
students" faces were free of any kind of acossones like glasses or earings. Men were shaved and
the har of the bead was digitally removed from the modds ({ for detals, see Troe & Bulthoff, 1996), The
X0 face mockds were mncomly subdivided into two groups (Set A and Set B), each containing 50 male
and 50 fernale faces. For each pigeon, one set served & the training set and the other 2 the test set

The 31 faces served as models torender photorealistic images in frontal view using only ambent
light and a bhck badgground (Figure la. IF you are looking at this paper online, please dick here to
see @ colour verdon of Figure 1), These *ongnd™ images served only s a garting paint for the
generation of further stmuls sets used in the present experiments. The first set was denived by
normalizing the images hoth with respect to ther shape and with respect to their average intensty:
Examples for such intersity-normalized, texture-only images (subsequently cdled “normalized”)
are shown in Figare 1h

The shape normmalzat on procedure 15 desaribad in detal in Vetter and Tooge (1995 ). It bacally
irvohves a norHnear deformation (i.e., a warp) of each angle image. Tht‘ ceformation i ddined such
that the warped image would match with a predefined “prototype™ inmage on a feature-bee-feature
bags The prototype could, in prinapal, be any face. For computational resors, however, it was
chosen o mepresent the average of all the 200 faces in the database. The deformation fiedds were
cetermined by using an adapted optical flow al gorithm,

After the images had been normalized with respect to their shape, they were normalized wath
m=pect to thar average intersity. This was done by first computing the average pod valoe in each
rrage andl then rescaling the pinel values such that dl images eventually had the same average piood
value, namely the overall average pizel intensity of the whole data st

Dhue to the fact that the location of all features in the shape-normalized images areidentical across
the chitabase, any linear combination of existing images will result in a new image that is quaitatively
m-hﬁnng'UEI'nhltfmmthtnnEJ.nn] images. Therefore, linear operations such as PCA arewd | defined
on this irmage set. PCA s a linear decornposition that sields an orthogomal basis for a given data set
with the origin centred at the mean of the data set and the axes (e, the *pancipal componants” )
ardered with respect to thar contnbution to the overadl vanance, The Arst prncipal componat 1s
found by medmizing the vanance of the dhta set as projected onto this axs. Fach subsequent
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Figure 1. Frarmples of the face images. One example of a male (eft) and a ferle (nght e & presented in
the “origiel™ mpresentaion (lal, in the “normmlied " version (diffem nos of shaps and inersity ae emoved,
Ik, in the prevscbe wersion (1d, overaid with a Gassian filter (kernel mdive = 20 peeel, 1e), and overbud wikth
arnenc filter (Hock site = 6« 6 pixel, 1. Onthe fght kalfof the Ao (16, examples of est images From the
first thirese princ pol components are shommy Tothe memge e 1) e added the respective normmlized princpal
cornporent »ith weghts cors ponding to 0.4, 10, 30, and 60 standard deviations os in both directiore,

princpa component is orthogomal to all previous axes and—given that constrant—again meaxinizes
the vanance of the data projected onto it. We computed a PCA vang the raw image data as an input.
Fach image was coded by simiply concatenating the three colour values for each pixel, which resultsin
a voctor with 64 - 64 . 3 = 12,288 dimersons. The resulting principal components were then used



o generate images comesponcding to points that were 02, 0.4, 006, 08, 1.0, 20, 5.0, 4.0, 30, and 6.0
standard deviatiors away from the average face (the ongin, sce arlier) in both directiors alone the
first three componats.

Figure lc shows eamples of aich stmuli. In addition to the average face this figure depicts the
synthetic images with weights comesponding o 04, 1.0, 5.0, and 6.0 standard -r_kﬂ.'l:ltln:-ni hoth above
and below the mean along the first three principal components. The exagperated faces at the extreme
podtions above and beow the men are especially informative; from these faces we gain some
understanding of the information contained in the ditferent |:rir|-.-i|:ﬂ| COmMponEnts.

The first component pides up on a relabve interaty difference bebween the upper and the lower
part of the face. The second component pides up colour differences that seem to corrdate math
perceived gender but also on differences in the contrast of facial features. The higher prinapal
components represent fesature compoatars tha are harder to chamctenze.

