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Abstract

An intelligent system has to be capable of adapting to a constantly changing environment. It
therefore, ought to be capable of learning from its perceptual interactions with its surroundings.
This requires a certain amount of plasticity in its structure. Any attempt to model the perceptual
capabilities of a living system or, for that matter, to construct a synthetic system of comparable
abilities, must therefore, account for such plasticity through a variety of developmental and
learning mechanisms. This paper examines some results from neuroanatomical, morphological,
as well as behavioral studies of the development of visual perception; integrates them into a
computational framework; and suggests several interesting experiments with computational
models that can yield insights into the development of visual perception.

Role of Environmental Experience in Development and Learning

In order to understand the development of information processing structures in the brain,
one needs knowledge of changes it undergoes from birth to maturity in the context of a normal
environment. However, knowledge of its development in aberrant settings is also extremely use-
ful, because it reveals the extent to which the development is a function of environmental experi-
ence (as opposed to genetically determined pre-wiring). Accordingly, we consider development
of the visual system under both normal and restricted rearing conditions.

The role of experience in the early development of the sensory systems in general, and the
visual system in particular, has been widely studied through a variety of experiments involving
carefully controlled manipulation of the environment presented to an animal. Extensive reviews
of such results can be found in (Mitchell, 1984; Movshon, 1981; Hirsch, 1986; Boothe, 1986;
Singer, 1986). Some examples of manipulation of visual experience are total pattern deprivation
(e.g., dark rearing), selective deprivation of a certain class of patterns (e.g., vertical lines), mono-
cular deprivation in animals with binocular vision, etc. Extensive studies involving behavioral
deficits resulting from total visual pattern deprivation indicate that the deficits arise primarily as
a result of impairment of visual information processing in the brain. The results of these experi-
ments suggest specific developmental or learning mechanisms that may be operating at various
stages of development, and at different levels in the system. We will discuss some of these
results and their implications.

This is a working draft. All comments, especially constructive criticism and suggestions for improvement, will be appreci-
ated. I am indebied 16 Prof. James Dannemiller for introducing me to some of the literature in infant development; to Prof.
Leonard Uhr for his helpful comments on an initial draft of the paper; and to numerous researchers whose experimental
work has provided the basis for the model outlined in this paper.
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Although experiments involving visual deprivation can provide useful insights into the
mechanisms of plasticity in the developing visual system, one ought to be somewhat cautious in
extrapolating from these studies to the situation in normal development. This is necessitated by
the fact that some of the manipulations of the visual environment used in the experiments are
rather gross. Further, there is a risk that some of these manipulations may depart too much from
the range of environmental variability that the visual cortex has evolved to cope with.

That learning involves the modification of the basic structure of connections between neu-
rons in the brain, throughout life, shaped by experience, is a hypothesis that has attracted a
number of workers in neuroscience and psychology, as well as artificial intelligence. Ramon y
Cajal (1893) proposed that formation of new synapses was a likely neural basis for learning.
Tanzi (1893) suggested that the changes in the efficacy of previously existing synapses could
incorporate new patterns into the organization of the brain. Hebb (1949) hypothesized that the
increase in the efficacy of a synapse between two neurons that fire simultaneously was the basis
of forming associations and therefore, of learning. We will examine the experimental evidence
available in support of both the hypotheses.

A great deal of experimental work involving behavioral and morphological studies of the
brain has provided insights into the mechanisms of perceptual learning in adult animals (i.e.,
beyond the so-called critical period). A survey of some of the experiments that examine the role
of experience in the development of different perceptual modalities beyond the critical period
can be found in (Greenough, 1976; Greenough, 1987). Most of the experiments involve com-
parison among animals reared in environments of differing complexity. This kind of experiment
was first performed by Hebb who found that rats reared in complex environments (e.g., homes)
were better at learning a series of complex maze patterns than those reared in the laboratory in
cages. It has been suggested that the observed effects might be the result of differences in the
amounts of acquired knowledge that animals reared in different environments can draw upon
when presented with a novel situation (Greenough, 1987). It is interesting to ask in what ways,
if any, the mechanisms of plasticity in the adult brain differ from those in the developing infant’s
brain. We will summarize the results from experimental studies of visual development in
animals beyond the critical period and attempt to address this question.

Perceptual studies of infants of different ages have attempted to throw some light on the
development of various aspects of perceptual abilities. The body of literature in this field is
enormous and a detailed review is beyond the scope of this paper. The interested reader is
refered to (Banks, 1983) for a broad review. We will selectively examine some of the studies
concerning the development of pattern discrimination abilities (mainly through experiments
involving preferential fixation), principles of perceptual organization, generalization of shapes.

The results of behavioral, neurophysiological, and morphological studies of perceptual
development and learning offer many insights into the underlying computational mechanisms
involved in the emergence of the information structures and processes that enable an animal to
successfully learn from its interactions with the environment. We will sketch out a general com-
putational framework that is useful for studying perceptual development and learning; to suggest
experiments designed to fill the gaps in our understanding of these phenomena; and to build syn-
thetic systems of comparable perceptual and cognitive abilities.
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Development of the Visual System

This section summarizes known results from studies of visual development in several
animals (cats, monkeys, and human infants) in normal as well as experimentally manipulated
settings. It is beyond the scope of this paper to describe in detail the known anatomy and phy-
siology of the visual system. The reader is refered to (Van Essen, 1985; Crick, 1986; Uhr, 1986;
Zeki, 1988; DeYoe, 1988; Livingstone, 1988) for review of such material. A general under-
standing of the anatomy and physiology of the visual system is assumed in the discussion that
follows.

Development of the Retina

The anatomical development of the human retina has been investigated at two levels: the
microstructural level concerning the fine structure of neurons and synaptic contacts; and the
macrostructural level concerning the gross morphology of the retina (its layering, distribution of
neuron types, etc.). In spite of the differences across different species in the degree of retinal
development at the time of birth, similarities in the sequences of retinal development among dif-
ferent species (cats, dogs, rats and primates) have been noted (Dunn, 1972) - e.g., the peripheral
retina is in many respects, more mature than the central retina (Abramov, 1982).

No new cones and retinal neurons differentiate in the foveal region postnatally (Hendrik-
son, 1976). The density of cones in the fovea is significantly higher in the adult than that in an
infant. The increasing density of foveal cones accompanied by a decrease in the density of gan-
glion cells and inner nuclear layers (bipolars, amacrines, and horizontals) suggests a migration of
cones from the periphery towards the center of the retina and that of gangion and inner nuclear
cells, from the fovea towards the periphery of the retina. A given set of ganglion cells respond
to different visual features at different ages (e.g., a set of cells that respond to a straight edge
may later respond to a curve). It has been suggested that the mapping between environmental
features and their representations in the retina may therefore demand continuous recalibration
(Banks, 1983).

Physiological studies have shown that the ganglion cells in kittens respond fairly briskly to
visual stimuli by 3 weeks although the contour enhancement and gain control effects of lateral
inhibition may not be present until about 2 months of age (Hamasaki, 1977; Rusoff, 1977).
However, one has to be cautious in extrapolating from these data to humans or even primates
because the retina in kittens is much less mature anatomically than that in human or primate
infants.

Monocular and binocular deprivation has no obvious impact on either the number (Sher-
man, 1973) or the spatial and temporal response properties (Kratz, 1979), and by inference, on
the peripheral retinal neurons in cats. Thus, it is unlikely that the deprivation effects observed at
higher levels of the visual pathway (LGN and visual cortex) are caused by changes in the retinal
mechanisms.

