Sparse Population Coding of Faces in the
Inferotemporal Cortex

Malcolm P. Young* and Shigeru Yamane

How does the brain represent objects in the world? A proportion of cells in the temporal
conex of monkeys responds specifically to objects, such as faces, but the type of coding
Jsed by these cells is not known. Population analysis of two sets of such cells showed that
nfermation is carried at the level of the population and that this information relates, in the
anterior inferotemporal cortex, to the physical properties of face stimuli and, in the superior
emparal polysensory area, to other aspects of tha faces, such as their familiarity. Thera
vas often sufficient information in small populations of neurons to identify particular faces.
"hese results suggest that representations of complex stimuli in the higher visual areas
nay take the form of a sparse population code.
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Ax unresolved issue in cortical neurophys-
slogy is whecher the sensory hierarchies
ventuate in small numbers of single cells
ined o complex patterns or in large pop-
lations of broadly runed cells. Sparse cod-
12 theories suppose that individual cells
1wuld show specificity for behaviorally rel-
cant stimuli (1), whereas populadion the-
nes suppose that distributed patrerns of
‘tiviey in neuronal populations underlie
srception and behavior and, correspond-
:gly, expecr cells to exhibir broadly graded
sponses (2, 3). In the context of chis
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issue, the specificity of neurons responsive
to faces in the inferoremporal cortex (4-7)
has been interpreted as scrong support for
sparse coding theories. On the other hand,
although neurons responsive o faces may
be sharply wened o a class of stimuli, they
modulate their firing ro more than one
stimulus and rend to be broadly tuned o
stimuli within the caregory (5).

To address the question of the oype of
coding evidenced by neurons responsive to

[faces, we examined 850 unir recordings in

the anrerior inferotermporal cortex [AIT)
and in-the anterior superior temporal poly-
sensory area (STP) of macaque monkeys
(Macaca fuscata) while the monkeys per-
formed a face discriminarion rask (6). The
face discriminacion task involved differen-
tial semarse to 3 of she figas Fom 2T orhe-
taces. The monkeys responded atr greacer

than 90% correct performance. We analyzed
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responsesto the ser of 27 faces thar met two
selection eriteria (Fig. 1). The cells were
divided into two groups according ro
whether they were recorded from AIT (41
cells, 26 from monkey A and 15 from
monkey B) or in the STP (30 cells, 25
from monkey A and 5 from monksy B).
This sample of cells represented 8% of the
total number of recorded cells.

To represent quantitatively the popula-
tion responses o che faces, we applied
multidimensional scaling (MDS) to the two
populations, a technique thar has been used
for qualitative analysis of population encod-
ing of complex seimuli (7). MDS produces a
configuration of points in a small number of
dimensions thar represent the population
responses to the faces. The distances be-
rween the poines of the MDS configuration
are as close as possible to the Euclidean
distances berween points corresponding ro
each face response in a high dimensional
space whose dimensions are defined by the
cells (8). Two-dimensional configurations
were derived (Fig. 1), and these explained
70% and 735% of che varance in the AIT
and STP dara, respecrively. These vari-
ance-explained scatistics were surprisingly
high given the sharp dimensional reducrion
from tens of dimensions (the number of
cétls-in-the ews populations analyzed) ro
only two dimensions, and this suggested
that the coding of faces in the two pepula-
tions was redundant. The configurations of
points that represenced the face stmuli for
the AIT and STP populations are shown in
Fig. 1, A and B. Faces plotred close togeth-
er evoked a similar pattern of response
across the popularion, whereas faces plotred
far apart evoked very different population
responses.

We investigared what characteristics of
the faces the AIT and STP cells were
coding, en masse. To do this we exploited
the fact thar the physical properties of the
set of faces on which the monkeys per-
formed the face discrimination task had
been extensively quancified (Fig. 2A) (8).
In addicion to the 29 variables thar quanri-
fied distances berween che facial elements,
we derived two further models. The fiese
was a “general physical similaricy” model,
which was computed from the face mea-
surement variables by MDS. A cwo-dimen-
sional solution (Fig. 2B) explained 94% of
the variabiliry in che face measurements,
r:ﬁccnng ; their rqeaund:mv (all the wn:{:h
measurements tend to covary wich the gen-

eral width of the face, for example). The
second addidional model represenced che
“familiaricy™ of the faces, some of which
belonged to humans known in varying de-
grees to the monkeys. Faces of people un-

w1 the monloeys wers coded wich a |
use oi geopie occasionally seen by the
monkeys with a 1, those of people more
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often seen but not involved in the experi-
ment with a 3}, those of people who parric-
ipated in the experiment with a 4, and the
face of the person most familiar o rhe
monkeys wich a 5.