The normalied images were akio used to derive a set of greyscale images and a set of images with
rechuced spatial resolution. The greyscale images (Figure JdE ) were -r_knmﬁch-sﬂ substituting each RGE
colour value with a single grey pizel whose value (T) wes mven @ a linear corbination of the three
colour values: 1= O3* R+ 0.39% G+ 011 * B. Bocavse we wsed anby 100 fromea total of 20 faces
churing the dasgficaion traming, we were able to use the remaining 100 as novel faces for the

vacake mrarnpulation.

Finallx, we generated a farther set of images with reduced spatial resdution by applying a set of
Censsgan filters and a set of mosa ¢ Alters tothe normalized images. The images were denved froma
set of training faces that contained five male and five fermale faces. For each subject we used different
scts, namdy those faces that were discriminated with the highest acouracy (most pecks in the cse of
positi ves e fewest pedks in the case of ntgatnt—s] cunng the last 16 presentatons of dasshcahon
training. Ten chfferent filters were used. Five were m:EaJ-.EﬁJtu'i that resulted in images with aneas as
bargeas 200 2,5 0 3,400 4, 50 5, or 6 G pinels bang replaced by the average inters ty and colour
ol this region. The other fve filters were Caussian ﬁ.ll:{'rE that would replace each single pivd by the
weighted average ofits neighbourhond. The weighting was defined by means of a Cavs=an functon
with standard deviaton ot 4, 8, 12, 16, or 20 poeels. Applying those 10 filters o the 10 images we were
able to showa total of 100 Altered faces to each sabject. All colour images were shomn in a resolution
of 4 = 64 pixels and with 24 hits colour depth. The grevsale images had only 8 bits per pixd.

Procadure

The expariment required a discrimination between vanous face images. Before being exposed to
an experimental problem, pigeons were rained o enter the box voluntarly (a description of this
voluntary training method can be found in Huber, 1994) to find food in the hopper, and finally they
were autoshaped by standard methods to pedk & the llumimated key We used a vanant of the
suoesave go'no-go procedure (described in Vanghan & Greene, 19%84) as our discrimination
method, which required the birds to pedt in the presence of posiove stimuli and o wathhold pecking
in the presence of negative strmuli. The sandard traming or test unit s a daily session corestng of
4 trak.

A training tral started with the onset of the stmulus and Anished with the fulblment of the

response requirernent. During this time the houselight was off. Pedes were counted only in the first
105 of a trhal. The images remained vighble at least during a further vanable interval imean: 10,
mnge: 1-20 s) and then until the response requirerent was accomplished. IF the stmulus was
poative, the first response to ooaur within 2 5 of a previous response terminated the simulus
presentation and produced 5 s of susess to food. In contrag, responcing to a negative pattern cansed
a contimiaton of the stmuus presentaton, which termimated only if B s had passed wathout a



me=ponss occurning. In such rials noranforeers a all were delivered. Test rials mn with “newtral™
contingency—that is, they were terminated immedate ¥ after the first 10 s, during which pedis were
countec], independent of whether the subject responded or not. Each tnal was bllowed by a 45
ntertrial interval, dunng which the h-:-mrlipht was turned on. The intertnal interval ended with a
short drk phase that signalled the presentation of the next stinulus

Training sessions consisted of 20 poaitive and 3 negative trials in quasi-random order. In fact, we
pre=poched ton 40-nal sequences that were equalzed with respect to ather windshaft or wnd/say
strategies (Leving, 19591 Sessions conchicted in the test phases contained both training and test
trials. The test trials were randomly intermixed between the traning trhals, wath the corstraint that
the first three trials were traming tnal s and no more than two test thals could coor o suocesa on,

The data reported here are from three tests condudted after training the pigeons to discriminate
between 3 male and 30 fermale normalized irmages of hunan faces (Trojeet al., 199%). Those subjets
were arbitrarily assigned to the two different gimulus ses (Set A and Set By and the two different
i nforcement conditions {male-positive, fermale-negative and vice versa). The training consisted of
twe phases. In the first, lasting for 40 sesgone, a subset of 1 faces was presentecd our times in each
4iHmial sesgon. On comsecutive days, different images were shown =o that a pigeon completed a
whole grde of the 100 images fromather Set A or Set B within 10 days. We ran four of these crdes,
In the seoond training phase, the sme 100 pretures were used, but now 40 different rmages were
shown only once per session. This phase beted for at least 10 sessions and was then continued unal
the subject performed 5 comsecutive sessions in which signibcant discimimation was demonsrated
o 05, Mann-Whitney £5Test). I this criterion was not ful Alled within 30 sessions, traiming was
terrrinatecd.