Development of the LGN

There is a great deal of similarity in prenatal as well as postnatal development of the LGN
in monkeys and humans (Hitchcock, 1980; Rakic, 1977). The LGN of the newborn human infant
has many characteristics of the mature adult structure (Hickey, 1977). 6 layers, 2 magnocellular
and 4 parvocellular, are readily distinguishable; but the cell bodies in each layer are smaller than
in adults. Neurons in the parvocellular layer grow rather rapidly from birth to about 6 months
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and then at a slower pace until about 12 months, when their size approaches that in the adult.
Neurons in the magnocellular layers grow much more slowly, and do not reach the adult size
until about 24 months. Development of the LGN in the monkey is quite similar, although more
rapid than that in humans (Rakic, 1977). Geniculate cells in very young monkeys respond quite
sluggishly and fatigue rather easily (Blakemore, 1980). In newborn monkeys, the acuity of geni-
culate cells supplied by the fovea is slightly higher than that supplied by the periphery; and the
visual acuity of foveal geniculate cells improves with age much more dramatically than that of
peripheral geniculate cells. The geniculate cells of the newborn monkey can be classified into X
and Y cells based on tests of spatial summation; but not tests involving response duration (Blak-
emore, 1980). Thus several properties leading to the distinction between X and Y cells in the
adult monkey develop postnatally.

The development of the LGN in cats appears to be different from that in the monkey. The
retinotopic arrangement of receptive fields across the geniculate is adultlike; but the individual
cells are very slow to respond, fatigue rather easily, have abnormally large receptive fields, and
the inhibitory region (surround) of the center-surround receptive field is less pronounced
(Daniels, 1978; Norman, 1977). Several silent areas are encountered during physiological
recording, suggesting that some cells are simply not responsive to visual stimulation. Also, the
distinction between X and Y cells is much less apparent in the young kitten as compared to the
adult cat (Daniels, 1978; Norman, 1977). Postnatal development of X cells is more rapid (with
the receptive fields attaining their adult-like center-surround antagonism by 4-5 weeks after
birth) than that of Y cells (which take a few weeks longer to attain their adult-like receptive
fields). There is some evidence that the physiological immaturities observed in the LGN are
more marked than among the ganglion cells (Daniels, 1978), suggesting that the time courses of
development of the retina and the LGN may be different. There is strong evidence that the ana-
tomical development in the LGN of the kitten is more susceptible to disruption by monocular
deprivation (which leads to marked cell shrinkage) than by binocular deprivation (Shapley,
1980; Sherman, 1972). This has led to the suggestion that some sort of binocular competition
modulates cell growth in the LGN (Guillery, 1972).

Quantitative measurements reveal a fourfold increase in synaptic density in the cat LGN
during the first postnatal month (Cragg, 1975a). These synapses can be divided into two main
groups, asymmetric and symmetric; asymmetric synapses are thought to be excitatory, sym-
metric ones inhibitory. Most of the synapses formed during the first 3 postnatal weeks are asym-
metric (Winfield, 1980). The proportion of symmetric synapses and, by inference, inhibitory
connectivity increases dramatically (to about 30% of the total) shortly after the beginning of the
4th postnatal week (Winfield, 1980). The LL.GN cells in the cat acquire their adult size and mor-
phology by the 6th to the 8th postnatal week (Kalil, 1978; Mason, 1983). During this time, the
LGN volume increases to its adult size and the adult complement of large cells develops in the
paracentral portion of the lamina A (Kalil, 1978). Further, the proportion of symmetric synapses
continues to increase till the adult level of 45% is reached by about the 15th postnatal week
(Winfield, 1980). Consistent with this, the cat LGN cells continue to increase their sensitivity to
higher spatial frequencies and their spatial resolving power until the adult levels are reached by
about the 16th postnatal week.



Development of Visual Cortex

The full complement of prospective cortical neurons is produced well before birth. The
lamination characteristics of the adult cortex are apparent in the cortex of the newborn infant.
Individual neurons in the cortex of the monkey undergo marked morphological changes after
birth (Boothe, 1979; Lund, 1977). All neurons in area 17 appear to go through a common
developmental sequence at very similar times: Just before birth, axons and dendrites are easily
recognized, but dendrites are short and poorly arborized. All neurons then grow a large number
of dendritic spines, the greatest occuring at about 2 months after birth. Thereafter, the number of
spines gradually diminishes, until adult levels are reached several months later. Neurons in corti-
cal layers that receive primarily a parvocellular geniculate input (layer 4CB) approach adult
spine densities sooner than cells in layers receiving primarily a magnocellular geniculate input
(layer 4Co). For some neuronal populations, the spine frequency is still above adult levels as
late as 9 months after birth (Boothe, 1979). Similar morphological changes have been observed
in humans (Conel, 1939-1963). The general proliferation of dendrites takes place more gradually
in humans than in monkeys, reaching its peak at roughly 6 months of age. The vertical organiza-
tion of dendritic trees, presumably underlying the columnar organization of function, is present
at birth. It is known that in primates, the afferent fibers from the LGN reach cortical layer 4
before birth, but it is not known when they form connections with the cortical cells (Rakic,
1981). These afferent fibers are not initially segregated according to ocular dominance; but
instead, in monkeys, a gradual segregation takes place until the adult pattern is achieved by
about 1 month after birth (Hubel, 1977).

In the cat, afferents from the LGN reach area 17 about 12 days before birth (Anker, 1977).
Their distribution within area 17 changes significantly during the first 3 postnatal weeks: During
the 1st postnatal week the LGN afferents project more heavily into the upper cortical layers
(especially layer 1) than in the adult (Anker, 1977; LeVay, 1978; Kato, 1983). At this stage, pro-
jections to layer 4 are wider than those in the adult cat and the projections to layer 5 are much
denser than those in the adult (LeVay, 1978). The LGN afferents to area 17 approach the adult
distribution with the highest density of projections restricted to layer 4 and the segregation of

afferents into ocular dominance patches appears by the end of the 3rd postnatal week (LeVay,
1978; Kato, 1983).

Dendritic spines are sites of synaptic contacts (I.eVay, 1973), and developmental changes
in spine numbers reflect changes in the numbers of synapses (Mates, 1983a; Mates, 1983b;
Mates, 1983c). Quantitative measurements of synapses have demonstrated an overshoot in the
number of synapses in monkey striate cortex with an excess of neural connections made between
birth and 6 months of age, followed by a decrease to the adult value (O’Kusky, 1982). It has
been estimated that that the total number of synapses increase from approximately 389 billion at
birth to 741 billion at six months and then decrease to about 381 billion in the adult.

In kittens, the formation of synapses begins before birth but by the time the eyes open, less
than 2% of the normal adult complement of cortical synapses is present. Between 1 and 5 weeks,
a burst of synaptogenesis occurs (Cragg, 1975a). This phase is at least partially dependent on
visual input and is followed by a partial loss of synapses until adult levels are reached at about 3
months (Cragg, 1975b). Winfield (1981) examined kittens at several different postnatal ages to
specify the time course of the overshoot. Synaptic density reached a peak at about 10 weeks of
age. After this age, the density decreased to about 83% of the peak value at about 16 weeks of
age, and the cortical synaptic density in the adults was about 70% of the peak value.



-6 -

Unlike cells in the retina and the LGN, visual cortical neurons exhibit binocularity, dispar-
ity selectivity, orientation selectivity, and direction selectivity. The role of visual experience on
each of these properties has been studied by a variety of environmental manipulations.

