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Abstract

A modd of recognition is described based on cedll properties in the ventrd cortical stream of
visua processing in the primate brain. At acritical intermediate sage in this system, * Elaborate’ fegture
sengtive cdls respond sdectively to visua features in a way that depends on sSize (+/- 1 octave),
orientation (+/-45°) but does not depend on position within central vision (+/- 5°). These features are
simple conjunctions of 2-D elements (e.g. ahorizontal dark area above a dark smoothly convex areq).
They can arise either as eements of an object’s surface pattern or as a 3-D component bounded by
an object’s externa contour. By requiring a combination of severad such festures without regard to
their position within the centrd region of the visud image, ‘ Pattern’ sengitive cdls a higher levels can
exhibit sdectivity for complex configurations that typify objects seen under particular viewing
conditions. Given that input features to such Pattern sendtive cells are specified in approximate size
and orientation, initid cdlular 'representations of the visuad appearance of object type (or object
example) are dso sdective for orientation and size. At this leve, sengtivity to object view (+/-60°)
arises because visud fesatures disgppear as objects are rotated in perspective. Processing is thus
viewer-centred and the neurones only respond to objects seen from particular viewing conditions or
‘object instances. Combined sengtivity to multiple features (conjunctions of eements) independent of
their position, establishes selectivity for the configurations of object parts (from one view) because
rearranged configurations of the same parts yield images lacking some of the 2-D visud features
present in the norma configuration.

Different neural populations gppear to be sdectively tuned to particular components of the
same biological object (e.g. face, eyes, hands, legs), perhaps because the independent articulation of
these components gives rise to corrdated activity in different sets of input visua festures,
Generdisation over viewing conditions for a given object can be established by hierarchicaly pooling
outputs of view-condition specific cdls with pooling operations dependent on the continuity in
experience across viewing conditions. Different object parts are seen together and different views are
seen in successon when the observer walks around the object. The view specific coding that
characterises the sdectivity of cdls in the tempora Iobe can be seen as a natura consequence of
selective experience of objects from particular vantage points. View specific coding for the face and
body aso has greet utility in understanding complex socid sgnas, a property that may not be feasble
with object-centred processing.
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1. Introduction

Few of the existent models of visud recognition incorporate the range of physiological data now
avalable concerning the higher stages of visud processng. This is due to severa reasons. Firgt,
particular models have been designed for different purposes, for example, to achieve recognition by any
means independent of biologicd plaughility (eg. Principle Component Andyss of raw pixe intendty
vaues without further visud processing, Sirovitch and Kirby 1987; Turk and Pentland 1991), or models
are dedgned to account for particular psychologicad and/or neuropsychological observations
(Warrington 1982; Warrington and James 1986; Weiskrantz and Saunders 1984) or to explain stages
of processing subsequent to visua encoding (e.g. Bruce and Y oung 1986). Second, physiologica data
on festure sengtivity in higher association cortex of the tempord lobe (Kobotake and Tanaka 1994,
Tanaka et d 1991) and the range of viewing conditions that tempord lobe cells tolerate while
maintaining sengtivity to complex patterns (Perrett et al 1984, 1991; Wachamuth et d 1994; Rolls and
Baylis 1986; Tovee et a 1994; Logothetis et a 1995) has become available only reatively recently.
Findly, authors base their modds in aress of ther own expertise Physologists rardy discuss
psychologica phenomena and even less frequently do psychologists refer to physologica data

An account of object recognition is usudly characterised by a statement of the nature of the
problems that any recognition system needs to overcome. The mgor problem is that that the system
must cope with the change in viewing circumstance over which an object may be encountered. Marr
and Nishihara (1978) drew attention to the need to retrieve experiences of an object's properties across
different viewing circumstances and pointed out the benefits of having information about experiences
linked to a single description of the object which could be accessed despite changes in perspective
view, ambient lighting, part occlusion, Size and orientation. Such object descriptions are termed object-
centred representations (Marr and Nishihara 1978). Although some accounts gill mantain that
recognition is independent of view Biederman 1987) many recent psychologica and computationa
accounts of recognition utilise multiple viewing condition specific descriptions of the same object
(Jolicour 1992; Poggio and Edeman 1990; Ullman 1989, Seibert and Waxman 1992a,b; Verrallie
1992; Logothetis et a 1994a,b). Such descriptions are termed viewer-centred representations. Multiple

descriptions of the same object alow invariance in recognition across different views only when these
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descriptions are inter-linked or converge hierarchicaly (Koenderink and van Doorn 1979; Seibert and
Waxman 1992a,b; Perrett and Oram 1993; Oram and Perrett 1994).

The ability of humans and other animas to cope with changes in viewing conditions has been
reviewed elsawhere (e.g. Wachsmuth and Perrett 1997). This literature can be summarised as indicating
that, after learning the appearance of an object under one set of conditions, normd animas show only a
limited ability to generdise recognition of the same object when viewing conditions change. The
limitations in ability to generdise are not restricted to change in perspective view as might be surmised
from many computational models but extend to change in orientation and Sze. The degree of successin
generdisation is of course dependent on task difficulty and the amilarity of target and non-target
objects.

It is argued here that the problems of object invariance (recognising equivalence across image
transformations) are largely Sde-stepped by the visud system. View, orientation and sze generdisation
are achieved by the visua system performing a separate andysis of the different instances in which an
object is experienced. These initidly separate andyses generdise to only alimited extent across change
in image orientation and sze. More substantid generdisation is achieved through associeive learning
when the different instances are seen in tempora succession as a continuous transform (Foldiak 1991).
This dlows hierarchical pooling of the outputs of the early view specific analyses. Generdisation across
position, by contrast, gppears to be digtinct: the visua system seems to achieve position invariance for
visua fegtures prior to generaisation over other image transformations.

This article provides an overview of the increase in the complexity of stimulus features required
to dicit cdl responses dong the ventra corticd stream (section 2). We then consder how cells at the
higher levels of visud processng generdise across changes in viewing conditions. The response
sectivity is interpreted in terms of viewer-centred or object-centred processing. We conclude that
processing is predominantly viewer-centred (section 3). The viewer-centred processng alows
interpretation of socid and other interactions, an ability that would not be possible using object-centred
processing (section 4). In section 5 we argue that response sdectivity to conjunction of features can
overcome the “binding problem” for recognition of familiar objects. We continue by examining the
relationship between an object’s intuitive features and feature conjunctions (section 6). Some of the
arguments used are based, a least in part, on studies of response selectivity to faces and bodies.
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Examination of psychologicd and physologica data suggests that striking Smilarities exist between
processing of faces and processng of other familiar objects (section 7). We end by comparing the
presently proposed mode with previous models (section 8) and consderation of the role of neura
populations in the representation of objects (section 9).

2. Ventral cortical stream of visual processing

Early vison is characterised by neura populations detecting visud dements at very localised
regions of the image. Areas V4, poderior and anterior inferior tempord cortex (PIT and AIT
respectively) form a chain of areas a more anterior locations and a greater number of synapses from the
retina input (for review see Oram and Perrett 1994). Asthe ventrd stream is sampled aong this stream
of processing, there are systematic changes in simulus selectivity displayed by cell responses and in the
size of the visua space over which cells respond (Tanakaand et d 1991; Kobatake and Tanaka 1994).
We briefly review the changes in cell response characterigtics aong the ventral stream of processing in
the following section.

2.1. Receptive field size.
Receptive fied Sze increases from V1 to V2. This trend continues into V4, where the average

receptive field areas = 4 degree?, to PIT (16 degree2) and AIT (150 degree2). Many cdls dong the
V4, PIT and AIT pathway aso have receptive fields close to or including the fovea (75% of AIT cdls
receptive fidds include the fovea). The sze of receptive fieds presumably increases because cdlls at
higher levels poal the outputs of a number of cells in the preceding area. Pooling that is redtricted to
inputs from cdls with the same type of feature sdectivity would alow the sysem to maintain simulus
sectivity while generdising over position. Pooling different types of input would develop senstivity to
more complex patterns while generdising across podtion. The sdlection of one type of fegture sendtive
input by higher level cells can be guided by associative learning mechanisms coupled with exposure to
trandation of the relevant feature across the local receptive fields of the lower level cells (Foldiak 1991;
Oram and Foldiak 1996). Such trandation of visua festures would occur as the observer makes

tracking eye movements or moves through the environmen.
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2.2. Increasing complexity of effective stimuli for ventral stream neurones

In areas V4 and PIT the mgority (70%) of cells are sengtive to the primary qudities of the
stimuli, such as orientation, sze and colour (Kobotake and Tanaka 1994). About 5% of cells in these
aress code for the texture of simuli (for example, requiring a repeating dripe pattern or an array of
spots). The most important types of cells for understanding shape and object recognition are those
labelled by Tanaka et a (1991) as ‘Elaborate’ . These cdlls are selective for stimulus shape or for shape
in addition to other primary qudities. Elaborate cells are more frequent in AIT (45%) but are dso
present in PIT (9%) and even V4 (2%). Sdectivity for eaborate stimulus features may first be defined
a loca retind regions within area PIT (Kobotake and Tanaka 1994). The smplest type of Elaborate
cdl is sHective for a sngle shape with different cdls being most responsve to different shapes.
Examples of different cdll sdlectivitiesinclude: long and rounded, star shaped, elongated with sharp taper
a both ends and circular with protruding dement. Many Elaborate cells have specific shape
requirements coupled with specific texture or colour requirements (e.g. green star shape or triangular
with a spotted texture, Tanaka et d 1991). A further level of complexity is observed for some IT cdls
that are tuned to the visud characterigtics of two image regions. Some Elaborate cells are sdlective for
the specific relationships between two shapes (e.g. an opaque circle above a clear circle; alight rounded
area a the base of a dark egg shape; a dotted brown disk attached to a narrow bar) or two textures
(e.g. ahorizontal striped area above a separate horizonta striped area).