The first test phase began immediately after the completion of dscrimination traming. This test
irvohved I8 sesgons, each contaning 28 training trials (14 positives and 14 negaives) and 12 test
trials (neutral contingency). In the test trials, synthetic faces that were created to vary along the first
three prind pal components were shown, Duning each sesion we inserted test images from only one
prnapa cormponent. Intotal, 21 test faces from cach component were wsed: ﬂ'tmrragt face and 10)
taces on each sicde of the mean (see eadier). Faces — 1, 0, and 1 were shown six times during the test,
the remmaining faces only three tmes {in randormzed arder).

The second test phase required the subjects to respond spontanensly o greyacale face mages. A
total of 10 sessiors with 30 traning and 10 test rials was suthdent to show Eﬂﬂﬂltﬁt ITEIEES O,
"The third test phese—in which theirmages overlai d with the hlter rasks were shown—also invalved
10 sessgors of 30 training and 10 test tnals each.

Data anak/sis

To evaluate the discrimination peformance, we used the p (rho) discrimmation index introducsd
bv Herrnstemn, Lovdand, and Cable (1976). This value equals the probability that the mnk for the
mes=ponss to a positive strmuus is above that to a negative. The p-value is derived from the Mann-
Whitney (Sstatistic by dividing the value of L7 by the product of the numbers of pesitive and
negative stimuli contributing to its calculation.

The peclang ratein response to each stirmuhus wes autormaticall ¥ registered dunng the first 10 s of
cach gimulus E-:r each pigeon, cach pecking rate was then -Jn'l-r_kd by the average over all pex
ratess messured from that bird during the current 40-4trial session. All arther calculations were I:usnﬁ
on these normalized pecking raves. Group tendendes were given ss means =+ stancand deviations,
Aralvses of vanance lﬁﬂrﬁm were used o Cmpare the mean |::1.l:|ng rates. Ve cormpared the
normaliz pocking rates to positive and negative stimuli and to training and test strmub. Becaose
training stmull were shown repeatedly during a test, but test simuli were shown only once, we used



only the normalized pedcing rate of the first presentation of any training stimulus in each test session
in order to compare the responding to training anc test strmui.

Results

Classifzaanion waining Pigeons i this experiment suecessfully classified the normal-
ized faces acoording to sex. The learning curves of the subjects show a tively
accelerated acquisiton funchion typical for many matural classticanon tasks rabe
etal., 1993). We computed p-valves based on the nommulized pecking rate emtE-cl charing
the last presentation of all 100 training sl (mean S0 for positives: 1762046

ves: 071+ 0.24) to evaluate the performmance at the end of classihcation traning,

Althmgh individual performances varied corsiderably (p-values berween 065 and

(1.58), all subjects acquired a significant discrimination level (p < 01, Mann—Whitney

s —tesr]ll:ﬂ'l[he mean dscrimination index, averaged across all 11 subjects, equals (.80
|

Principal comgpemens sesr. Tramning pigeons o discriminate between male and fermle
faces that contan all the surface propernes resulted in a substantial preference for the
average intersity of a face to be used as discriminanon cue (Troje et al., 1999, Experiment
4. It dhus cue 18 removed, whach snrmahs parameters of the surtace -.tnnm, jf any, would
the pigeons use to successiully master the cdassification task?