At birth, kittens’ eyes are closed. When the eyes open (at about 1-2 weeks of age), the
optics of the eyes are noticeably cloudy (Bonds, 1978). This makes it difficult to assess the
receptive field properties of cortical neurons until about 3 weeks of age. However, several
researchers have measured the receptive field properties of the area 17 neurons in very young
kittens (e.g., Blakemore, 1975; Bonds, 1979; Hubel, 1963; Pettigrew, 1974; Beckmann, 1982;
Albus, 1984). There are similarities and dissimilarities in the reported observations. They all
agree that these cells exhibit, at the youngest testable ages, some properties of adult cells: retino-
topy (topographic mapping of the visual field onto the cortex), direction selectivity, and to some
extent, binocularity. They disagree on properties such as orientation selectivity. The reported
observations in this case range from "all cells exhibit clear orientation preferences” (Hubel,
1963) to "very few, if any, exhibit orientation selectivity" (Pettigrew, 1974). When an attempt is
made to distinguish orientation from direction selectivity, only about 20% of the neurons in the
visual cortex of the kitten are truly orientation selective and less than 50% show selective
response to orientation or direction of movement at the time the eyes open (Blakemore, 1975).
The few cells that are orientation selective at 2-3 weeks of age tend to be monocular and are
found primarily in cortical layer 4 and 6 where the bulk of the LGN afferents terminate (Blak-
emore, 1975; Albus, 1984). There is some evidence based on latency to electrical stimulation of
afferent pathways (Beckmann, 1982) that these cells are first order neurons, activated
monosynaptically by LGN afferents. In addition, the first orientation selective cells in area 17
have receptive field characteristics (Blakemore, 1975; Beckmann, 1982; Albus, 1984) associated
with simple cells in area 17 of adult cats, and simple cells are good candidates for first order neu-
rons (Hubel, 1962; Singer, 1975). The nonselective cells are more like complex cells (Blak-
emore, 1975) in the area 17 of the adult cat and thus many of them may be second order cells
(Hubel, 1962; Singer, 1975). It has been suggested that the orientation selectivity of area 17 cells
is at least partly produced by the intracortical GABA-mediated inhibitory inputs (Sato, 1984).
Under normal rearing conditions, the proportion of orientation selective cells increases dramati-
cally after the 3rd postnatal week (Blakemore, 1975; Bonds, 1979; Albus, 1984) reaching the
adult level between 4-5 weeks of age. Further, the tuning width of cortical cells continues to
become narrower after 5 weeks of age, their selectivity approaching the adult levels by 6-8
weeks of age (Derrington, 1981).

There is some evidence (based on the proportions of orientation selective cells present at 6
weeks of age) that the maturation of the layers 2/3 and lower 6 lags behind the maturation of the
other layers in the area 17 of the cat (Tsumoto, 1982). It has been suggested (Hirsch, 1986) that
the development of orientation selectivity may continue beyond 6 weeks of age in those layers
(2/3) of area 17 that provide the bulk of the efferent projection to other cortical areas. The spa-
tial frequency tuning continues to increase between 6 and 8 weeks of age (Derrington, 1981),
and this is consistent with an increase in inhibitory input to area 17 cells during this period.

The development and maintenance of orientation and spatial frequency selectivity in kittens
during the first 3 postnatal weeks (involving mostly the first order cells, those that receive
monosynaptic excitatory inputs from LGN X cells) is not affected by dark-rearing (Bonds,
1979). However, the development and/or maintenance of orientation selectivity (Blakemore,
1975; Pettigrew, 1974; Bonds, 1979) and spatial frequency selectivity (Derrington, 1984) among
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the bulk of the area 17 cells (including many that receive their excitatory inputs from other area
17 cells and/or LGN Y or W cells) does require visual stimulation.

Unlike kittens, monkeys are born with their eyes open and with clear optics. According to
one study (Wiesel, 1974), most cortical neurons in the new born monkey exhibit preference to
narrow bands of orientations, and either simple or complex receptive fields. Ocular dominance
and prefered orientation change systematically as the recording electrode is advanced, suggest-
ing the presence of columnar organization. However, the disagreements in the reported results
from studies of cortical neurons in kittens call for caution in the interpretation of this account.

Disparity selectivity, an important property of mature cortical neurons, is strikingly impre-
cise in very young kittens: the binocular disparity of an otherwise optimal stimulus could be
varied by several degrees of visual angle without influencing the response rate. Disparity tuning
improved rapidly thereafter, approaching adult values by 6 weeks of age (Pettigrew, 1974).

In cats altogether deprived of visual stimulation since birth, many cells do not respond to
visual input, and those that do are erratic in their response (Blakemore, 1975). Few cells exhibit
orientation selectivity, but most are binocular and have direction selectivity. The abnormality of
the binocularly deprived cortex relative to the normal cortex does not emerge until 4 to 5 weeks
of age: Before 4 weeks, the cortical neurons of binocularly deprived kittens are essentially indis-
tinguishable from normally reared kittens (Blakemore, 1975). After 4 weeks, the cells in
deprived animals become less and less responsive and selective as compared to the normally
reared kittens, and continued deprivation causes the receptive field characteristics of the cortical
neurons to regress to neonatal status or worse. One can infer from these results that there is little,
if any, passive (experience-independent) maturation of the cortical neurons in the kitten beyond
4 weeks of age. Early binocular deprivation severely disrupts the selectivity of cortical neurons
in monkeys (Crawford, 1975). Thus, it is evident that visual experience plays a major role in the
development of visual cortex in cats as well as monkeys.

Monocular deprivation causes severe loss in responsiveness through the deprived eye in
both cats and monkeys (Blakemore, 1978; Blakemore, 1974; Crawford, 1975; Wiesel, 1965).
Very few binocular cells are observed in monocularly deprived animals. In the visual cortex of a
normal adult monkey, the inputs from the two eyes terminate in alternating bands (columns). If
one eye is deprived of input during development, the columns corresponding to that eye are
much narrower than the other eye, the one not deprived of its normal input. LeVay, Wiesel and
Hubel found that, in the initial stage of development, the inputs from the two eyes overlap and
no distinct organization of ocular dominance columns is present. During normal development,
the input fibers from both the eyes regress simultaneously and gradually such that the sharply
defined occular dominance columns found in the adult emerge. When one eye is deprived of its
input, its connections to the cortex regress more than that in the case of the other eye receiving
normal input, resulting in alternating bands of narrow and wide columns (LeVay, 1980).
Although the exact mechanisms involved are subject to debate, it appears likely that the connec-
tions compete to represent the input, and the actively firing synapses are the ones that win the
competition or that synchronous firing of the presynaptic terminal and the postsynaptic neuron
may contribute to the sustenance of a synapse (Singer, 1986).

The nature of binocular experience necessary for maintenance of binocularity has been
investigated through experiments that introduced an interocular imbalance between either the
overall intensities or the clarity of the patterns in the two retinal images (Blakemore, 1976).
Imbalance in pattern clarity alone disrupted binocularity while imbalance in overall intensities of
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retinal images did not. Thus, one can conclude that presentation of similar pattern information to
the two eyes is necessary to preserve binocularity. Experiments with kittens and monkeys raised
with their visual axes artificially misaligned (Blakemore, 1976, Van Sluyters, 1980; Baker,
1974) have suggested that lack of registration between two retinal images leads to loss of bino-
cularity. Cortical binocularity is disrupted by alternately depriving kitten’s eyes day by day
(Blakemore, 1976). Thus, binocular visual experience has to be both concordant as well as syn-
chronous to ensure normal visual development.

In kittens reared in environments composed of small, randomly arrayed spots (i.e., devoid
of extended contours), most cortical neurons failed to develop normal orientation selectivity;
instead, they prefered spots rather than bars or edges, in sharp contrast with cells in normally
reared cats (Pettigrew, 1973). Neurophysiological studies on animals reared in an environment
that restricts their visual experience to a certain class of patterns (e.g., vertical or horizontal
lines) show that the neurons in the visual cortex of such animals respond strongly when the
animal sees stimuli close to the rearing stimuli and poorly otherwise (Hirsch, 1970). Behavioral
studies similarly indicate that such animals perform better at resolving lines at orientations close
to the ones present in the rearing environment (Blasdell, 1977; Corrigan, 1979). Experiments
with animals deprived of visual motion perception have been shown to have similar effects on
cortical neurons that selectively respond to the direction of movement (Cynader, 1976).