2.3. Summary of ventral stream processing

Corticd areas PIT and AIT appear to be coding the 2-D appearance of featuresin theimagein
terms of shape, rdationships between shapes, texture, colour and intendty gradients. The simulus
seectivity of cdlsin anterior areas becomes progressively more complex compared to cdls in posterior
aress (PIT/V4) and show increasing receptive field sizes. The IT cortex has a columnar or modular
dructure, cdls within one module tending to respond to Smilar visud fegtures. The visud simuli
activaing different modules are not necessarily equaly complex as some modules may contain cdls
sdective for more complex features than neighbouring modules (Perrett et a 1984; Harries and Perrett
1991; Fujitaet ad 1992).
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It is not difficult to imagine how the more complex stimulus requirements for neura responses
could derive from a combination of outputs from cells with Smpler response sdlectivity. For example, a
cdl sengtive to atriangular area containing a verticaly oriented texture can be seen as combining inputs
gpecifying triangular shgpe sdectivity with other inputs specifying texture sengtivity. Likewise cdls
displaying elaborate sengtivity for the shgpe of two aress (eg. a disk shape and elongated horizonta
bar) can be seen as combining two separate shape descriptions available within IT. The cdls digolaying
Elaborate shape sdectivity should not be consdered sdective for an object concept (e.g. pineapple);
ingtead the cells code smple qudities (green and star shape) which may be present in some objects but
not in many others. Sdectivity of these IT cdls appears high, but not extreme, and the cells will
presumably respond to al objects containing the requisite shape features.

2.4. Implications for models of visual recognition

It is interesting to note that particular 1T cdls are sdlective for intersecting edges of specific
orientations (e.g. T junctions but not Y junctions nor the right angled components of the T shape,
Tanaka et d 1991). Theangles of verticesat T and Y junctions have often been considered important in
atificid intelligence for automated classfication of geometrical faceted objects (Guzman 1968). The
sengtivity to the curvature of convexities in shapes that is exhibited by IT cortical neurones is more
specific than might be expected from psychologicad modes of recognition. In the mode of Biederman
(1987), a set of 36 3-D shape components or geons are defined only quditatively; one geon
characterigtic would be thin a one end, fat in the middle and thin again at the other end. Such quditative
descriptions may be aufficient for distinguishing different dasses of object but they are insufficient for
distinguishing within a class of objects possessing the same basic components (Saund 1992; Perrett and
Oram 1993). For example dl birds have beaks which taper gradudly, yet the exact rate of taper and
degree of taper may help differentiate closdy related bird species. Single cdll studies in IT cortex
present direct evidence that shape and curvature are coded within the nervous system more precisdy

than would be expected from Biederman's recognition by components modd (Tanaka et d 1991).
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3. Viewer-centred and object-centred representations

Within the cortex of AIT, tempora pole (TG), AMTS (Anterior Medid Tempord Sulcus) and
STS (Superior Tempora Sulcus), cdls have been found which respond selectively to complex stimuli
such as faces, hands, bodies (Gross et d 1972; Perrett et d 1982; 1989; Wachsmuth et d 1994) and
arbitrary visud patterns that have become meaningful as a result of extendve training (eg. fracta
patterns, Miyashita and Chang 1988; Miyashita et d 1993; or wire frame objects, Logothetis et a
1995). Such cdls can exhibit highly sdective responses, discriminating between exemplars within one
class of objects. For example, some cells may respond to one or a small subset of faces, fractd patterns
or wire frame objects (Perrett et d 1984, 1989; Miyashita and Chang 1988; Logothetis et d 1995). It
is assumed here that Pattern sendtive cells tuned to specific object types are a a stage of processing
beyond the Elaborate feature sendtive cdls of IT. Cdls sdective for unique patterns of objects are
sengitive to specific combinations or configurations of grester numbers of visua component features than
Elaborate cells (Perrett et a 1982; Yamane et d 1988; Tanaka et d 1991, Miyashita et ad 1993,
Wachsmuth et d 1994). In this section we review the sengtivity of the Pattern sdlective cdlls to changes

in viewing conditions.

3.1. View

Initid accounts of cels responsve to faces stressed the degree of generalisation across face
colour, Size, orientation and sub-part. Even during the early studies it was gpparent that cells were
sdective for view and failed to respond to the sight of the face rotated away from the subject by 90
degrees in depth (Perrett et d 1982). Subsequent studies reveded that multiple views of the same
object (face, Ieft profile, right profile, back of head, face turned up and turned down) excited different
populations of cdlls (Desmone et a 1984; Perrett et al 1984, 1985, 1991).

Within STS and AIT a smal percentage of cells (~5%) generaise across view in a way that
cannot be attributed to response to a single festure common to al views (Perrett et al 1984, 1985,
1989, 1991, 1992; Hasselmo et d 1989; Logothetis et d, 1995). We note that the proportion of view-
invariant or object-centred cdls may increase in aress tha have not yet been studied extensively.
Severa authors have suggested that generaisation across view could be established through associative
learning mechanisms pooling the outputs of view specific descriptions Poggio and Edeman 1990;
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Foldiak 1991; Seibert and Waxman 1992a,b; Logothetis et a 1994b; Perrett et a 1984, 1985,1992;
Perrett and Oram 1993; Oram and Perrett 1994). There is some evidence for such a hierarchical
scheme since view senditive responses to the sight of the head are shorter in latency than view generd

responses (Perrett et a 1992).
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Figure 1. Averagetuning of STS neuronesto changein perspective view. The average tuning curve was calculated fo
a population of 56 cells, each selective for one view of the head. Different cells were tuned to different head views bu
for computation of the average tuning curve, the best views were aligned before averaging. View is defined as angle o
rotation from best view (arbitrarily defined as O degrees) and depicted schematically asthe face view. (Datafrom Perret
et al 1991).

While a smdl percentage of cells show object-centred response sdlectivity, the mgority of

neurones show strong modulation of response with change in perspective view (Perrett et a 1991). The
view-point sdectivity may vary with object Sructure, complexity and defining features. For cdls
sengtive to the sight of the head and body in ST, responses typicaly decrease to 1/2 maxima rate with
a perspective rotation of 60 degrees from the cells preferred view (Perrett et d 1991). Figure 1 shows
the average tuning curve for change in perspective view. Cells which have become tuned to complex

wire frame objects as a result of extengve discrimination training, exhibit narrower view tuning with
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responses decreasing to 1/2 maxima for a 20-40 degree rotation of the stimulus object from the cells
preferred view (Logothetis et d 1995). This narrow tuning may reflect the difficulty in discrimination of
target simuli from non-targets and the use of features resolvable only with high sengtivity to orientetion.
In conclusion, only asmall percentage of Pattern sengtive cdls respond to dl views equivaently.
The mgority of response sdectivity is viewer-centred in that the cells responded to only a limited
number of views. Viewer-centred response salectivity is aso seen for the gppearance of learnt objects.

3.2. Lighting and contrast

The direction and the strength of ambient lighting have profound effects on the visua appearance
of the face and body. Under very strong illumination the shadows cast by a single light source on a 3-D
object such as a face dter dramatically with light position relative to the object (above, to the sde or
undernegth). With less srong illumination, the features of the face may fdl within one shadowed areg,
but festures may ill be vishle as low contrast fluctuaions within a low intendty (shadowed) fecid
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Figure 2. Population response to changes in ambient lighting directions. The average response of 21 STS
cells to the preferred view of the head and body (+/- SEM). The image of the head was lit with strong
directional lighting from the front (normal viewing condition), from above the head (top), from one side (side)
or from ground level (bottom). Responses to the four lighting conditions were statistically indistingushable
(p > 0.05) and al were above the background or spontaneous activity (S/A) level (p < 0.05 each comparison).
(Datafrom Hietanen et a 1992).
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region. Responses of STS neurones sdlective for faces are tolerant to changes in stimulus contrast (Rolls
and Baylis 1986). The cdls aso show extensve generdisation across different directions of strong
illumination. Hietanen et a (1992) compared responses to faces under norma (front) lighting with
reponses to faces viewed under unusud lighting (from the top, side and bottom). Hietanen et a (1992)
found that that many (29%) tested STS cells selective for faces responded to al 4 tested directions of
lighting. 57% of neurones faled to respond to the optima view of the head under one or two of the
unusud lighting directions but responded equdly to the other two or three directions of lighting. The
remaining 14% of cdls displayed more sdlective responses and faled to respond to the face in the
unusud lighting conditions. Figure 2 shows the population response to the different tested lighting
conditions (adapted from Hietanen et d 1992).