Our approach to specifying the stimulus attr butes that might have been used by the
pigeons started with a PCA (based on image vectors, not on pigeon judgements). Then, in
order to find out whether the pigeons speatically used certain pnncipal components, we
computed the rank order correlation between packing rates for indivichal faces and their
coopdinates on the respective principal component. The pecking rate assocated with each
single imnge used for this calculation was the mean of the normalized pecking rates
ernifted © the kst 16 presentanons of each stimmls in the cdassifeation training,

To exclude the parnal correlanon between pecking rate and sex that is not due to the
parameter under investigation, we computed the correlation separatel y for only the male
and for only the fermle faces (Table 1). Pecking rates of almost all animals showed ag-
nificant correlations with the second prncipal component and some also with the first and
the third components. Comrelations were not distributed evenly across the two stirmihus
classes; for all animals very high correlations with the second component were found in the
case of fermale faces, but only for three subjects i the case of male faces The same
tendency was evident when we analysed the third component. A relan vely equal distribu-
tion of correlations could be found only in the investigation of the first l_tﬁ'll'_'l]]'.enl'

As indicated by the inspection of the first few principal components, the pugeors thus
seem to use colour;, the relative difference between the intensity of the upper and lower
tace, and perhaps sl'ﬂd.ﬁ as cues i discrimirate between male and fermle faces, in this
arder of D]'E'fETE']'LI_f' Addiional support that colour was actually mwaolved m the coding
acheme of the pigeons’ analyses of the face images could be obtained by computing the
rank arder correfations of the pecking rates of individual faces with the red, green, and
bhue values of the imges. As with the second principal component, the correanon



TABLE 1

Spaamnan rark correlations betwssan nomnalized
pecking rates and the values of the first three principal

cormponents for individual pigeons

Mk Ges P b fowes

Subiers A A2 A A AR A3

T 22 i 19 Al a3 4
Tes A5 35 a2 45 S5 1
Tea A5 50 M AR 41 Al
12 Al 20 22 21 A5 A5
Ta A A2 A 20 . A3
Ta2 29 0o A0 % Lt A8
T A2 35 22 A3 I8 A5
Te A5 23 17 ]E . A
T3 2 A8 LN 23 a2 22
Tes A2 A2 M & 41 A%
Tes 2 26 A0 nz H) 26
Mean 28 3l 14 23 M2 25

Siwer The correlation was computed separately for roale (@
51 and female (x = 30y faces Correlation coefficents
burger than 24, .35, and 45 cormespond to significanc: levels
aof g 05, 6 < 01 and o~ 001, respectively, Correbition
coefficients larger than 33 (p < 01) are given i bold face

coefficients for the three colour components mdicate that the colour miormanon con-
tamned in fermale faces, much more than in male faces, acoounts for substantial proporton
of variance in the pigeons’ pecking l:e]rninur

We sought to support our hypothesis that ns attend oo the nfornmtion describad
by the first three princpal components by contronting the subjects wath test mages that
represent defined points on sngle principal components. Figare 2 shows the mean
standardized response rates of all 11 suhja_rs a5 a function of %LEIHILI_'E' from the average
along the first three principal components n both directions. The response tendency o
faces that were some distance from the average represents a ceiling and a floor effect. In
ct:m:l'alst a large proportion of variance of the pecking frequency in the presence of test

eges within the of — 1 to +1 standard deviations is accounted for by its linear

JElatlnn:i'np with rl';u-ﬁr and second principal components, Subjecting the peck rates to
the 11 test faces in the range between — | and +1 stanchrd devianons to a regression
analyas for the l'h]E'E' cormponents separatel v revealed high Fvalues for the first two
components (first: R" TRAM, F= 331, p= 001; second: B = 93,60, F = 131, p=
0001 but a low B m the third component (B2 = 33'”&1. F = 3l, p = 05

In arder to determine how well the test images along the first three principal compo-
nents have been discriminated, we computed the discrimination index { p) by ranking the
response rates to the 12 test images corresponding to points that are 1, 2, 3, 4, 5, and 6
stanchrd devianons avay from the mean in both directions (see Figure 2, white squmres]l
Because the test inuges were repeatedly shown during the test, we only used the response
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Figure 2. MNommalieed resporee raes = a fandson of dstance fom the avamge face (mssured in standard
deviatoms ) along the frat three prinapal components in both drectiors, We induded inach graph the mspomee
rates (mean of 11 subgects) to ssmithetic Bees that vary within amnmly oocwrming range (from — 1o + 1as »ell