We gquantitatively compared the popu-
lation responses with the models thae rep-
resented the properties of the faces. We
made the comparisons wusing PRO-
CRUSTES rotacion (9, [0V, which Ands
the optimal reflection, retation, and scaling
of each face distance variable (H1 and E2,
for example) with each population config-
uration. At the optimal comparison, the
procedure vields a scatistic, which reflects
the goodness-of-Air berween the two com-

Fig. 1. Diagrams of the population responses to
faces. Single unit activity was recorded during
exposure o photographs of the heads of Jap-
anese men in full face. These faces were pre-
sented on a screen for 600 ms, and rasponses
werg quantified as the difference between the
mean firing rate in the prestmuius baseline and
that in the S00-ms pencd beginning 100 ms
after stimulus onset. Selection of responses
was made according 1o two criteria. The first
criterion was that the firing rate of sach cell to
any face stimulus was significantty differamt
from that during the prestimulus basetine, and
the second was inal each cell's rasponses o
the faces showed a standard dewiation greater
than five spikes per second, (0 include onby
cefls that clearty discnminated the face stimuii.
Proximity data sutable for MDS were derived
frarm each matnx, in wnich cells wera represent-
ed by columns and the response to each face
by rows, by computing Euclidean distances
berween the face responses (10). Nonmetric
MDS was applied to the prosomity data and
produced configurations n one to six dimen-
sions 50 that analyses in different dimensions
could be compared in a "scree” test (10, 13).
The scree test revealed that two-dimensional
soiutions were satisfactory for both the AIT ana
5TP populanons. (A) MOS-derived configura-
tion representing the population response o
the face stimuii for the AIT ceils. Faces that
evoked a similar pattemn of response across tha
population are close logether, whereas faces
that evoked a wvery different population re-
sponse are far apart. Example faces are shown
at the position of the pant corresponding to the
population response o that face in the diagram
or, for faces whose population response was
reprasanted near the center, at the side of the
diagram. This configuration, derved from the
physiclogical selectraties of ceils in AIT, shows
a configuration of faces similar to the general
physical semilariy mocel in Fig. 28. (B) MDS-
derved configuration reprasenting the popula-
tion responsa to the face stimuli for the STF
cells. Faces belonging to people known 1o the
monkays are shown. This configuration, de-
rved from the physiclogical selectivities of a
population of cells in 5TP, shows maost of the
known faces distributed toward the botiom
nght, with the face of the person most closely
associated with the monkeys at the furthest
point of this tangential dimension,

132a

pared models. The staristical rarioy of each
comparison was assessed by an approximate
randomization test ([I), which repeared
the PROCRUSTES rotation with one of
the models shuffled randomly on each of
600 ireractions. For the AIT population, che
general physical similaricy model was signif-
icancly relared ro the populadon response
model (r = 0.36, P < 0.05), so the re-
sponses of these cells, en masse, were more
similar when the faces were more physically
similar. [n addirion, measurement variables
encoding the relations berween the eyes
and the hairline (H3, H4, H6, and HT7;
each r > 0.35, each P < 0.05) were
significanely related. No other models were

significancly’ relared o the populacon
sponse model. Hence, these expiora
analyses suggest that the AIT popuis;
may have been coding che general physie
propercies of the presented faces, wirk
particular emphasis on the upper parr or ¢+
face.