Morphological studies have shown that total pattern deprivation has pronounced effects on
the structure of the visual cortex. The neurons of visually deprived animals make fewer connec-
tions than those found in normal animals. This is suggested by the fewer numbers of dendrites,
fewer spines (the primary site of connections) per dendrite, and, as expected, fewer synapses on
the average per neuron in the visual cortex of such animals (Fifkova, 1968; Valverde, 1971;
Rothblat, 1979; Coleman, 1968; Globus, 1973; Cragg, 1975b; Winfield, 1981). Similar results
have been reported even in the case of subcortical visual structures following pattern deprivation
(Fifkova, 1979; Globus, 1975). On the other hand, overstimulation of the visual system has been
shown to have the opposite effect, i.e., greater than normal numbers of spines per dendrite on an
average in the visual cortex (Parnavelas, 1976) of the rat.

An important question concerning the role of experience in the development of cortex is:
When is the appropriate visual experience required? The answer to this question varies as
depending on particular environmental inputs as well as particular cortical cell properties
(Cynader, 1976). The longer the duration of visual deprivation, the less irreversible is the result-
ing deficit, even if suitable visual experience is made available at a later time. This has been
demonstrated through behavioral studies (Crabtree, 1979), neurophysiological studies (Cynader,
1976), as well as morphological studies (Valverde, 1971). In cats and monkeys, the so-called
sensitive period extends from 2 to 14 weeks (Hubel, 1970; Crawford, 1975) and appears to be
substantially longer in humans.

Greenough has suggested that the quality of early experience may play a role in regulating
the duration for which the developing nervous system remains plastic or sensitive to such experi-
ence (Greenough, 1987). This is supported by the experiments of Cynader and Mitchell, who
found that kittens dark reared until 6 to 10 months remained highly sensitive to monocular
deprivation effects (Cynader, 1980). This contrasts with the light reared kittens, in which the
sensitivity to monocular deprivation peaks within the first 2 months of life. If monocular
deprivation begins after the first 3 or 4 months, it has little effect on kittens reared in normal
lighting (Hubel, 1970; Olson, 1978). Thus, the duration of the so called critical period and the
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quantity and quality of the sensory input to the system seem to be intricately linked. Further,
once a critical amount of experience has tuned the neural circuitry involved, the system becomes
insensitive to later disruptive influences (i.e., it shuts off its plasticity at least in the correspond-
ing areas of the brain).

Based on studies of development across different species, Schuz has suggested that the tim-
ing of overproduction of synapses may be tied with the physical ability of the animal to begin to
actively explore its environment (Schuz, 1978).

The experimental results reviewed in this section so far underline the importance of
appropriate sensory experience to ensure the normal development of visual cortex. It is interest-
ing to ask: To what extent, if any, is the nature of plasticity and developmental processes in the
visual cortex different from that in the cortices involved in other sensory modalities? In a recent
study, Sur and coworkers surgically rerouted the outputs of the retinal neurons in newborn fer-
rets so that the visual information went to auditory cortex instead of visual cortex (Sur, 1988).
They studied the response of cells in the auditory cortex while the animals were being presented
visual patterns. They found that the cells in the auditory cortex had developed oriented receptive
fields similar to those seen in the visual cortex of normal animals. This finding suggests that the
auditory and visual cortices are essentially similar in their intrinsic properties and developmental
processes; and whatever detailed differences that may exist between visual, auditory, and other
cortical operations are learned as a result of specific neural wiring patterns somehow pro-
grammed by early sensory inputs. This is consistent with the striking capacity of the young brain
for recovery of function in response to damage (Finger, 1982; Marshall, 1985).

Development and Learning Beyond Early Infancy

Most of the experiments reviewed in the section on visual development above have concen-
trated on the role of environmental experience during early development. It is natural to ask:
What are mechanisms of plasticity that form the basis of perceptual learning in adults? Given
some of the experimental evidence presented earlier, it is unlikely that the mechanisms underly-
ing plasticity in the adult brain are exactly the same as those present during early development.

Neural Basis of Learning and Memory: Use-Dependent Changes in Synaptic Efficacies
Versus Generation of New Synapses

One of the oldest (Tanzi, 1893; Hebb, 1949) and perhaps, the most popular idea holds that
the modification of weights or efficacies associated with pre-existing synapses is the primary
neural mechanism of learning in the adult brain (See Brown, 1989a for a review). Theoretical
studies have shown that networks of neuron-like units with modifiable interconnections can
exhibit simple associative learning and self-organizational capabilities (Anderson, 1981; Edel-
man, 1987; Kohonen, 1987; Barto, 1981; Cooper, 1985; Linsker, 1988; Rumelhart, 1986; Rosen-
blatt, 1962). Neurobiological studies of learning in higher invertebrates have provided
significant evidence that certain forms of Pavlovian conditioning result from activity dependent
changes in synaptic strengths (e.g., Kandel, 1987; Bailey, 1985). There is some morphological
as well as neurophysiological data that suggests that learning in vertebrates involves such
modification of weights associated with connections between neurons (see Greenough, 1988 for
areview).

If the use-dependent modification of synaptic efficacies were to be the only neural mechan-
ism for learning, the brain has to start out with a sufficient number of appropriately linked
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connections. This seems implausible, given the complexity and variety of the environments
encountered by an individual during his/her life time. This suggests the possibility that new asso-
ciations may be learned by selectively generating new connections in response to the environ-
mental input. Ramon y Cajal (1893) proposed that such growth of new connections may form a
neural basis for learning. We will examine some evidence in support of this hypothesis.

Long-term synaptic potentiation (LTP) is a leading candidate as a synaptic mechanism for
rapid learning in mammals (Brown, 1988b). LTP is a persistent increase in synaptic efficacy
(Bliss, 1973; Bliss, 1988; Baxter, 1985) that can be quickly induced. The biophysical process
that controls one type of LTP is formally similar to the synaptic weight change mechanism pos-
tulated by Hebb (Hebb, 1949). LTP can be induced by brief (lasting 10-100 msec) stimulation of
an afferent input (usually at 100 to 400 Hz). It outlasts all other known forms of synaptic
enhancement (e.g., facilitation, augmentation, and posttetanic potentiation). Although L'TP was
first observed in rabbit hippocampus (Bliss, 1973), it is not unique to hippocampus (Baxter,
1985; Briggs, 1985). However, it has only been reported at excitatory synapses (Bliss, 1988;
Brown, 1988a).

LTP is measured as the increase in the amplitude of the excitatory postsynaptic potential
(EPSP) or current (EPSC) produced by a single pulse stimulation of the afferent input using
intracellular recording techniques. Using field potential recording techniques, LTP is measured
as the increase in the amplitude or slope of some component of the field potential produced by
stimulating the afferent input. Field potential recordings suggest that LTP can last in vivo for
weeks, and possibly months (Racine, 1988). Several forms of LTP have been identified on the
basis of a number of different criteria, e.g., decay time constants (Racine, 1988), associative
versus non-associative (Brown, 1988a; Brown, 1989b; Johnston, 1988).

The Hebbian interpretation of the associative LTP mechanism has been rather thoroughly
tested in the hippocampus (Kelso, 1986; Malinov, 1986; Sastry, 1986): Neither postsynaptic
activity alone nor synaptic stimulation while applying voltage clamp to the soma of the post-
synaptic cell produced LTP. However, LTP was induced when presynaptic stimulation was
paired with simultaneous postsynaptic depolarization. Further, the associative enhancement
appears to be specific to just those synapses that are active in the same region at about the same
time (Brown, 1989; Kelso, 1986; Levy, 1979).