& those to the “eapperaad” Boes that widely exceed theat range. Mobe that the sale diffiers befween these bao
sibgmups. The egession lines are commputad only for the fist gmoup of foes

rates emitted dunng their first presentation. All 11 subjects were able to distinguish
perfectly the test faces on either side of the mean of the second component; 10 pigeons

achieved a p-value equalling 100 and one pigeon a p-value equalling (.57 (mean p-value
09973 In menmnuﬁf discrimination index for the raming stmuli varied among
indivichwls between 064 and (B8 (mean povalue = 0.80). The mean discrimimanon
index for the test stirouli af the first and third conponents were (V8% and (00745, respec-
tively. Thus they responded to the variations in the first and second components as if they
were exceptionally positive or negative. This was e for the second component even if
we compuied the discrimination index: for all 20 test faces (mean p-value = 0.836). The

respectve p-values for the first and third conponents were (0756 and 01624, respactively.

Dhscrimimang flncion analysis. Finding evidence that the pigeons primarily used the
first two ]:urimpﬂ] components is not necessarly indicative of thew ability w mack
the task—that is, to wse thise feature dimensions that contribute t© the separation of
the sexes i the multdimensiomal face space. ¥e therefore addressed the problerm of how
well males and females could be separated wsing a discrimirant funcoon aralysis, given
the measurements for the indivichal faces on several princpal components.

Ve computed a discrimmant function analysis for both mage sets, Set A and Set B,
each of which conpnised 100 faces. In general, the min goal of such an analysis is @
determminge funcnons of the dass descripiors (the princpal components in this case) that
necirmally separate the groups. The smplest approach vl ves taking a linear cornbina-
tion of the variables "Fr'i.TEL‘EEZI:fII_'iE'ﬂTS that are chosen to nmaamize the Faano for a one-
way ANCVA for the vanation within and between the groups. This ol disoriminan
fincrion was calculated wsing the first 10 principal components,

For both picture sets (A and B), the analvses wielded clear results. In each case, the
mears of the discrirmmant function differed Sl%tu’l]‘lﬂt between groups: Set A A0
R5.26, p < 0001; Set B, x5 100 = 135,86, p- . Computing the percentage of grouped
cases contectly clssified by the model reveals a value of 8% for Set A and Y% for Set B,



Most important, however, is whether the princpal corponents that correlited highest
with the peclking rates of individual subjects (IC2 and PCL, Table 1) and that yielded the
highest #2-values in the principal component test (also PC2 and PCL) are actually those
that contribute most to the male/fermle separation. In fact, we found in both picture sets
that the sscond princpal component contributed to the greatest variance between groups:
Set A FULL98) = 45956, p < 0001 Set B, F(L 98 = 391, p < 0001, Whereas in Set A the
first component was the second greatest contributor to variation, M1, 98) = 2164, p <
1001, in St B the first component was only the fifth greatest contributor, although it still
yielded a agnificant Fratio, M1, 98) = 546, p < 05,

Coreyseade rew. Difference i colour served as a major cue for the discriminanon. In
view of the previous resulis it would be interesting to examine the effects on the pigeons’
ciscrimmanon abdity if colour were completely removed from the images. We measured
the spontaneous response to greyscale ineages from 100 faces that were not shown curing
classification U'.J.iru'nrin\ﬁé expected that the general zation performance shoukd be affected
to an extent dependent on the contral that colowr exerted on the pigeons’ dassibicanon
performance.

"The results are compatible with that hypothesis. In Figure 3, normalized pecking rates to
positive and negative maining stormuli, as well as © posin ve and negative test stinmly, for the
11 subjects are shown. Whereas the clasa ficanon performance in the presence of main
stinmli rerrained meact, ransfer performonce decreased to levels no better than dmnn_fl.-‘ﬁ
compuied a repeated messures, two-way ANCAA with class (posinve vs. negative) and
stimmlus (traimng vs. test) as factors. This aralysis revealed significant effects for both
varmbles: dlass, F(1 100 = 2226, p < 001; strmmlus, FOL G = 238 p < 001, and also
tor the mteraction hetween thern, A1,100 = 162.2, p<= 001, The interaction indicated that
the high level of performance for the training stirmuali was not replicated for the test stimul.