The tolerance for direction of lighting (Hietanen et d. 1992) and changes in input contrast (Rolls
and Baylis 1986) may depend on localised luminance and contrast normaisation occurring in the retina
or latera geniculate nucleus (e.g. Hube and Livingstone 1990). Luminance and contrast normalisation
would facilitate smultaneous contour extraction across the whole image independent of the associated
levels of light or contrast (Watt 1996). Thus for lighting conditions and contrast leve it appears that STS
cdlls selective for the face and body show object-centred properties.

3.3. Object part visibility

A complication to recognition arises when part of an object is occluded from sight. Recognition
of the entire pattern from a partia image is termed ‘completion’. Cells responsive to faces vary in ther
generdisation to components of the face. Some cdlls are respongve to the mouth but not eyes and
others show the converse sdectivity (Perrett et a 1982). One might predict such component sengtivity
given the sdectivity of some Elaborate cdls in IT and V4 to concentric circular features or festures
found in lips (Fujitaet d 1992). Most cdlls respond to many face parts tested in isolation and some cells
require al parts of the face to be visble before a response is generated (Perrett et d 1982; Oram and
Perrett 1994).

We have recently studied the responses of STS neurones to the presentation of single body
parts with the rest of the body occluded from sight (Wachsmuth et d 1994). A large proportion of the
cedlls responding to the whole body responded to either presentation of the head done with the body
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occluded from sght or the body aone with the head occluded from sight (41.5%). A smilar proportion
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Figure 3. Population responseto body parts. Mean response (+/- SEM) of 53 STS cells to the whole body, the head alone
and the body alone. Single body parts were presented by occlusion of the rest of the body with a matt black sheet o
cardboard. Schematic figures representing the body stimuli are shown at the top of the figure. The most and least effectiv
differed from cell to cell but are depicted as front and back views. SA= spontaneous activity (Datafrom Wachsmuth et al
1994)

(41.5%) responded to one but not a second body part (e.g. responding to the body presented aone,

but not responding to the head when the body was occluded from sght). The remaining cdls in the
study (17%) responded only to the sight of the whole body and did not respond to presentation of the
body parts when presented in isolation.

The mgority of cdls (~60%) showed response selectivity that was not object-centred in the
sense that the cells could not be accessed from the sight of any particular object part (Wachsmuth et
1994). This is reflected in the population response magnitudes to the different tested conditions (Figure
3). A greater population response was found when the whole body was presented than the head when
presented in isolation, which in turn produced a greater population response than presentation of the
body with the head occluded from sight.
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3.4. Orientation

The vast mgjority of cells responsive to smple features and cdlls responsive to more eaborate
features in IT cortex show orientation tuning (Gross et d 1972; Tanaka et a 1991). Some cells show
preferences for radidly symmetrical patterns (star shapes or Fourier descriptors, Tanaka et d 1991,
Schwartz et d 1983; Gross 1992; Miyashita and Chang 1988 Miyashita et d 1993). Such cells show
little orientation sengitivity because the shapes are often equivaent after rotation through relaively smdl
angles (45 degrees). The earliest reports suggested the orientation tuning of cells respongve to the
pattern of complex objects such as faces and hands appeared to differ between IT and STS; cdlsin the
IT being sdective for face and hand orientation (Gross et d 1972, Tanaka et d 1991) while cdlsin the
STS generdised across orientation (Perrett et al 1982, 1988).

POPULATION ORIENTATION TUNING
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Figure 4. Population response tuning curve of STSto changein stimulusorientation. The curve was calculated from
the normalised response magnitudes of 18 cells to eight different orientations (shown schematically across the top).
= spontaneous activity (Datafrom Wachsmuth and Perrett 1997)
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Re-examination of the cellsin the STS responsive to the face and body indicates that most cells
(82%) are tuned for orientation (Wachsmuth and Perrett 1995, 1997). The rate of fall of response as
the stimulus orientation is changed from optima varies from cell to cell but on average declines to 1/2
maximal with a 60 degree orientation change. Different cdlls are optimally tuned to different orientations.
In STS more cells gppear tuned for the upright orientation (21/25, 84%) though some are sdlective for
inverted and horizontd orientations (Wachamuth and Perrett 1997). The same preference for upright
orientations of the face is dso evident in IT (Tanaka et a 1991). Figure 4 shows the population
response in STS to different orientations of the body. Note that while there is clear modulation of the
response with orientation, the response to bodies is sgnificantly higher than the response to controls for
al tested orientations. Cdlsin AIT sendtive to other complex objects with trained significance such as
wire frame objects aso exhibit orientation sdectivity (Logothetis et a 1995). Thus, the mgority of cdls
in the temporal cortex sdective for meaningful patterns (hand, face and body or learned patterns) exhibit
sengitivity to orientation in the image plane. Interestingly the prevalence of orientation sengtivity in STSis
dightly lower than that reported for the IT cells tuned to smple and Elaborate features. In IT cortex dl
cdls show orientation sdectivity (Tanaka et a 1991). In the STS, 16% of cells responsive to faces
generdise response to dl orientations in the image plane yet do not respond to other types of object.
Cells both tuned to complex patterns such as faces and responsive to dl orientations have not been
reported in IT. As IT cortex provides input to the STS, this suggests that there may be a gradua
increase in the extent of the object-centred coding in brain aress increasingly disa from the retina
(Wachamuth and Perrett 1997).

Orientation affects cdl responses in the tempord cortex in a Smilar way to perspective view.
Mogt cdls are sdlective for one particular orientation or view but there is evidence, at least in STS, that
aminority of cdls display orientation or view invariant responses. Invariance across orientation could be
achieved in an analogous way to that suggested for view processing (Perrett et al 1984, 1985, 1991,
1992; Logothetis 1994ab). Cdls respongve to dl views or al orientations may be established by
pooling outputs from viewing condition (view/orientation) specific cdls. To establish this generdisation it
may be necessary to experience the trangtion across a range of some orientations. This hierarchica
account predicts cdls responsve to al orientations should respond a an increased latency reldive to
cellsthat are orientation specific.
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3.5. Size

Cdllsresponsive to Elaborate visud festuresin IT cortex are sengtive to simulus Sze (Ito et &
1995). Tuning for Sze varies across cdls, 43% were found responsive over a narrow range of stimulus
sizes (1/2 width < 2 octaves), though some 21% of cells tolerated a 16-fold size change (>4 octaves for

response to decrease by haf maxima; a change in linear dimenson of the simulus from 6.25% to

100%).
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Figure5. Normalised population response of STSto changein stimulussize. Stimuli of 4 different sizes were presented t
16 neurones. The normalised response (+/- SEM) to each stimulus is shown. Life size images were projected to be th
appropriate height on a viewing screen 4 m from the subject. Control objects were projected to have the approximately th
same size asthe largest (life size) images of the body. (Datafrom Wachsmuth and Perrett 1997)

Studies of cdls respongve to faces, hands and whole bodies indicate a range in generdisation
over Sze with some cellstolerating a 10-fold increase in Size (Perrett et al 1982, 1984, 1989; Ralls and
Baylis 1986). Other cells respond sdlectively to a narrower range of sizes Wachsmuth and Perrett
1997; Rolls and Baylis 1986). Our recent experiments suggest that Sze tuning for faces and bodies
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reflects the degree of experience with different retind sizes. Few cdlls were found respongve to small
image szes of bodies that would not be experienced often (see Figure 5). It is suggested here that the
formation of size genera descriptions of objects (with cdls tolerating size change > 2 octaves) may
depend on inputs from severd sze specific descriptions (tolerating Sze change < 2 octaves) of the same

objects.