Spine stem widening and shortening has been suggested as a mechanism underlying LTP
(Fifkova, 1981). However, the evidence supporting this hypothesis is limited to the dentate gyrus
in mammals (Desmond, 1988) and Sirevaag and Greenough (1985) found no evidence for cere-
bral cortical spine stem changes in rats reared in an enriched environment. However, they found
an increase in sizes of synaptic contacts in occipetal cortical layer 4 in such rats. An increase in
the so called subsynaptic plate perforations (SSPP) has been reported in the visual cortex of rab-
bits trained on a visual discrimination task (Vrensen, 1981) as well as in several other situations
potentially involving plastic changes in the synapses (See Greenough, 1988 for a review). LTP
induction has been reported to increase the number of vesicles near the presynaptic membrane
(e.g., Desmond, 1988). The size of the active zones at the number and density of Ca®* channels
at the nerve terminals have been reported to be correlated with synaptic efficacies (Greenough,
1988; Atwood, 1986). Studies with higher invertebrates such as Aplesia (Bailey, 1985; Kandel,
1987) have demonstrated that long-term memory is accompanied by an increase in the number,
size, and vesicle complement of sensory neuron active zones in sensitized animals and a
corresponding decrease in habituated animals.
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The molecular mechanisms underlying LTP (e.g., a suspected sequence of events: the con-
junction of transmitter binding and postsynaptic depolarization; opening of Ca®" channels;
increase in intracellular Ca2* concentrations; activation of protein kinases; phosphorylation of a
substrate that ultimately causes synaptic enhancement) are only beginning to be understood (See
Brown, 1989a for a review). Induction, expression, and maintenance of LTP are being investi-
gated in an attempt to link it with learning, using pharmacological and physiological techniques.
It has been shown, for example, that blocking the induction of LTP using pharmacological
agents (e.g., AP5) prevents learning a new spatial memory task without affecting the retention of
previously learned behaviors (Morris, 1986). Yet, the evidence linking LTP to learning is not
conclusive (Barnes, 1988; Skelton, 1987; Berger, 1988).

Bennet et al. (1964) found that cerebral cortex in rats reared in enriched environments (EC)
was thicker as compared to the rats reared in individual cages (IC). Rosenzweig et al. (1964)
found that a fixed sample of occipetal cortex of rats placed in groups in a large, toy-filled cage
was heavier than that in rats reared individually or in groups in standard cages, irrespective of
age at which the exposure to an enriched environment occured. Diamond and coworkers found
that the cerebral cortex of the EC rats had neurons with larger cell bodies as well as a larger
number of glial cells (Diamond, 1967). The findings of Rosenzweig et al. (1964) were
confirmed and elaborated upon by Diamond et al. (1972) in a study that compared rats reared in
enriched (EC), standard colony (SC), and impoverished (IC) environments starting at 2 different
ages (25 days and 60 days) for 30 days. They found statistically significant weight increases in
EC rats as compared to IC rats, in both occipetal cortex (by about 6% to 16%) as well as
somesthetic cortex (by 2% to 8%). Further, the total cortical weight and the ratio of cortical to
total brain weight was significantly higher in EC rats. The increase in the weight of cortex was
accompanied by an increase in cortical thickness. The cortical weight as well as the thickness
measures for the SC rats fell between those of EC and IC rats. Greenough and colleagues found
that the EC rats had about 20 percent more dendrites than the IC rats (Greenough, 1973). Turner
and Greenough have provided direct evidence that EC rats had 20% to 25% more synapses per
neuron in the upper visual cortex than the IC rats (Turner, 1985). (Similar differences between
EC and IC animals have been found in rat hippocampus as well as in the cerebellum in monkeys
and rats (Greenough, 1979; Juraska, 1985; Pysh, 1979).

Statistically significant increases in the mean number of dendritic branches per neuron (by
5% to 25%), as well as the mean total dendritic length per neuron (by 30% to 50%), in the cortex
of young-adult (e.g., 112 to 142 days of age - Juraska, 1980; Uylings, 1978), as well as middle-
aged (e.g., 450 to 495 days of age - Green, 1983) EC rats over IC rats have been reported. In nor-
mal adult humans (between 51 and 80 years of age), a net growth of dendrites has been revealed
by a Golgi study of pyramidal neurons in parahippocampal gyrus whereas such a growth was
absent in subjects suffering from senile dementia (Buell, 1981). Greenough et al. (1979) have
found that the dendritic fields of pyramidal neurons in visual cortex (layers 4 and 5) were
significantly larger, and the degree of branching of apical dendrites in distal regions (beyond 250
um from the cell body) significantly higher, in adult rats given extensive training on multiple
maze patterns than in control animals. Direct measurements of synapses per neuron are yet to be
reported in adult animals. However, the close correlation between the dendritic field sizes and
the number of synapses per neuron in younger animals suggests a similar relationship in adults
as well (Greenough, 1987).
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It appears likely that the neural mechanisms underlying learning are more complex than
those suggested by the simple categorization into synaptic weight changes and generation of new
synapses. However, these two mechanisms seem to offer a first approximation of the processes
involved for the purposes of computational modeling.

Given the fairly substantial evidence that the cerebral cortex retains its ability to generate
new synapses well into adulthood, at least two hypotheses have been proposed as to the nature of
the processes involved (Greenough, 1987):

fa] The process of synapse generation during later development and adulthood is similar to the
one that takes place during early post-natal sensory system development; that is, excess
synapses are generated in a somewhat random manner throughout the part of the brain that
remains plastic; among the synapses so generated, only those that get reinforced through
experience survive, and the rest get eliminated.

[b] The generation of new synapses during later development and adulthood is a consequence
of the activity of neurons as they perform their information processing or neuromodulatory
functions; in this case, the newly generated synapses are localized in cortical regions
involved in the specific activity that led to their generation.

The hypothesis of local activity triggered generation of synapses appears attractive for a
number of reasons: the metabolic resources necessary are smaller in this case than that required
to sustain a certain rate of excess synapse production over the entire system; in the long run, the
amount of noise injected into the system is much lower, and the stability of the information pro-
cessing structures much higher, if fewer synapses are generated and their effect is local, as
opposed to the chronic generation and degeneration of synapses over the entire system. On the
other hand, the hypothesis of rather nonsystematic, chronic overproduction of synapses (a
significant proportion of which degenerate due to inactivity) appears attractive for reasons of
evolutionary parsimony, because it reflects a continuation of the processes found during early
sensory development into adulthood.

Role of Neuromodulators in the Governance of Neural Plasticity

Diffusely acting neurotransmitters such as norepinephrine and acetylcholine and possibly
some neuropeptides and other hormones seem to play a role in regulating (initiating, maintain-
ing, and perhaps terminating) the plasticity of visual cortex during development and learning. A
detailed discussion of evidence supporting such a role for neurotransmitters is beyond the scope
of this paper. The interested reader is refered to (Lauder, 1986; Miller, 1981; Fink, 1985) for
such reviews. It suffices here to point out that there is evidence that the chemical neuro-
transmitter norepinephrine regulates sensitivity to monocular deprivation (Kasamatsu, 1976).
Treatment with 6-hydroxydopamine, which reduces brain norepinephrine prevents the shift in
control of the visual cortex neurons from the deprived eye in cats monocularly deprived during
the critical period. Replacing norepinephrine by local administration into visual cortex results in
the occurence of ocular dominance shift in such animals (Pettigrew, 1978). More recent work
(Bear, 1986) has suggested that two neurotransmitters, norepinephrine and acetylcholine may be
involved in regulating developmental sensitivity of the visual cortex. Reports of regulation of
adult memory storage processes by norepinephrine systems (e.g., Gold, 1984) suggests the possi-
bility of a quite general role for such neuromodulatory systems in the governance of plastic
neural processes.