Filier sese. Inthe filter test, the effects of alenng some informaton contaimed i the
imeges by blurnng and by uraltintﬁzuhhd-: portraits were examined. For each subject the
five male and five ferale faces that were must accurately classified in training were
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Figure 3. Mormmlized pecking mtes emitted to positive and megtive taining stimuli and o posive and
negative grevecale best stirmili i the prevscale test . Fach daba point contains the mean plas standard error of 11
subyects
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Figure 4 Mean nommalied mesponse mbes as a functon of Alter mdivs igren in murmber of peek) aemged
over the fve poeilive and fve negative best shirouli, repectitely,

rarsformed in five steps by increasing the dameter of the flter rmse Figure 4 shows the
mean stanchrdied response rates a8 a function of degree of manipulanon averaged over
the five positive and five fve test stimuli, respectively. The variance berween indi-
vidhual subjects was low; and rewe depict the means caloulated across all subjects. It
15 evident from the regression lines fited to the dara that peither filter manipulation
substannially affected the spontanecus chssification ability of the pigeons. Only the
decreasing frequency of pecking in the presence of positive test images that were pre-
sented & Hock portrits showed a significnt trend, #° = T1L6%, F = 101, p = 05,
Howvever, even in this case, the difference in pecking positives and negan ves was highly
significant, F{L10) = 935, p = 0001,

CEMERAL DISCUSSION

The central issue addressad here was o identify the infornmation that pigeons wse © learn
a compley manral class discnmination. Although it kas been known for more than 35
years that pigeons are able to citegonize 1 wide variety of visual stinulus classes, two
mmportant isses ansng from the core question of categorezanon have rermined: (1) when
and how differential reinforcement shapes the features entering ino a polymorphous rule
and (2) what the peroeptual dimensions are and how they can be physically represented
(Herrnstein, 1984).

Together with the findings of the preceding study (Tioje et al., 1999) we are able ©
offer some answers o these questons. In the Troje et al. study we already proved the
pigeons’ capaaty for open-ended categorezanon by showing very quick and accurate
learning to sort 100 hurman faces with respect to their sex and by showang perfect ransfer
performance to 100 novel mstinces. However, only pigeons that were provided wath the
surface informaton of the pletures were snccessful ﬂfﬁ discnmination task. Moreover,
we found that accurate discrimimanion by those pigeons was primarily controlled by the



average intensity of the faces, which proved to be a vahusble coe for the sex discrimins-
ticn. This result is easily explained by feature analysis—that &, by suggesting that pugeons
carme with a fixed saliency for the ntensity feature and therefore saw new instances of
rmale and fermle faces as being similar to fraining stimuli unconditionally (Lea, 1984). Ve
would thus have good answers to the earlier Question 2 but not to Cuestion 1,

Therefore, the present experiment was aimed at determining not only what features
the pigeons now veed i an intersity-nommlzed somton but, particularly, whether
those features were informative in the sense that they accurately divided the feature
space into the experimenter-defined categories. | l;tgﬁz principal component analysis
to the human face images, we reduced the dimensionality of the conplex fce space
fram many thousand possible lines of variation o a few v fables that provided for most
of the varmtion inherent in these images (irespective of their sex). Then we emploved
discriminant function analyas © identify those principal companents that provided for
mest of the variation between male and female faces. Calculating—separatel y for both
classes—rank order correlations between resporse rates © indivichml faces and the
values of three potent **dass-separator” components tor the same 100 stinub revealed
that the pigeons’ classification belaviowr was acnully controlled by these *categary
fearures™.

From mspection of synthetic faces that were created as extrerne nstances along the
principal component dimensions we “described” the three most inportant dimensions s
representing differences in colonr, dwernsicy gradi TS, an Jova shading berween nale and
termle taces. The very high proportion of variation in responcing accounted by the three
colour corponents when wsed for the correlation analvsis instead of the principal com-
panent values supports our hypothess -_ﬂnuermng the predomirant role of colour,

We also obtained direct support from presenting synthetic faces varang only along
each of the first three principal components. Resporse rates to stirnuli Iying within the
norrmally u1u:ur1mg; range i wann Rzg (between — | and + | standard deviation away from
the mean) were lmearly related (2 up to 93.6%) t© ther poainon on the components.
Even more conclusive, when we presented the “exaggerated” stinmli that deviated con-
siderably from the mean on each dirmension {up to E%E;md b stanchird devianors away
from the mean, respectively), categorzanon performance was not disturbed but, © the
contrary, was enhanced. Thus they responded o those **single fearure stimuli™ as if they
were exceptionally positive or negative. In terme of the ethologists these test stimuli
humetioned like “supernormml™ stinuli o “superrelesers™ (Tinbergen, 1951; see also
Lea & Hamison, 1978). We may ako think of a prototype effect or—acoording 1o the
Spencian theory of gradient interaction—of a peak shift effect. Tosome extent our results
are compatible with these theories, but what is interesting about the data & that there & no
evidence af a decline n responding ®© 5+, or of a recovery to 5 as the principal
cormponent stirmuli beoome more extreme {s:ee Huher & Lenz, 1996, for similar fects).