3.6. Tolerance of stimulus position

Cdlswithin IT show very large receptive fidds, invariably incorporating the fovea and extending
more than 10-20 degrees into the periphery (Gross et d 1972, 1992). It should be redlised that the
extent of trandation invariance exhibited by cells will depend on the image sze of features or patterns
used to test receptive fields and the sze of the dementypatterns for which cells are tuned. One would
not expect to find extensive receptive fidds when cdls are tested with a tiny simulus since it may only
be possble to differentiate these from other stimuli within the high acuity foved region. Cels with
responses salective for more complex patterns, such as faces, dso maintain simulus sdectivity across
position over the central 5-15 degrees (Perrett et a 1989; Bruce et d 1981; Desmone et d 1984;
Tovee et d 1994). The contention here is that the generdisation over postion for these Pattern selective
cdls follows naturdly from the convergence of Elaborate feature sdective inputs that are aready
position tolerant. That is, the position invariance of Pattern sengtive cell responses to one object typeis
inherited from the input of Elaborate festure cels which are dready postion invariant for the object
features.

Cdls sdective for arbitrary patterns with trained sgnificance in anterior and ventrd tempord
aress also show podtion invariance over centrd vison (+/- 5 degrees, Miyashita and Chang 1988;
Logothetis et a 1995). Studies of cdls in AIT sdective for particular views of wire frame objects
showed a range of tolerance of position, some cells responding to stimuli reduced in Sze to 1/2 of that
seen in training and moved to postions +/- 7 degrees (Logothetis et d 1995). Other cdlls exhibited
more limited response zones redricted to +/- 2 degrees from the fixation point. Such limited receptive
fields may reflect severd factors. Firgt, dl training of the objects took place with presentations restricted
to the fixation point. Second, the target simuli are extremely difficult to differentiate from non-targets

and discrimination may require features resolvable only with the acuity of the fovea
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3.7. Sensitivity to multiple changes in viewing conditions

In the above sections we reviewed the available data concerning tolerance of cell responses to
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Figure 6. Proportions of STS cells showing tolerance to a selection of image transfor mations. The proportions of cells
showing narrow, broad, or generalising response selectivity to image transformations. View and Orientation. Cells whose
response half-height half-width measure was less than 90 degrees were defined as narrow tuned. Broad tuning was
defined as 90 < half-height half-width < 180. Cells which responded to all views or orientations of the head and body at
rates more than to control objects were defined as generalising. Image part visibility. Cdls that responded to only the
whole body and not to the tested parts (head alone and body alone) were defined as narrow tuned. Broad selectivity was
assigned to cells which responded to the whole body and one body part but not a second body part presented in
isolation. Cells responding to the whole body and both the head and the body when presented in isolation were defined
as generalising. Size. Narrow tuning was assigned to cells whose tolerance was less than 1 octave, broad tuning was
assigned to cells responsive to changes in size of up to 1.3 octaves. Cells with responses tolerant to size changes of at
least 2 octaves were defined as generalising. Lighting. Cells which responded to the head in all four tested lighting
conditions (normal, from side, above and below) above response levels to control objects were defined as generalising.
Cells with responses above control levels to 2 or 3 lighting conditions were defined as broadly tuned. Cells that
responded to only one lighting condition were |abelled as narrow tuned.
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Figure 6 shows the degree of tolerance shown by cell responses to changes in viewing
conditions for cdls in the STS sdectively respongve to gtatic images of the head and body. View
specific codes at the cellular level have been evident for some time (Desimone et a 1984; Perrett et d
1982, 1984) and such view specificity is now gaining widespread acceptance (Poggio and Edelman
1990; Logothetis et a 1994ab). Orientation specific codes are only recently emerging and are
potentidly more unexpected given earlier reports Wachsmuth et d 1994). The finding of orientation
specific coding for upright faces is perhaps not surprising since the face is often seen in this orientation
(Grosset d 1972; Kendrick and Baldwin 1987). For view there is a dight but sgnificant bias towards
front views compared with back views (Perrett et a 1992) whereas for orientation, there appears to be
amuch stronger bias towards coding of upright compared to inverted orientations. The biasin tuning for
the upright orientation and fronta views may reflect the increased importance and familiarity of these
viewing conditions. The difference in orientation and view coding may again reflect experience as
inverted orientations may be less frequently encountered than back views.

The width of orientation and view tuning in STS is gpproximately equivaent (+/-60 degrees,
Perrett et al 1991; Wachamuth and Perrett 1995). A smilar bandwidth was found for direction of
motion tuning (Oram et d 1993). Cellsin visua cortex show tuning for bar orientation (+/-30 degrees);
in al cases these tuning widths are gpproximately 1/6 of the available range (180 degree range of bar
orientation, 360 degree of perspective view and orientation). The congtancy of the tuning width vaue
may arise as an optima solution over which there is competition. The tuning of cell response sdlectivity
in the later stages of processing (eg. AlIT, TG, AMTS, STS) may smply be a product of input
characterigtics. If cells responsive to faces receive input from Eaborate IT cdls the inputs will be
orientation tuned with a 60 degree bandwidth. Rotation of face images by >60 degrees in the picture
plane would diminate activity in the feature sengtive cells providing the inputs to cells respongve to
faces.

To summarise, under Marr and Nishihara's mode (1978), an object-centred representation
should be accessble from the Sght of isolated parts of an object, and from different views, orientations
and lighting conditions. Many STS neurones showed object-centred properties with independent
responses to separate object parts and responses that were tolerant to changes in lighting conditions.
The extent of generdisation for other visua dimensions was, however, more limited than that expected
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of object-centred models since the mgority of cells showed sdlectivity for view, orientation and Sze.
Thus the mgority of the cells show viewer-centred properties.

4. Functions of view and orientation specific coding

From the tudies described it is evident that there isawide variety of cdls responsive to the face
and body. Information relevant to the visud analyss of an individud is thus digtributed across a large
array of cdls each coding particular parts or features and combinations thereof. There gppears to be a
hierarchy within this andyds. At lower leves in this hierarchy, cells may be sengtive to only one facid
component, whereas cdlls a a higher level may combine the outputs of many separate andyses of the
appearance of the eyes, head and body each from specific views and orientations (Perrett et al 1992).
Indeed to code socid sgnas such as “attention down”, information from widely different views (head
and body postures with specific orientations) needs to converge on individua cells so that they respond
to arange of visud signdsthat have the same conceptual meaning (Perrett et al 1992).

Pooling the outputs of multiple view and orientation specific descriptions of the same object
edtablishes one description of an object’s identity independent of viewing condition but Smultaneoudy
throws away information about the specific 3-D orientation of the object in question. This act of pooling
may characterise ventral corticad processing where identification of object meaning is one of the chief
goals of processing (Ungerleider and Mishkin 1982). To guide motor interaction with the object one can
speculate that outputs of orientation and view specific cell descriptions in tempora cortex would need to
reach the dorsa parietd cortical system (Wash and Perett 1994; Carey et a 1997). Alterndively
orientation and size specific descriptions need to be computed independently in parietal cortex (Sakata
et al 1995).

For the head and body, orientation specific coding may have additiond functiona roles in
guiding comprehension in socid interactions. Understanding where someone dse is atending is essentid
to the life of socid primates. Analysis of attention direction requires specification not only of head view
but orientation in the picture plane. For example, the Sght of a left profile view of an animad's heed tilted
up can sgnify that the animd's attention is directed to the viewer's left and somewhere high up. The
object of attention in this circumstance could be an aerid predator, or ripe fruit in atree. By contrast, a

view of the left profile with head down could indicate the attention to a good spot for foraging or a
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snake. Note that by specifying only the head view (left profile) without specification of the orientation
(pointing up, level or down), it would be impossible to understand the focus of another’s attention or
actions. More generdly, in any socid activity (be the activity afiliaive play or an agonigic encounter),
recognition of the precise posture, orientation and movement of the socia partner's face, hands and
body isimportant if the participants are to adjust their own body movements appropriately (Perrett et a
1992; Perrett et d 1995a; Perrett and Emery 1996; Oram and Perrett 1996; Carey et a 1997).

5. The binding problem

‘lllusory conjunctions occur when features belonging to different objects are fasdy attributed
to the same object. Consider an array of red squares and blue circles. If an observer clamsto seeared
circle in such an array, such a clam would be fase. The conjunction of redness and circular shape
would beillusory asthe colour and shape features belong to different itemsin the array.

Under norma viewing circumdances the visud sysem does not suffer from illusory
conjunctions. The brain thus solves the ‘binding problem’ and is able to keep track of which visud
attributes (e.g. redness and shape) arise from the same item. How the brain manages to solve the
binding problem and avoid illusory conjunctionsis a matter conjecture.