For the STP population, W1 was sign:
icanty relared o the popularion respon
model (r = 0.31, P = 0.05). The varianc
explained seatiscic for this varable, howe:
er, was lower than char fer anv of o
variables that were related o the Al
population model, and it is nor. therefor.
very persuasive that the STP popularic
was coding rthis particular vanable. Th
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familiaricy model, however, despite a J-vear
period of exposure during which all the
faces are likely to have become familiar,
was also significantly related to the STP
population model bur was associated with a
higher wvariance-explained stacistic (r =
0.36, P = 0.025). This correspondence is
illustraced in Fig. 1B, in which the faces of
people known o the monkeys are shown.
There is a greater density of known faces
toward the bottom right of the figure, and
the face of the person most closely con-
cerned with the monkeys in these experi-
ments is represented at cthe extremity of this
dimension of the STP population model
(Fig. 1B, borrom right). We cannotr rule
out, however, the possibilicy char rhis di-
mension could have been related to the
perception of the elements of a human
hierarchy, because the person at the ex-
tremiry of this dimension was also the head
of the laboratory in which the experiments
were undertaken. In rthe contexr of the
coding of familiaricy or social seatus though,
macaques are capable both of idenrifying
photographs of familiar individuals and of
recalling che social relations of che individ-
wals in the phorographs ([2).

These results suggest thar neurons re-
sponsive to faces share dimensions of spec-
ncuwﬁ"ﬁ'_:hcsc shared dimensions
cnmuﬁbru:!" in the m"t’f‘ﬁﬂ"fﬂl‘k_ """
physical properties of the-facesand, in th.e

Fig. 2. Physical properties of the face stimuli.
(A} The presented faces were axtansively
Guantified according Io the measurement vari-
ables shown here, The measurements of each
face were usad to identify what elements in the
conhguration of faces were codad at the single

call level (5) and, in the present analysas, at the level of the neurcnal
populanan. (B) The configuration of the 27 taces Dased on their "general
pivysical similarity.” We denved this configuranon from the maasurements
of he faces made according o the varables noted in (A) oy first
COMpUting a proximity matrix oy 1akeng Euclidean distances between the
faces across the face measurement vanables, and then subrmitting this
proxirmity malrix o MOS, The o aimensions of fnis contiguration pra-
served 349 of the variability in the anginal 29 dimensions, suggeshng that
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case of STP cells, o some other possibly
social properties of the faces. We addressed
the further question of whether, in chese
shared dimensions of specificity, the re-
sponses of the neurons were sufficiencly
systemaric to allow a readable population
code that could idenrify parricular faces.

If the population code were readable,
the responses of €Ells should Be systemati-
cally_graded across stimali, that @, re-
sponses to sub{}Enmai stimuli should not be
noise. To investigare + whether these neu-
fOME responsive to faces responded in a
systemarically graded way, we used an anal-
ysis developed by Georgopoulos et al. (13).
This analysis has been applied o cells in
motor cortex, which are broadly tuned to
movement direcrion, in such a way as
sug@est that their Broad runing is a reflec-
tion of a syscemacically ed preference
for movement direcrion. and the degree o
which population vectors derived by these
means recover the appropriate directions is
a useful measure of the systematic nature of
the responses of broadly tuned cells. Our
hypotheses in applying this tese to the AIT
and STP populations of neurons responsive
to faces were that, if the cells were better
understood as elemenes from a popularion
coding mechanism, then populadon vec-
tors derived from the assumprion of syscem-
atically graded responses would tend w
recover their appropriate stimulus vecrors

7 ¥

and that, if they were grandmother cells
signaling only one face and responding
randemly to others, then the population
vectors would not.

We began by caleulating the angle of
each face stimulus in each of the AIT and
STP conhgurations using north as 0® and
proceeding clockwise. Jhe responses of
each cell were plotted against the angle of
each stimulus tn_the deqved space f-nH“a
sine funcrion freed o the dara, Single cell

vectors for each stimulus were derived from
the peak angle of the sine function for sach
cell %{:Tr??:"}__’mmﬂ.‘;l_'tmm the response of
the cell to each stimulus (for length), ac-
cording to the methodology of Georgopou-
los ez al. (13). A population vector for each
stimulus was then compured by summartion.
Figure 3, A and B, shows plots of stimulus
vectors, single eell vecrors, and population
vecrors for arbicrarily chosen stimuli. The
direction of the population vectors was, in
general, close o the direction of the stim-

ulus vecrors.
Figure 4 illustrates the discribution of

angular discrepancies berween the popula-
tion vectors and their corresponding stim-
ulus vecrors. The distribution is skewed
toward the lefr, indicating that discrepan-
cies were rypically small. Under the as-
sumption that the cells’ responses were not
systemaric o suboptimal stimuli, it would
be expected that the distribution of angular
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2r " T - T
4
1 c
b M s
™ a?
5 F
- [-]
e ] 95
£ B
a B o
L N 3
2
=1 " G
i
it 2 0

Dimansion 1

the hgura.