Finally, if a “polyrmorphous™ combiration of colour, ntersity, and shading informanon
describes the ctegonization rules formed by the pugenns, the suhjects’ classification abdlity
should be imymired proportiomally © the recucnon of that particular information. In
contrast, ﬁlt]-.jrn;rltqg of the faces that leaves the three components of the pigeons’ dass
descripnion ected should not nfluence the ELlhjE'-:.l'S clasaficanon abaity,. We con-
dhacted only three such tests by presenting greyscale versions, blurred versions, and block



poriraits of faces. As predicted, although the loss of colour information produced sub-
stantial performance decraments in all subjects, neither blurring nor Hoclang led o a
significant disruption of classification ability,

In conclusion, these findings are entirely consistent wath the jeasee laaming hypoth-
esis of categorizanon (Herrnstein et al, 1976; Huber & Leng, 1993; Jitsumori, 1993; Lea
& Harrison, 1975 Lea & Ryan, 1983, Lubowg 1974; Morgan, Fitch, Holran, & Lea, 1976,
see also Huber, 1999, 2000, for an extended discussion). Particularly, the “*supernormal™
responding to the “supernormal™ PC siimuli, which are far away from the variances
presented by the raming simuli, supports the feature learning exphinanon. The cate-
gorgzation process can be described as a kand of perce carpeniry (Herrnstein,
1954} —that 15, trom the available snnwhs dimensions, differential reinforcerment selects
those that differentiate between posiiive and negative stances. The resulting caegory
features are then likely to he woven info a polvmorphous male for categorizing, even if
iterm-specitic informanon had also previously been stored in the picture memory (the dual
sm% process hypotheas, Cool, Wright, 8 Kendricke, 19900,

15 conchusion is clealy in contrast © a pure enplate-based model of casabicanon
transfer, which holds thar each pixel of the corrent inpur 18 conypared with each piel of
the remmembered form (Doms, Hememann, & Chase, 1994, It s also difficult to see how
an exernplar model derived trom the key notion that judgements in cassificanon tasks are
hased on remrieval of exemplar informmation rather than on category level nformanon
(Medin & Schaffer, 1978) accouns for the present dam. On the other hand, modern
formulanions of the exenplar account, like the configral theones by Pearce (1987) and
Eoruschke (1992), assume that the exemplar representation contains mfommanon abour the
features that were present on a particular mial and that during training there is general-
ranon from one exemplar to another according o the degree of their similarity, These
theories allow that pigeons pay more attention o some features than others and that the
category-relevant features—that is, those that ooour more frequently inone class (or type
of remforcement) than in another—will exert greater control over responding than vall
-;-.Jregn'—irre]ﬂmt teatures—that is, these that ocour n both casses.

far, the present expeniment cannot be wsed a8 a test berween feature and exemplar
theories, Such tests are nmrlﬁﬂhle with a few snmuli represening compounds of only a
few all-or-none elements (like the A" BCY ABCY discrimimation; see Pearce, 1994),
However, it wall be ditheult {if possible at all) © diserimmate between these two types
of theory—ar to think of any expenments that could without question be used to choose
hetween the two theories—when it comes to the analysis of categorzanon. As damon-
strated here, ctegonzation experiments may mvolve undreds of maruralistic sommib,
which vary an a vast amount of feature dimersions and which also involve idicsyncranc
aspects (oocurnng in single nstances).

[evertheless, the present data nay not only provide novel insights into the features
that conirol the discrimiranon of complex visual sinuli by pigeors but may also repre-
sent further steps mwards a full understanding of visual categorzzanon as a means to ermct
the correspondence between visual and matural categories
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