We have reviewed how receptive field Size increases along the ventrd stream. In IT and STS,
cdls respond to stimuli independent of their position within large receptive fields. We argued that such
sectivity could be achieved by the pooling of inputs having smdler receptive fidds and showing
response sdlectivity for the appropriate component parts. This change in two aspects of response
sectivity immediately raises the problem of fase conjunctions. For example, a cell receiving inputs
sdective for a horizontal bar and inputs from a second population of cells selective for verticd bars
would respond to T shapes. The same cell would aso respond to separate horizontal and vertical bars
and to + shapes. One aspect of the binding problem is to determine where one feature is relaive to
another feature (see Tables 1, 2). Solution of this problem allows T and + shapes to be interpreted as
different shapes even though they have the same component parts. As previoudy suggested, the binding
problem may not be as complex for familiar or frequently seen simuli as it first gppears (Oram and
Perrett 1994).
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5.1. Coding conjunctions of features to overcome the binding problem

Congder avisud gimulus congdting of 6 arbitrary dements, El 1-6. If cdls exist which are
sdective for the dements El 1 through El 6 and at 7 different retind positions, then these 42 cdlls can be
represented as in Table 1. Table 1 represents position by font and eements of features by letters. The
third column in Table 2 shows the resultant activity of an imaginary I T Elaborate cell recaiving input from
the 42 cdls of Table la to a variety of stimuli. As can be seen, if the input units have sengtivity to
isolated features, the binding problem is severe, with the putative IT cdl responding to many fdse

Tablela Table1lb

El| EI2 |El |EI |EBI|EI]Y EI7 El 8 ElI9 | EI10| EI11 | EI 12

1 3 4 | 5|6
Position1 | A B D| E| F AB BC CD DE EF F
Position 2 a B c d e f ab bc cc de ef f
Position 3 | A B C I D]ETF AB BC ) DE EF F
Position 4 a B ¢ d g f ab b ¢d de of f
Position5 | A B C|D|E]|F] AB BC CD DE EF F
Position6 | A| B C|D|IE|FJAB | BC | CD | DE | EF F
Postion7 | a| b c|ld|e|f] a bc cd de ef f

Table 1. Possible processing elements selective for single or conjunction of visual features. Two sets of feature
detectors are shown. Table 1b. Grid of 42 cells selective for visual elementsEl 1to El 6. The elements are indicated by
the letters A-F, different retinal positions are indicated by the different font types and sizes. Table 1b. Grid of 42 cellg
selective for conjunctions of visual features El 7 to El 12. The conjunction of elements are indicated by the pairs of|
letters (ab, bc and so on).

Simulus Target gimulus | Responseto set 1a | Responseto set 1b
ABCDEF YES YES YES
Abcdef YES YES YES
ABCDEF YES YES YES
AbiDEf NO 18 NO
AbcdeF NO YES NO
AboiEF NO YES NO
ABCDEF NO 15 NO
ABCdEF NO YES NO
AbCdef NO 15 NO
aBCDeF NO YES NO

Table 2a. Responses of a cell receiving input from the 42 cellsin 1a. The presence or absence of a response to 10
istimuli is shown. Incorrect responses are shown in bold and underlined. Table 2b. Responses of a cell receiving input
from the 42 cellsin 1b. The presence or absence of a response to 10 stimuli is shown. Note there are no possible
incorrect responses.
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conjunctions of the individua eements. While the god of processing was to detect the stimuli rows 1-3
of column 1 Table 2, the processing arrangement gave responses to the non-targets on rows 4-10.

IT Elaborate feature sengtive cdls can be sdective for the presence and relative position of
more than one visud item in the image. When the sdectivity of severa such Elaborate feature cdls is
combined the positiond interdependence of many pattern eements is established. This interdependence
circumvents the binding problem asilludrated in Table 1b and Table 2. In Table 1b, each of the cdllsis
sengtive to the relationship between two dements. As can be seen, a cdl with inputs from the 42 units
no longer responds to the distracter stimuli (Table 2, right column). Furthermore, only 35 input cells are
needed — the cells sensitive to dement 12 (El 12, the Fs) are redundant.

The principle of using feature conjunctions to overcome issues of binding is of course eesly
extended to transformations other than retina postion. In terms of information coding, Elaborate cells
code for multiple dimengions of the simulus. When sengtivity to more than one aspect of the simulus
exigs (e.g. colour, shape and texture), each attribute modulates the response separately (Komatsu and
Ideura, 1992). The responses of such cells therefore contain information about each attribute thet is not
dependent on other attributes. It is the overlap of feature selectivity between cells sengtive to conjoint
features that dlows “binding” to occur (Richmond and Optican 1992; Oram and Perrett 1994). The
utilisation of feature conjunction is not redtricted to the Elaborate cells of IT cortex. There is ample
evidence that cdls in V1 are sendtive to ements in the area surrounding the classcd receptive fidd
(Knierem and Van Essen 1992; see Allman 1985 for review). These cdls in V1 show response
sdectivity to conjunctions of visua eements (e.g. vertica bar surrounded by horizonta bars). The cells
in subsequent aress of the ventral stream (V2, V4, PIT, AIT, STS) can utilise the principles outlined
above to circumvent the binding problem.

5.2. Feature conjunction for word and face recognition

There is a Imple demongration that processng may utilise combinations of features and that
these features might not be those that first spring to mind. This SeNtEnCe Is NoT tHe EaSEST tO
rEaD, eéVeN tHoUgH iT cOnSIStS Of ThE uSUAl LeTtErS aNd SpAcEs. When written normaly all
letters are the same case or may have a capitd a the beginning. Under these normd conditions, we

have no difficulty in reading. “This Sentence Is Not So Difficult To Read, Even Though It Conggts Of
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Upper And Lower Case Letters’. The relative ease in reading the second case dternated sentence is
presumably because we are more familiar with the change in case (initid upper caseto lower case). The
confuson in the fird example is due to the unusud combinations of letters of different cases. This
indicates that visual processng of words uses “between letter” features and is not redtricted to the
andysis of isolated |etters.

IT Elaborate feature sengtive cdls are sdlective for the relative postion of dements over large
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Figure 7. Establishing senditivity to configuration independent of position. Top: target (face) and non-target (jumbled face
patterns). Lower: columns of hypothetical Elaborate feature sensitive cells, sensitive to the visual element displayed within
one box but generalising over the feature position within central vision. Hypothetical Pattern sensitive cells a-d pool the
outputs of 4-6 Elaborate feature sensitive cells. Cells b-d but not cell a are sensitive to the pattern configuration and would
respond more to the face than to the jumbled faces.
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receptive fieds. In the example of Tables 1 and 2, it was assumed that input cells were postion
sengtive. IT cdls, however, show tolerance of postion. The scheme for binding features together works
even if the feature detectors are tolerant of postion. For example, a Pattern sensitive cell might receive
input from 4 hypothetical Elaborate festure sengtive cdls with large receptive fidds. Of these
hypotheticd cells, Elaborate feature cell 1 requires visud dements A+B in given spatid arrangement;
cdl 2 requires eements B+C+D; cdll 3 requires elements D+E and cell 4 requires dements E+F. If the
Pettern sengitive cdl can only be activated by the combined input of these 4 input cells, it will require dl
6 visud dements (A, B, C, D, E and F) to be present in the image. More importantly it will only
respond to one unique set of spatia relationships between those eements. The cell will be tuned to the
arangement of dement F and E rdative to dements A and B, even though none of the input cdls are
sengtive to the arrangements between these particular e ements. Note that the higher level cll will inherit
the pogtiond tolerance of the input cdls Thus while the higher level Paitern sengtive cel shows
increased specificity to pattern configuration, the cell generdises in its response to the optima
configuration of |etters over arange of retind postions.

Figure 7 illudrates the advantages of using conjunction of feetures for anaysing fecid patterns.
In the centre of the figure are 4 columns of Smple geometrica shapes which occur in facid patterns.
Individua hypothetica Elaborate cdllsin IT cortex could be tuned to the shapes drawn in any one of the
separate boxes. Note that an Elaborate feature senstive call need not be tuned to aface part per se and
may respond to any object containing the relevant festures. The Elaborate cell second from the top of
the left column would respond to the upward convex edge of aface or amelon. The left column gives a
collection of geometrical shapes that occur often in individua face parts (ear, top of the head, eye, nose,
mouth and jaw line). These parts can be arranged into a face structure (target) and various jumbled
arrays (non-targets). Many Elaborate cellsin IT are sdective for loca features involving more than one
shape component. The three columns to the right illugtrate the fact that the whole facid pattern contains
many features that involve more than one facia part. The column second from the left illustrates severd
intuitive facid regions defined by the combination of pars of face pats for example, the forehead
(framed by the eyebrows and top of the head); the upper lip (formed by the relationship between the
nose and mouth) and the chin (formed by the mouth and jawline). The third column illugtrates less



Perrett & Oram Zeitschrift fur Naturforschung (C), 53: 518-541, 1998

intuitive festures formed by pairs of face parts and the right column features formed from triplets of face
parts.