Development of Visual Pattern Perception

The ability to recognize, classify, and identify objects on the basis of the information in the
image formed on the retina is perhaps one of the most complex of our visual abilities. This sec-
tion summarizes some of the results from the studies of various aspects of pattern perception in
infants. The amount of literature in this field is enormous and a detailed review is beyond the
scope of this paper. We will concentrate on only a few aspects of pattern vision during infancy.
The interested reader is refered to (Banks, 1983) for a broader review.

One of the basic empirical questions that has generated a lot of interest, especially since
Fantz’ refinement of the pattern preference paradigm is this: What evidence is there to suggest
that infants can perceive patterns? Fantz (1961, 1963) measured relative preferences in human
infants from birth to about 6 months of age for different patterns (e.g., a schematic face, a bull’s
eye, newsprint, and three discs of different colors). Infants of all ages exhibited differential
fixation times among most of these patterns. This was interpreted as suggesting that even young
infants have at least primitive pattern discrimination abilities.

Fantz’ findings set the stage for asking further questions, for e.g.: What features or proper-
ties of patterned stimuli allow infants at different ages to discriminate them? What features, if
any, are prefered at different ages? Fantz and Nevis (1967) compared infant pattern preferences
to a grating relative to bull’s eye. They found that before 1 month of age, the grating was
strongly prefered over the bull’s eye. By 2 months of age, a strong preference emerged for the
bull’s eye and it persisted until 6 months of age, the oldest age tested. The two patterns were
similar in a number of respects: overall size, brightness, contrast, element width, and the amount
of contour. The two patterns differ in a number of ways, for e.g.: bull’s eye is made of connected
curved lines, while the grating is made of a number of disconnected straight lines; bull’s eye has
a number of concentric circles; gratings do not. Pattern variables that contributed to discrimina-
tion among these two patterns have been investigated by a number of researchers. Fantz and col-
leagues partialled out the concentricity and connectedness dimensions in a series of experiments
with infants of ages ranging from 2 to 5 months. They found that in spite of wide variations in
the types of patterns presented, the infants almost always prefered the most curvilinear member
of the pair (Fantz, 1975). Ruff and Birch (1974) explored 3 variables (concentricity, number of
different variations, and curvilinearity) in 3 month olds. They found that infants prefered curvi-
linear patterns over linear ones when other variables were held constant. Similarly, concentric
patterns were prefered over non-concentric ones, and multiple orientations over single orienta-
tion, when the other variables were equated.

The relationship between pattern complexity and pattern preference as well as discrimina-
tion has been investigated by a number of researchers. One critical problem with this line of
research has to do with the definition of pattern complexity. There seems to be little concurrence
among different investigators on an adequate definition of complexity. Some definitions that
have been used include such measures as the number of elements (Brennan, 1966; Greenberg,
1972; Hershenson, 1964), number of angles (Hershenson, 1965; McCall, 1967; Munsinger,
1967). Brennan and coworkers (1966) presented infants of various ages checkerboards differing
in the number of elements (2x2, 4x4, 8x8, 24x24). They found that 1 month olds fixated on the
2x2 checkerboards longer than on the others; 2 and 4 month olds prefered 8x8 and 24x24 check-
erboards, respectively. Since the number of squares and their size were inversely related in these
patterns, it could be infered that the prefered number of elements increased with age; or that the
prefered size decreased with age. An extrapolation of this result would be that the infants
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prefered increasingly higher spatial detail with age. Hershenson et al. (1965) and Munsinger and
Weir (1967), using random polygons that differed in number of angles, concluded that older
infants prefered patterns with a larger number of angles. Miranda and Fantz (1971) and Fagan
(1975), through a series of carefully conducted experiments, showed that the size and number of
elements are important determinants of pattern preferences. In general, there is a great deal of
difficulty in interpreting the results of the pattern preference experiments with infants, especially
the negative results: For example, if an infant does not exhibit a differential preference, can one
assume an inability to discriminate? It has been demonstrated that infants often do exhibit evi-
dence for discrimination in habituation experiments although they don’t show any differential
preferences (McGurk, 1970). Further, because of a lack of a widely applicable characterization
of pattern complexity, the results of these experiments do not carry over easily, (if at all they
do), to untried pattern sets.

The linear systems analysis model (Banks, 1981; Gayl, 1983; Ginsburg, 1983) claims that
infant pattern preferences are governed by pattern information available to the various decision
centers in the central nervous system. It is assumed that pattern information available to the deci-
sion centers is only a small fraction of the information impinging on the infant’s eye. Some
information 1s lost through the filtering process that takes place at every stage of processing in
the visual system. The contrast sensitivity function (CSF) was assumed to be a good model of
the filtering properties. (CSF relates the minimal contrast required to detect a sine wave grating
to the grating’s spatial frequency and CSF of infants at various ages have been studied by several
researchers e.g., Banks, 1978; Fiorentini, 1978). The linear systems model has been used to
predict the pattern preferences of infants from 1 to 3 months of age for a large variety of patterns
(Banks, 1981) although it fails to offer a theory for explaining pattern preferences or discrimina-
tion abilities in older infants.

One hypothesis that has been proposed to explain the results of the pattern preference
experiments discussed above suggests that an infant’s information processing capacity grows
with age and, consequently, that different levels of stimulus complexity provide optimal stimula-
tion at different ages. Some have argued that patterns with more elements, e.g., angles or con-
tours, are more complex; some others have sought to define complexity in terms of the interac-
tions between the stimulus and the infant’s previous experience. Perhaps a more reasonable view
of complexity has to take into account not simply the number of elements, but the spatial interac-
tions among them. The infant’s previous experience or genetic predisposition determines what
the basic elements are. In this context, it is interesting to consider the results of experiments on
the perception of angular relations by infants.

In 8 different experiments, Schwartz and Day (1979) habituated 2 to 4 month old infants to
a single angle or shape and then tested them with variations of the habituation stimulus. One test
item was the same shape in the original orientation, another was the same shape but in a new
orientation, and others were new shapes in different orientations. In almost all instances, the
infants generalized better to the original habituation shape, regardless of orientation, than to any
of the new shapes. Schwartz and Day went on to conclude that their findings supported the Ges-
talt view that infants have the innate ability to perceive simple shapes and angles as wholes.

Cohen and Younger (1984) have reported the results of two experiments, one with 3 month
old infants and the other with 6 week old infants. They used a set of habituation stimuli that con-
tained two different shapes: a 45° angle and a 135° angle. Note that both the stimuli consisted of
line elements at the same orientation. The test stimuli included the habituation stimuli and 3
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different rotated versions of each of the habituation stimuli. Thus the stimuli were designed to
differentiate the infants’ responses based on the orientation of individual line segments making
up a stimulus from those based on angular relations between the line segments. Cohen and
Younger found that the 3 month old infants responded to change in the angular relationships
between line segments (i.e., the angles per se). Thus, the 3 month old infants could tell the differ-
ence between a 45° angle and a 135° angle, even though both consisted of the individual line
segments at the same orientations. When the same experiment was repeated with 6 week old
infants, Cohen and Younger found that the 6 week olds, unlike the 3 month olds, showed no evi-
dence of processing angular relations between line segments. Thus the response of the 6 week
olds did not appear to be able to tell the difference between a 45° angle and a 135° angle, both
containing individual line segments at the same orientations.

Two simple experiments with perception of angular relations by infants cannot be con-
sidered as conclusive tests of competing hypotheses of perceptual development. However, the
results obtained by Cohen and Younger seem to support the constructivist view (Hebb, 1949;
Piaget, 1952) that infants first perceive line segments in particular orientations and only later,
through experience and/or development, attain the ability to integrate the line segments into
entire angles and by extrapolation, more complex shapes (as opposed to the Gestalt view). Addi-
tional studies such as those summarized here with other shapes, of differing degrees of complex-
ity, can help determine the (logically rather compelling) generality of developmental change
from processing parts to processing wholes.