SCIENCE = WVOL. 156 = 19 MAY 1992

the measuremeni vanables tend to covary and are consequantly radun-
dant, A selection of laces were plotied al the pasition of thewr correspond-
ing peint on the diagram 1o illustrate that the dimensions of the configura-
tion appear to correspond o the amount of hawr possessed by the face
{left to rignt) and an slongated 0 round face dimension (1op 10 Donomj.
Henca, the mocel regresents round faces wllh a lnt af hair at bottem nght,
round faces with less har at batte— =

1nd lang laces ioward the op of
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Fig. 1. Population wecior piots, (A) from the AT
cata and (B) from the 5TP data, showing singie
call wectars (light lines). population wvectors
(heavy lineg)., and stimuius wvectors (dashed
lines). Each set of veciors is piotted al the
position of its corresponaing face stimulus m
the space. Both population vectors and stimu-
lus vectors have been arbifranhy slongated fo
show more clearty the angular discrepancies
berwesn them. The cross-naws pass througn
the centrond of 2ach space. Despule the smail
sampies of cells, the population vectors typical
hy matcned thesr coresponding stimulus vec-
tors closety, a fact wmch suggests both that
populaton encoding s present and that the
population coce s sparse.

errors would be far, indicacive of randomly
poincing population vectors. The derived
diseriburion was clearly noc flar, and chis
suggests that che responses of these neurons
responsive o faces were systematically grad-
ed across the face stimuli. Because sach cell
would therefore participate in a principled
way in the represencation of more chan one
face stimulus, these results suggest chac
these AIT and STP neurons were engaged
in the population processing of faces.

However, the scrong skew o che lefr of
the distribution in Fig. 4 suggests char chese
popularions approached the acuity neces-
sary to idencify individual faces. This, caken
with the fact that only a few tens of cells
were included in the analyzed populadons,
suggests thar only slighely larger populations
would be able o identify parricular faces
and thar consequencly rhe population code
evidenced by chese cells was sparse.

The cype of population code derived
above may be a usetul way o approach che
question of whether responses to subopd-
mal scetmuli are noise or are syscemarcic and
to represenc activicy diseribured over en-
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Fig. 4. Distriouiion gf anguiar ciscrepancies Seowesn
Eooulanan vechors and Nasr ED[FEEQQF‘QH‘II; 3,:'II'I'1L.'|IJ5
veciors. A sirong assumehon = the copulanon vecior
procedura is that the graded natura of the responsas
of eacn cell wih respaect [0 direchon is sufficiently
sysiemanc. A sngle parametes, the ceil's diracticn
prefergnce, regresants iNe “tuning curva™ of the cail.
This wall onby Be a good descripior if the ceil's respons-
25 [0 other simuli are weidl litea Dy the sine funciion. In
the deal case, where the rasponses are perfectly
sysiematicaily graded accorging o a sine function,
the summated population vecior would perfecily rep-
resent the summancn of the cell's preferences and
would point with ng arror i the same cirecticn as he
associaled face. In he ieas! «deal casa, whara (he
cell's rasgonses (o subocomal faces ars antirehy ran-
dem noise, the cell's direction preference would be a
good estimate anly for the optimal face for ihe cell and
wouid be very Dad for suboptimal lacas. In this case
the populanon vecior would summale a few “good”
descriglars and a large numoer of random cnas anag
conseguantly paint in rancom directions for each faca.

sembles of neurons. [t may also be useful for
idenrifying what new sceimuli are being cod-
ed by a particular pattern of acrivicy over
the neurons because the physical or psycho-
logical dimensions to which the population
response  corresponds  were  idencfed.
Hence, inferences. derived from a patcemn
of response, about the likely charcreriscics
of a face stimulus nor included in che faces
analysed here are possible for cthe AIT
populacion if it is assumed char general
physical similaricy was being coded, and for
the STP populaton if it is assumed chac
tamiliaricy was being coded. Tests of predic-
tions of this nature wich new stimuli may be
a usetul way of investigating the robustness
of a popularion code and the likelihood chac
the nature of the physical or psychological
factors encoded by a populacion has been
correctly idencified.