One can consder the sdlectivity of Pattern sengitive cells (a-€) formed by pooling the outpuits of
Elaborate cdls tuned to each of the features present in one vertica column. Cdl (&), pooling outputs
from cells tuned to isolated face parts, would respond well to the target face pattern. Indeed by setting a
high threshold for firing, smultaneous input from severd face part features would be necessary for any
activity. Thresholds for firing would depend on the strength of synaptic inputs, eectrotonic distance of
the synapses from the site of spike generations and the timing between input spikes: Smultaneous inputs
from several weak synapses on the distal parts of the dendrite would be needed to cause a cdll to spike
(Gochin et d 1991). In this way the Pattern sendtive cdl () of Figure 7 would respond well when the
entire face was visible but only weekly or not at al when one or two parts of the face were presented in
isolation with the rest occluded from sight. Such sdlectivity has been documented (Oram and Perrett
1994; Perrett et d 1982). Cdl (a) would be, however, insendtive to configuration and would respond
to the non-target jumbled face patterns. This is because each input tolerates the presence of one face
part in any position. Some cells do indeed respond to both normal and jumbled arrays of facia features.
Most cells, however, show greater responses to the normal pattern than to jumbled patterns (Perrett et
al 1982).

Pattern sengdtive cdls (b), (c) and (d) pool outputs of Elaborate cells tuned to features formed
by conjunctions of face parts or geometrical elements that occur within regions of faces. Cells (b)-(d)
would aso respond well to the entire face pattern but in contrast to cell (a), these cdls would be
additiondly sdlective for configuration; they would not respond well to the jumbled faces. Cells (b)-(d)
would respond to face patterns over a range of retina positions because each of the input Elaborate
cdlstoleratesits preferred feature over arange of postions. Inthisway it is possible to generate pattern
sectivity which is both capable of generdising across retind postion and which is capable of
discrimingting between different configurations.

Of course, different Pattern sengtive cdls could receive inputs from different combinations of
Elaborate feature sengtive cdls and individud Peattern sengtive cdls need not specify al aspects of the
configuration arigng from a familiar object. Increesngly exacting configuration sendtivity can be

established by further processing in which the outputs of severa Pattern senstive cdlls each sengtive to
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different aspects the same object (e.g. face) are combined. Moreover, the process can be repeated with
successively higher cells pooling the outputs of cdls sengtive to different parts of the same complex
object (eg. body). The resulting sengtivity to multiple components and their spatia configuration can be
Seen to offer a progressively improved selectivity amongst patterns. Exactly thistype of selectivity would
be needed for discriminating members of the same category of objects whether they are words, faces,

fracta patterns or wire frame objects.
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Figure 8. Establishing sensitivity to letter order. Top: target and non-target words. Middle: columns of
hypothetical Elaborate feature cells, sensitive to the visual element displayed within one box but alising over feature
position within central vision. Lower: hypothetical Pattern sensitive cells (a)-(d) pool the outputs of 4 Elaborate
feature sensitive cells. Cells (b)-(d) but not cell (a) are sensitive to the letter configuration and would respond more
to theword ‘meat’ than to the other words with the same letters (‘ tame, mate, team’) or non-words (atem).
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Figure 8 provides an andogous example for individua word recognition and text reading. High
level ‘features such as those typicd of letters themsaves or more importantly those typica of letter
pairs and commonly occurring letter triplets would be appropriate for recognisng words. In Figure 8,
hypotheticd Elaborate festure sendtive cdls in the left column are tuned to the gpproximate shape of
individud letters (lower case, perhgps in a smdl range of visudly smilar fonts). Such hypothetica
Elaborate cdlls are tuned to more complex features than those described by Tanaka et d (1991). The
scheme suggested here can be reiterated to generate sengitivity to progressively more complex patterns.
Thusit is possible to imagine that Elaborate features of the type described by Tanaka are used to create
sengitivity to letters and letter pairs, and these are used to create sengtivity to individua words or longer
drings of |etters.

The choice of Elaborate feetures as inputs in Figure 8 is again critica. Pooling the outputs of
feature sengtive cells sdlective for individud letters by Paitern sengtive cdl (8) raiterates the problem of
detecting letter configuration. Cell (a) would respond equaly to al words and non-words with letters m,
e, aandt (e.g. tame, atem, mate, team, maet, etc.). By contrast, Pattern sengtive cdlls (b) and (c) which
pool features that are conjunctions of letters (e.g. _m, me, ea, a and t_, column 2) or conjunctions of
pattern eements typica of such letter pairs (column 3) would be &ble to differentiate between words
with the same etters. The Pettern sengtive cdll (d) that pools features that are triplets of Iettersin column
4 would dso be able to differentiate the target word from non-targets with the same letters. Indeed
there are many visua components of words that can be used for generating sdectivity between words,
whether the components are conjunctions of |etter features or parts of letters; the components do need

not need to be explicit suffixes and prefixes of words.

5.3. Summary of the binding problem and feature conjunction

The theds advanced here is that in order to detect complex patterns such as those
approximating the face or the eyes, Pattern senstive cdls pool the outputs of a number of Elaborate
feature sengtive cdls. The pooling operations might superficialy gppear unable to generate configuration
sengtivity (i.e. selectivity for the relative pogtion of features within the image). As illustrated, however,
the pooling features which are themsdlves pairs of visud eements can increase sendtivity to pattern

configuration.
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In essence, the properties of higher level cells selective for complex pattern configurations and
capable of generdisng over pogtion are produced by combining the outputs of lower level cdls tuned
to ample configurations. Pettern senstive cdls established in this way will have severd response
properties, as described they will be sdective for object type and capable of generdising across
gimulus pogtion in the centra region of vison. The cdls will dso display sdectivity for image Sze,
orientation, view and object part. Sdlectivity for orientation and sze will be inherited directly from the
Elaborate feature cells which are themsdves orientation and sze sdlective. Sdectivity for object view
and part will arise because the features required by input Elaborate cdlls will be visble only for particular
views and parts of the object.

A key aspect of the account presented here is the redisation that a relaivey limited ligt of
feature requirements automatically produces sengtivity for configuration of an object’s components. This
is because changing the configuration of components automatically removes or diminishes the vigibility of
some of the required features. In Figure 7, the Pattern sendtive cells (c)-(d) fal to respond to the
jumbled faces because displacing the eyes, nose and mouth has the effect of destroying various features
that would activate the input Elaborate festure sendtive cdls. Therefore, the Pattern cdlls will fire sub-
optimally to rearranged faces because they will no longer recaive input from afull set of Elaborate cells.
Reduced response to jumbled faces has been described previoudy (Perrett et a 1982, 1988).
Sdlectivity for one type of object is dso conferred by the list of required Elaborate feature inputs, most
other types of object will not contain sufficient of these features to generate fase positive activation and
Spurious recognition.

The configuration of face parts is radicaly different between the target and non-target patterns
illugtrated. Cdll sengtivity to more subtle changes in configuration within the same class of object could
be achieved in an exactly andogous way. Elaborate feature sendtive cdls are sengtive to the size,
orientation and the relative postion of components (Tanaka et d 1991). Patern sengtive cels
combining outputs of multiple Elaborate fegture sengtive cdls could therefore be sendtive to subtle
differences in face configurations as faciad components change in Sze and postion relative to one
another. In this way Pettern sengtive cells could be sdective for the differences between familiar faces
as has been observed in severd investigations (Baylis et a., 1985; Hasselmo et a 1989; Perrett et a
1984, 1989, 1991; Yamane et d 1988; Y oung and Yamane 1992).
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6. Relationship between features and feature configurations

From the discussion in section 5, it is clear that the Elaborate cells described in IT cortices may
not be responsive to only the intuitively obvious features of objects. Indeed, since cdls are sdlective for
the relationship between features, aspects of the binding problem can be circumvented and the
processing in tempord cortex can resolve different configurations of patterns made up of the same
elements (Oram and Perrett 1994). In this section we examine the role of intuitive festures of images
and ther configuration on object recognition. Accounts of recognition frequently differentiate between
therole of key features and the role of feature configuration. Classes of object where dl exemplars have
the same parts of features (such as faces) are supposed to be differentiated on the bads of the
configuration of component fegtures (eg. Farah 1996). From the outset it should be noted that
transformations that affect configuration necessarily affect the shagpe of multiple component features and
vice versa.