Development of Mechanisms for Perceptual Organization

Everyday scenes can be rather complex, consisting of a rich mosaic of contours, colors, tex-
tures, etc. But our perceptual experience is not necessarily that of an unordered bunch of image
features; We seem to be capable of segregating the scene into its constituent objects. This pro-
cess of segregation is called perceptual organization or, image segmentation.

The underlying principles of perceptual organization are not very well understood. The pro-
ponents of the Gestalt view studied the phenomenon with abstract, 2-dimensional patterns
(Koftka, 1935; Kohler, 1959). They failed to come up with a convincing explanation of the per-
ceptual organization process. They did discover however, several principles of organization that
the visual system appears to use:

[1] Good Continuation: Elements that appear to follow in the same direction, such as along a
straight line or along a smooth curve, tend to be grouped together,

[2] Proximity: Elements that are relatively close together tend to be grouped together,

[3] Similarity: Elements that are similar in brightness, hue, and texture tend to be grouped
together,

[4] Symmetry: Elements that are mirror images of one another tend to be grouped together, and
[5] Common fate: Elements that move in the same direction tend to be grouped together.

The above list is not exhaustive; a more complete enumeration of Gestalt principles is given in
(Hochberg, 1971). The Gestaltists believed that all the principles of perceptual organization
reflected a tendency for organization to yield perceptual outcomes that were good or simplest
possible. Ginsburg (1978) has presented a series of demonstrations that suggest that most of the
Gestalt principles can be viewed as the natural byproducts of low frequency filtering mechan-
isms. Given that the Gestalt principles generally yield good groupings of features in an image, it
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is natural to ask as to what extent these principles are learned through experience. Some have
suggested (e.g., Brunswick, 1956) that the Gestalt principles are probably learned because they
manifest themselves in everyday scenes. Others have argued that they must be innate because,
without some ability to segregate the contours properly, perceptual development could not com-
mence (e.g., Zuckerman, 1957; Kohler, 1956). The controversy is far from being resolved, since
only a few developmental studies have been conducted to examine the two alternatives.

Bower (1965) investigated the principles of proximity, common fate, and good continuation
in 1 to 9 month old infants. He presented stimuli that were either consistent or inconsistent with
one of these principles and measured the sucking rate when each stimulus was presented. A
decrease in sucking rate was interpreted as indicating surprise in response to the stimulus
presented. He found that infants did not exhibit surprise to transformations inconsistent with
good continuation or proximity until about 7 months of age but the infants exhibited surprise
when common fate principle was violated as early as 1 month of age. In a subsequent study by
the same author (Bower, 1967), 1 month old infants exhibited surprise in response to a stimulus
that violated good continuation, thereby contradicting one of his earlier results, but his other two
results were in agreement with those obtained by his previous study.

Kellman and Spelke (1980) found evidence for the principle of common fate early in life,
but failed to see any evidence for good continuation. They habituated 4 month old infants to a
partially occluded object (a rod hidden behind a block). Then they examined the infants’
response to the rod alone, and to a broken rod. The infants did not preferentially fixate on either
stimulus, suggesting that good continuation was not operating. When the rod was moved back
and forth during habituation, the infants subsequently fixated on the complete rod over the bro-
ken rod.

Bertenthal et al. (1980) habituated 5 and 7 month olds to either a subjective contour pattern
(i.e., a Kanizsa square - 4 angles of aligned to form a square, but no sides) or a pattern that had
the 4 angles, but in arrangements that did not form a square. Once habituated, the infants were
presented with either the subjective contour pattern or one of the other patterns. 7 month olds
dishabituated to a change from one to the other; 5 month olds did not. This suggested that per-
ception of subjective contours did not develop until about 7 months of age.

Salapatek (1975) investigated the principle of similarity by embedding a small matrix of
one kind of elements (say small squares) in an otherwise uniform matrix of another kind of ele-
ments (say short line segments). When adults and pre-school children viewed the stimuli, they
fixated on the matrix of discrepant elements; and 2 month old infants on regions of high density
of contours irrespective of the elements present. One interpretation of this result is that the
organization principle of similarity is absent at 2 months of age.

Bornstein et al. (1981) and Fisher et al. (1981), working with 4 month old infants found that
symmetry about the vertical axis facilitated encoding and discrimination of patterns early in life.

Although the experiments summarized above suggest that some of the perceptual organiza-
tion principles may be functional fairly early in life, evidence is not conclusive that these princi-
ples are innate. If these principles are learned through experience, the exact mechanisms that
facilitate such learning are of interest.
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Development of Form Discrimination, Generalization and Object Centered
Representations

The mature visual system is quite adept at recognizing complex objects without regard to
variations in size, position, context, and to some extent, rotation. Form is usually thought of as
that aspect of a pattern that remains constant in spite of changes in low order variables such as
brightness, contrast, color, size, position, etc. An ability to extract form information is a prere-
quisite for object recognition. It is interesting therefore, to investigate the mechanisms involved
in the development of structures that extract form information from the scene. It is generally
difficult to study form perception in pre-verbal human infants because many lower order variable
can confound the experimental process and several studies, some as recent as 1980 suffered from
this problem. We will summarize the results from a few experiments that controlled the contami-
nation from low order variables quite well.

Milkewski (1979) used a habituation-dishabituation paradigm to study form discrimination
in 3 month old infants. The stimuli were two configurations of 3 dots on an otherwise uniform
field. One configuration formed a vertical straight line and the other formed a triangle. The two
configurations were identical in form as well as overall brightness. The dots were not connected
in either stimulus. The size and the position of the two configurations were randomly varied dur-
ing habituation, so the discrimination based on size, position, and local features could be ruled
out. Milkewski found that the infants dishabituated significantly when a novel configuration was
introduced but not when a familiar configuration with a novel size and position was introduced.
This showed that 3 month olds are capable of at least simple form discrimination.

Ruff (1978) habituated 6 and 9 month olds to objects constant in form but differing in
color, size and orientation. She then presented the infants with a familiar form and a novel form,
both with novel color, size and orientation. She found that 9 month olds dishabituated to the
novel form, only when it was quite dissimilar from the familiar form. Thus, 9 month olds were
capable of responding on the basis of at least forms that were quite dissimilar. On the other hand,
6 month olds did not demonstrate such an ability, even for the more dissimilar forms.

The retinal image of an object changes as the viewer moves about in an environment. If an
object is to be identified in spite of changes in viewpoint, the visual system needs a stable
representation of the object that is object-centered as opposed to viewer centered. Most of the
data available to date from the studies of size-invariance suggest that some form of size con-
stancy (ability to generalize across different sizes of the same object shape) is present at about 6
months of age in human infants (e.g., McKenzie, 1980). It is however unclear whether size con-
stancy is operative in younger infants. It has been noted that several skills develop between 4 to
6 months of age that could contribute to the emergence of size constancy, e.g., visually guided
reaching, several depth cues, linear perspective, etc. (Banks, 1983). Studies such as (Bower,
1972; Day, 1973; Caron, 1979) are consistent with the statement that shape constancy is opera-
tive at 3 months of age. This suggests that at least some ability to encode objects in an object-
centered representation rather than a viewer centered representation is present before locomotion
and visually guided reaching are possible.

Suggested Mechanisms for a Computational Model of Visual Development
and Learning

Most of the attempts at modeling perceptual development and learning (e.g., the connec-
tionist models) to date use activity-dependent reweighting of links between neuron-like units,



- 18 -

that may or may not be guided by external feedback. A unit computes some simple function,
usually a sum, over its inputs and applies a threshold or a sigmoid, before firing out the result.
The sum computed is typically assumed to mimic the frequency of firing of a biological neuron.