These resulos suggest, for chree reasons.
that neurons responsive o faces in che
inferotemporal cormex evidence a sparse
popularion code. First, the redundancy of
the coding characreristics of the neurons.
which was illuscraced by che face chac only
two dimensions explained most of the vart-
ance in both populadons, suggests chac
individual calls were notr responding inde-
pendently but exhibiced shared dimensions
of specificicy. [t was evident from the
breadth-of-tuning of the cells that ir was
noc the case thar sach cell responded o
only a limiced range of these shared dimen-
sions, as would be required for a puncrace
code (3). Second, population responses ex-
hibired a scariscically significancly relacion
to identifiable dimensions of che face seim-
uli. This implied chat there was informacion
encoded ar the populadon level, which
again would nor be cthe expected resule if all
informacion cransfer were at the level of che

SCIEMCE = VOL. 256 * 19 MAY 1992
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The distribution darvead hera i markedty skewed 10 the laft for bath AIT and 5TP cells, in contrast
to e flat gisinibuticn axpectad if responses 1o suboptimal stmull were Not systematc,

single cell. Third., neurons responsive o
faces exhibired syscemacically graded re-
sponses with respect o che face stimuli.
Henee, zach cell would systemacically par-
ticipate in che represencacion of many faces,
which straightforwardly implies a popula-
ton code. We chink ic 3 sparse popularion
code because only a few tens of calls gener-
ated 5o precise a code char a relagvely small
increase in population size would likely be
sufficient to generate a code as precise as
behavior.

REFERENCES AND NOTES

1. H. B. Bariow. Parcagtion 1, 371 (1972); Q. . Exo.
Poyenel. JTA, 121 [1285); J. Konorsk, inmegrame
Actnaly of the Srarr An icterdisciplingry Ap-
oroach (Unev, of Chicago Press, Chicago, 19671

2. W. ). Freeman, Mass Achion a1 ihe Nervous Sys-
tam (Academic Press. Mew Yok, 1975 A P

Georgopoulos et al, m Dynarmic Aspecrs of Neo-
cameal Funciion, G. M. Edalman, W. E. Gall, 'W.
M, Cowan, Eds. (Wiley, MNew Yark, 1984).

3 S A Lenky and T. J. Seinowsid, J. Neurcser 10,
2281 [1950).

4, D. 1. Parren, E, T, Aolls, W. Caan, Sxo. Srawr Res.
47, 320 (1982); . |. Perrem of al, Hum, Maurcoig,
3. 197 (1984); . I Pamett, A J. Mistin, A J
Chitty, Trencs Neurcscr. 10, 358 (1987).

5. G. C. Bayirs, E. T. Rollz, C. M. Leonara, Srawn Ses.
342, 91 1545,

4. 5. Yamana, 5. Kaji. K. Kawano. Exp. Srain Ses.
T3, 209 (1588). MD3 has also been uged to SOy

iha .:uwr:ruog-c:l gimensions of laces (G
Fhodes, Parcepnion 1T, 43 (1588)].

7. M. E. Hassaimo, £. T, Roils, G. C. Bayiiz, Senav.
Brawt A2s. 32, 203 [1988).

A. M. Sheparg, Scranca 210, 390 [1980).

9. P. Scnonemann and A. M. Carroil, Psyehamafnka
35, 245 (1970); J. C. Gower, in Mathemancs » ine
Mwwm:w
um- rass, Ecanbungh, 1971), pp. 138149,

10. M. P, Young, thes:s, Linversity of 3t Ancrews. 5L
.-'mdruwu;. Fita, Scotana (1990).

11, E 5. Edgingion, Rancomvration Tests [Dexker,
Mew Yark, 1580).

12, V. Dassar, in Machiavelian inrgiigence, Socal
Expertise. and the Svolution of Negrect, 8. Byrna
and A, Whiten, Eds. (Cxford U, Press, Lon-

searcn Program, e RIKEN Instinge dunng 1990,

and for the suppon of an Agency of Ingusmal
Scence and Technology visiting resaanch fellow-
sp 10 MPY., tha LK. Medical Research Council,
and the Chdong MoDorrai-Paw Cantre lor Cogrithe
Meuroacienca dunng 1991 'We thank C. Slakermcre,
K. Tanaka, and 3. J. Jucge lof COMments.

1 Mgvermber 1991; accepted 17 March 1992