During the rearrangement of the face (see Figure 7) the gppearance of some features of the face
(nose, mouth and eye) need not be disrupted. Thereis a tendency to conceive of an object's features as
being equivdent to the ligt of the minimum number of parts that when combined generate the overdl
appearance of the object. This assumption is explicit in the modd of Biederman (1987) where objects
are recognised by decomposition into a set of 3-D geon parts. It should be redised that the visble
features (in the sense specified here) that are generated by a particular combination of object parts,
greatly outnumbers the parts themsealves. The eyes, nose, mouth, eyebrows, hair and head/jaw outline
are the most obvious component parts of the face and are sometimes considered the only ‘features'.
The relationships between these intuitive parts of the face creste numerous additiond visua fegtures. For
example, the light space between the mouth and the nose parts form another fegture, the upper lip.
Consder an object composed of n=5 discernible differently shaped dark blob parts. These blobs might
be considered the only component features. In which case there would be five 1% order features (n=5)
but any view with al blob components visible will indlude further 2 order visua features created by
pairs of blobs [n=5!/((5-2)!2!) = 120/(6*2) = 10] and 3° order features as triplets of blobs [n=5!/((5-
3)!13!) = 120/(2*6) = 10]. It is not clear which type of feature (Smple or configurationd) is more
important for object recognition. For any given object class both 1% and higher order features could

form the basis of discrimination between different exemplars of that class.
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Tanakaet d (1993) found that learning about the parts of a face in the context of an entire face
generates context sengtivity to the parts. After subjects learned the appearance of two whole faces
differing only in nose shape, subsequent testing showed that the noses were discriminated more
accuratdly in the context of the trained face pattern than when tested in isolation (as noses done). This
contextua sengtivity was present only when the faces were learned in the upright orientation and was
not found for other types of object (eg. buildings). Such contextua sengtivity (and its orientation
specificity) naturaly arises when one congders the training pattern as congsting of more visud features
than the intuitive parts. The combination of the nose with the eyebrows and the mouth crestes additiona
sets of (2™ order) visud features. For example, the bridge of the nose may makea T or Y fegture with
the eye brows, the base of along nose may abut the mouth creating an inverted T feature. For a shorter
nose, the upper lip may noticeably separate the base of the nose and the mouth. To reiterate a point
above, it isimpossible to change the appearance of one face part without changing the configuration of
the festures. Reciprocdly, changing the configuration of a face by moving the intuitive parts reléive to
one another also changes the shape of component features: moving the nose up from the mouth creates
abigger upper lip festure.

When subjects learn new face shapes or configuraions, they appear to be sengtive to
component facia features in the broader sense of the term and do not restrict their visua analysis to the
intuitive macroscopic face parts (Tanaka et d 1993). The orientation specificity of the training is
expected given the orientation senstive Elaborate and Pattern sendtive cdls in the tempora cortex of
the observers. This explanation does not account for the lack of context senstivity for featurestrained in
inverted faces. For these unusud inverted patterns subjects may have not had sufficient perceptua
experience to develop appropriate Elaborate feature and Pattern sengtive cdls tuned to relevant visud
features and feature combinations to enable discrimination. Sengtivity to pattern configuration and
disproportionate problems with inverson have frequently been noted to depend on expertise or
familiarity with the pattern type (e.g. Carey 1992; Gauthier and Tarr 1997).

7. Are faces special?

One might argue that faces are a pecid case and recognition of other object classes utilise
fundamentaly different types of neurd processng. The issue of whether faces are specid has been
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rased in the contexts of neuropsychology and psychology (Yin 1969, 1970; Farah 1996). From the
psychologica perspective there are many indications of equivaent processing mechanisms for faces and
objects. Factors affecting the efficiency of face recognition dso affect recognition of other types of
object in a quditaively equivdent manner. Face processng is affected adversdy by change in
perspective view, lighting and stimulus orientation with such effects visble both at the behaviourd and a
the angle cdl levd (Benton and Van Allen 1968, De Renzie et d 1968; Yin 1969, 1970; Perrett et d
1988, 1991, 1995b; Hietanen et d 1992). The same parameters also affect recognition of objects
(Warrington 1982; Weiskrantz and Saunders 1984; Hin and Dziurawiec 1989; Carey 1992; Gauthier
and Tarr 1997). Conversdly, automated caricaturing can improve recognition of both faces (Rhodes et
al 1987; Benson and Perrett 1991) and objects (Rhodes and MclLean 1990; Dodd and Perrett 1997).

To find comparable effects of image manipulaions on face and object recognition it may be
necessay to tgp the ability of subjects to use the subtle differences in the configuration of features
(Bruce et d 1991). This sKill is only acquired after a substantial amount of experience in differentiating
members within the same object class (Carey 1992; Rhodes and McLean 1990; Dodd and Perrett
1997; Logothetis et a 1994ab).

Brain damage can sdlectively impair recognition of faces but leave recognition of other object
classesintact (eg. McNeil and Warrington 1994; DeRenzie 1986). Conversdly different cases show
intact recognition of faces but defective recognition of objects Assa et d 1984; Moscovitch et a
1997). Such dissociation need not imply that faces and objects are processed differently, for example
objects and words being processed by reference to single features and faces by reference to a
configuration of fegtures (Farah 1996). The neuropsychologicd dissociation may imply only that faces
and objects are processed in different corticd modules, even in the same architectonic area of the
cortex. Cortica neurones processing the same type of stimulus tend to cluster together anatomicaly.
Ther proximity implies smilar input selectivity, not necessarily differences in syle of processing (Fujita
et d 1992; Parett et a 1984; Harries and Perrett 1991). Different columns in primary visua cortex
process edges of horizontal and verticd orientations, yet we do not imply from this that the two
orientations are processed in fundamentaly different ways. Indeed, there is now evidence that different
patches (1-4 mm) within the lingua and fusform gyri (which could well be the human equivdent of the
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meacague inferior tempora cortex) are selectively activated by the sight of faces and words (Allison et d
1994a,b; Puce et a 1996a,b; Nobre et a 1994; c.f. Gauthier et d 1997).

In humans, corticd modules processing specific object classes may be located within same
generd region (eg. thelingud and fusform gyri). If such modules are located in dightly different places
for different individuas (Puce et d 1996ab; Nobre et d 1994), differently positioned lesions would be
expected to correate with different symptoms. If modules analysing one class of object are interspersed
with other modules analysing other object classes, then most lesions would be unlikely to produce highly
sective deficits. This is because a given leson would be likely to disrupt severa modules processng
different classes of simuli. Only occasiondly would one expect a bilatera lesion in the fusform region to
sHectivey disupt one type of object processng (Assa 1984; McNell and Warrington 1994,
Moscovitch et d 1997). Cdlular specificity in processing avariety of different classes of object has now
been established. Cdlls have been found in the anterior tempora cortex that are tuned to arbitrary visua
patterns (colour fracta patterns; wire frame shapes) that have acquired significance through behavioura
training (Saka and Miyashita 1991; Miyashitaet d 1993; Logothetis et d 1995). Cdls in the anygdda
have been noted with selective responses to specific desirable foods and to animals such as centipedes
with learned aversive associations (Ono et a, 1992). Hence faces are not the only class of object for

which cdl populations can be sdlectively tuned.

8. Similarities to other models

Many accounts of recognition acknowledge the importance of component configuration (e.g.
geon one to the left of geon 2 and joined at the mid point; Biederman 1987). Few models, however,
address the mechanisms for determining configuration. Several accounts generate sengtivity to pattern
configuration using principa component anaysis but these accounts are not designed to be biologicaly
plausble (eg. Srovitch and Kirby 1987) since such approaches subject the entire image patterns to a
globd andyss without the initid analyss of locdised sub-regions of the image that is goparent in the
nervous system.

The process of generating sendtivity to one view of an object from a list of 2-D features
independent of ther pogtion is supeficidly dmilar to atifidd intdligence modds employing the
‘viewpoint consistency congraint’ (Lowe 1987; Porrill et d 1988). In these schemes of recognition, a
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sngle dl-encompassing object description is held in memory. This description specifies dl the object’s
edges that will be vigble under idedlised lighting from any view. To determine whether the target object
is present in the image, the procedure is first to hypothesise a given vantage point of the observer. From
this view, the exact appearance of the object’s edges including their size and orientation is predicted.
The ensuing process checks for correspondence between triplets of edges or festures that should be
visble from the hypothetical view and the features present in the image. If a given set of three features
exig in the image and match the prediction, then the match condtitutes a limited amount of evidence that
the object is present in the image at the hypothesised viewpoint. By performing checks on other triplets
of ample features, confidence can accumulate that the hypothess is correct. If there is insufficient
evidence a the end of the checking process for one view then a new hypothetica view can be chosen
and the process repeated.

The process of Lowe (1987) is Smilar to that suggested above, in that multiple low leve
features are checked to generate complex pattern selectivity for one object type from one view. Under
the scheme of Lowe (1987), however, the only representation of the object that is stored isasingle 3-D
object-centred description of the object’s edges relative to one another. From this, the precise
appearance of the object’ s edges from al possible views can be generated.

Note that to establish the configuration of edges to enable “checking” of an image againg a
object-centred representation, Lowe's scheme of processing would seem to require that a temporary
viewpoint-dependent representation must be generated. We have shown that responses of STS
neurones discriminate between input images within 5ms of response onset and that the response
latencies suggest that only feed-forward processing occurs to generate the initia response (Oram and
Perrett 1992, 1994). Therefore the view sdlectivity does not seem to arise from some time consuming
interplay between object-centred representations and the image using the viewpoint consistency
congraint of Lowe (1987).

The processing within tempord cortex can check for dl familiar objectsin al the familiar viewing
conditions in pardle and in a sngle processng step because of the separate neura representations for
different views of the same object and separate representations for particular image sizes and
orientations. The pardld process depends only on the existence of neurd populations tuned to the

pattern of different views, orientations and sizes of familiar object classes. These populations might seem
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too numerous for such a scheme to be feasible but economy is achieved because each cedll population is
broadly tuned to view, orientation and Size and populations are only dedicated to object classes that are
important to the observer. Parallel processing is conducted in the tempora cortex with an enormous
speed advantage even if the computing elements are severd orders of magnitude dower than the
computing dementsin digital computers running programs with a view-point consstency constraint.

Fukushima's account of recognition is dso somewhat smilar to the account suggested here in
that both utilise a gradud increase in receptive fied Size coupled with a gradud increase in complexity of
feature sengtivity to generate selectivity for pettern configuration independent of postion (Fukushima
1980). The configurationa sdectivity for complex patterns of high leve units in Fukushima's modd is a
product of sengtivity of low level units with preference for particular festures at particular locations.
Detecting an A is a product of detecting specific features at specific locations (eg. a/ feature a one
reting region to the left of another region containing a \ festure and below a region containing a U
feature). While the receptive fields of lower level units detecting the festures U, /and \ are relatively
localised, the receptive fidld of the higher level unit detecting A is broader. In Fukushimas scheme an
“A” detector that is even more position invariant is made a a higher level by combining the outputs of
many “A” detectors with limited fidds

The current proposa can be seen as an extenson of Fukushimal's modd in that it uses a grester
number of features and more eaborate features than those described for detecting an “A”. Moreover
the present scheme uses cdls with large receptive fidlds extending over the entire foved region.
Fukushimas modd generates senstivity to paitern configuration over loca regions of the image, and
then establishes trandation invariance. The processing within tempora cortex described here generates
sengtivity to increased feature complexity by combining detectors for different features with large
receptive fidds.

The example given for detecting the letters is perhaps mideading as letter discrimination can be
based on relatively smple features. 1t would not be advantageous for pattern recognition to utilise cells
with large receptive fields and sdlective for ample features such as an oriented edge. It would not be
possible to generate pattern specificity by pooling the outputs of such cells because too many different
patterns would possess such smple features. In the case of individua word recognition and text reading,

higher levd ‘festures such as those typica of letters themsalves or more importantly those typica of
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letter pairs and commonly occurring letter triplets would be appropriate for recognisng words (see
Figure 8).

The scheme of using loca groupings of features to generate patterns of grester complexity while
maintaining the specificity in pattern configuration has along history (Wicklegren 1969; McCldland and
Rumelhart 1988). Wicklegren (1969) noted that words which were to be spoken could be represented
as sequences of context senditive phoneme production units, “Wicklephones’. The word /kat/ could be
represented uniquely by three wicklephones /_ka/, kat/ and &t /. Different words may contain the
same |etters or the same phonemes but they do not contain the same Wicklephones. Given the overlap
(locd configuration) in features, such a scheme ensures the production of the correct word and not
some spurious word containing the same letters or phonemes in a different combination. Recent
neurophysiological studies provide direct support for the notion that complex motor output sequences
are generated from the sequentia coding of transitions between component movements (Tanji 1996).

While Wicklephones are appropriate for word pronunciation, McCleland and Rumehart
(1988) suggest a smilar scheme of “Wicklefeatures’ for encoding the form of words from sensory
input. One of the critica visud features utilised in the modd of McCldland and Rumehart (1988) and in
Figure 8 is the absence of visua dementsin aretind region (a space). Spaces are important for defining
the beginning and end of words and segmenting separate words within text. Text without spaces would
dill be andysable with this gpproach but ambiguity is likdy to arise During normd reading, the
processing of letter combinations would be restricted by the field of view in which |etters around the
foveawould be visble and under attention. The region in which letters may be resolved for agiven point
of fixation probably does not extend more than 15-25 |etters wide by 6-8 lines of single spaced text.
Other schemes of smulated word reading (eg. interactive activation model of McCleland and
Rumehart 1988) represent the letter position within a word explicitly. Such posgtion information would
be lost by neurones in tempord cortex. Coding relative position of |etter pairs (or eements within letter
pairs), independent of ther absolute position within the foved region, is one way that the visud
processing can establish the letter order that is the bass of word construction.
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9. Representation of objects by patterns of neuronal activity

One objection to the scheme of coding described above is that it depends on neurones in
tempora cortex that are selective for the features or overdl gppearance of each and every familiar
object class. To some this may seem an unacceptable return to notions of ‘ Grandmother’ cell coding
where individud cdlls in an observer’s brain are hypothesised to respond selectively to the gppearance
of paticular highly familiar faces (such as the obsarver's Grandmother). The relative merits of
population coding in which each visud neurone contributes to the representation of many objects or
sparse coding where single cells code more information about particular objects or examples have been
debated elsewhere (Perrett et al 1987, 1989; Barlow 1994; Foldiak and Y oung 1995; Rolls and Tovee
1995; Rolls et al 1977).

The visud pattern that characterises any object is specified a a given moment by a population
of light sengtive retina cones, or by a population of cdlsin primary visua cortex sengtive to loca edges
or spatia frequencies. Thus a early stages the pattern of an object is encoded by vast populations of
cdls. The processng which underlies object recognition, however, progresses beyond both retina
cones and edge detectors in primary visud cortex. In the same way, while cdls in IT can provide an
elaborate and extensive description of the features of objects, visua processng and the andysis of
feature combinations, shapes and configurations can progress beyond this level. Cdls in IT that are
sengtive to feature configuration can eedily participate in sgnalling the presence of many objects.

Aseach object class or exemplar becomes familiar and important to an observer then more and
more neurones should become tuned to the specific features of the object class/exemplar. Festure tuning
would be sze and orientation specific reflecting the image conditions experienced. Since any nove
object will share visud features with other dready familiar objects, these features can be utilised initidly
to differentiate the new object. Biederman (1987) dso noted that novel objects can be described by
reference to a set of 3-D features or ‘geons . What is suggested here is a set of features thousands of
times more numerous than those postulated by Biederman (1987). Moreover, unlike Biederman’s
account, the features would be universal (across observers) only to the extent that they would be
frequently experienced and would be useful for differentiating common object classes. Feature sengitivity
would be established through experience and each person’s repertoire would be different. Thus the
features would be adaptive (Miyashita and Chang 1988; Miyashitaet d 1993; Logothetis et a 1994a,b,
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1995) and for any individual would reflect their lifestyle and interests. Someone with a professond
interest in flowers would develop neurones sengtive to the visud differences between different types of
leaf and petals while a motor mechanic would develop sendtivity to features more gppropriate for
differentiating engine components.

For each class of object and visud pattern we know well, we may possess cdls which are
sdectively activated by that object class. To recognise objects such as the daffodil flower, pinegpple
and schemdtic drawings of the sun, we may indeed utilise high level Pattern sendtive cdls that are
sective amongs these dternatives. It is not being suggested here that there will be only one cdll
sectively activated by each type of familiar object. Indeed, former proponents of single cell codes
(Konorski 1957; Barlow 1972, 1985) dl argued that there would be multiple cdls sdective for the
same object, with the cell numbers depending on the object's importance. There may be thousands or
millions of cells sdective for the same object and any one cdl in this population is unlikely to be as
efficient as the psychophysica observer at detecting the object's presence (Barlow 1985).

10. Summary

This paper has reviewed the development of pattern sengtivity of cells dong the ventra cortica
stream of processing. It is evident that the complexity of trigger features that are required to make cells
respond increases progressvely dong the cortica pathway. At the highest levels of processing, in the
tempord cortex, cdll populations gppear to encode the pattern of familiar classes of object from specific
viewing conditions. The mgority of cells show limited generdisation over transformations that modify the
vighility of object parts, or the view, orientation and image Sze of the object. This view sdectivity
appears to be matched to the experience of the observer. For objects seen predominantly at one view,
orientation and Sze, the mgority of cells seective for that object respond more to the object when
presented at the familiar view, orientation and sze. The review has consdered a plausble mechanism
for generating sdlectivity for a specific pattern configuration a one orientation and size while maintaining
the ability to generdise across postion. Experience of the same object, from different views and
orientations, at different retind Szes, under different directions of srong illumination and with different
parts occluded, can establish a range of cell types each tuned to the same object from specific viewing

conditions. Generdisation of recognition of the same object across different viewing conditions can be
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achieved by linking the outputs of such cell types through associative learning as the trangtion between
different views is experienced over time. In generd, view pecific coding is a naturd conseguence of
sdective experience and, in the case of biologicaly important objects such as bodies, view specific
coding has grest utility for understanding socid sgndls.
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