What do the experimental results from the behavioral, neurophysiological, and morphologi-
cal studies of developing visual systems tell us about the underlying computational processes
that result in the appropriate information processing structures for perception? The structure of
the visual system is at best underspecified at the time of birth. There is an overproduction of con-
nections during the early phase of post-natal development. The exact mechanisms that trigger
such production are not well-understood; However, the fact that the timing of synaptogenesis
coincides with the availability of environmental input (i.e., the opening of the eyes) suggests that
the latter may, at least in part, act as a trigger for the production of connections. It cannot be
ruled out however that it may be an intrinsic (pre-programmed) process. The basic mechanisms
of development (learning) at this stage involve:

[a] growth of connections at a rapid rate, perhaps as a function of the availability of the
environmental input and possibly activity of neurons in response to such input;

[b] activity dependent pruning of connections, which can be viewed as a result of competition
among the connections to transduce, transform, and transmit the environmental input to
successively deeper regions of the brain;

[c] activity dependent fine-tuning of the synaptic efficacies through mechanisms along the lines
of those proposed by Hebb (Hebb, 1949).

The growth of connections provides the system with the necessary components to build
appropriate information processing structures. The activity-dependent pruning of connections
sharpens the pre-disposition of the neurons by getting their firing to become increasingly better
correlated with a pattern in the input. It is interesting that the sensitivity of the system to external
input, i.e., its plasticity in the retina, the LGN, as well as lower layers of the cortex, is turned off
once a certain amount of tuning of the system has taken place. Although the exact mechanisms
involved are not clear, it seems safe to guess that the quantity and quality of the input at least
partially determine the rate of decrease in plasticity. Some possibilities are: mechanisms internal
to individual neurons which shut off plasticity of its connections once the firing rate reaches an
optimal value; mechanisms, possibly mediated by neuromodulators, that monitor activities of
groups of neurons and turn off the plasticity as the connectivity and the firing frequencies of the
neurons change. Several such regulatory mechanisms can be compared and evaluated through
computational simulations.

Early post-natal development, if allowed to proceed normally, provides the system with a
set of well-tuned primitives on which further development or learning can be based. Behavioral,
neurophysiological as well as morphological evidence from studies of visual development
beyond the critical period suggests that increased environmental input leads to a higher number
of connections among neurons in the cortex. Evidence is not conclusive as to the exact nature of
the process: It may be that the connections are generated locally, in the cortex, in response to the
activity of neurons in the neighborhood; or that the increased number of connections simply
reflects a greater percentage of connections sustained through activity, out of a chronically and
somewhat randomly generated pool of connections. Both these possibilities lend themselves to
experimental comparisons through simulation of the corresponding computational models. The
basic mechanisms of learning at this stage involve:
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[a] activity-dependent fine-tuning of synaptic weights in the subnetworks that are plastic, pos-
sibly as a function of feedback either from the environment or from other sensory modali-
ties,

[b] generation of new connections, either continually, throughout the network, in a random
fashion, or when triggered by activity, locally and selectively, in the affected subnetworks,
and

[c] elimination of excess connections through a variety of mechanisms, most of which are
likely to be activity-dependent (e.g., local competition, re-weighting, etc.)

It is worth pointing out that generation of a new synapse does not always correspond to the gen-
eration of a new connection between two units in the corresponding computational model. For
example, new synapses generated between two neurons that already have synaptic contact can be
interpreted as the strengthening of an existing link between the two units. However, synapses
formed between neurons that previously did not have such interaction corresponds to the genera-
tion of a new link in the corresponding computational model.

It is known that the full complement of neurons - the basic computational units of the brain,
as well as the layered, topographically mapped structure of the visual system, are present at
birth, well before the environmental input becomes available. It is also clear from the results of
morphological, neuroanatomical, as well as behavioral studies summarized in this paper that the
development of visual perceptual abilities relies heavily on the availability of certain kinds of
input at certain stages in development. The studies of the development of perceptual abilities in
infants offer what is certainly suggestive, although not conclusive evidence for the hypothesis
that the emergence of certain abilities (e.g., form discrimination) occurs only after the develop-
ment of certain other requisite abilities (e.g., discrimination of line segments at different orienta-
tions). Studies involving visual deprivation in animals suggest that certain kinds of experience
are necessary during certain critical periods to ensure normal development. Thus, all of the
visual system does not stay plastic to the same extent throughout the animal’s life time. Plasti-
city can, and seems to be, initiated, regulated and terminated by an intricate interplay between
the structure of the developing system, the quality as well as the quantity of the environmental
input, and perhaps influences mediated by attentional and motivational mechanisms. Interactions
between these processes can be quite complex, and computational models incorporating several
of these mechanisms can offer interesting insights into their operational principles. Such models
also provide an attractive test-bed for a controlled manipulation of the component processes
individually or collectively to study the effects on development.

Several questions can be formulated in terms of comparison of appropriate computational
models. The results of such comparison might shed light on the developmental significance of
particular processes. On the other hand, the mechanisms found in living systems can provide
suggestions for incorporating such mechanisms in synthetic systems designed to attain compar-
able perceptual abilities by exploring the environment. We will present some examples to illus-
trate this idea in what follows.

As noted earlier, there is evidence for activity-dependent generation of connections in the
cortex. This model can be compared with a model that incorporates rather unsystematic, chronic
generation of new connections. Empirical studies of both the models on several aspects of visual
perception, at various rates of generation of new connections are of interest. Such studies can
suggest further behavioral as well as neuroanatomical and morphological experiments. They can
also provide insights into relative speed of development or learning, relative performance (say,
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at a pattern classification task), relative stability of the resulting information structures, and so
on. Activity dependent, possibly feedback-aided reweighting of existing connections has been
proposed (and implemented in several computational models) as a mechanism for learning. It is
clear that if a network had to learn by reweighting of its links alone, it has to start with the
sufficient number of appropriate connections between its units. Given the complexity of, and the
variability in the environment, this is far from feasible. A system that can judiciously generate
new connections, on the other hand, can acquire the necessary connectivity through experience.
The relative rates of reweighting of existing connections and generation and possibly, degenera-
tion of links as a function of experience are of crucial importance to the perceptual learning abil-
ities of the system. There is some evidence for competition among units to transform, and
transmit environmental input to successively deeper cortical regions (e.g., in the development of
ocular dominance columns). Some of these issues can be explored using appropriate computa-
tional models.

There is some evidence for the Gestalt principles of organization (e.g., proximity, similar-
ity, etc.) in very young infants. Incorporation of one or more of these principles as topological or
processing constraints in a computational model can provide useful insights into their functional
significance in development and learning. For example, Honavar and Uhr have found that build-
ing in proximity or locality as a constraint in a multi-layered connectionist learning network can
substantially improve learning speed as well as accuracy of recognition at simple pattern percep-
tion tasks (Honavar, 1988b); Qian and Sejnowski (1988) have reported that the locality con-
straint enables a network to learn stereo correspondence while a random connectivity does not.

Initiating plasticity in a controlled manner in a layered network enable the network to dis-
cover successively more complex spatial and temporal relationships between features in the
input. For example, the development of oriented edge detectors facilitates the learning of
oriented lines, which in turn, enables the system to learn angles by discovering the spatial rela-
tions between lines, and so on. Such mechanisms are of interest given the results from the stu-
dies of perception of angles by infants. A simple version of such experience induced learning of
visual patterns though generation and modification of links in a network of neuron-like units,
under guidance from environmental feedback has been implemented in a computational model
described in (Honavar, 1987; Honavar, 1988a; Honavar, 1988b).

Biological systems seem to utilize a variety of learning/developmental mechanisms (e.g.,
reweighting of connections, activity dependent generation and degeneration of links) whose
interactions with each other, and the network structures that emerge as a result, are controlled by
a layer of largely chemical control (in the form of slowly diffusing neuromodulators) that has
been largely ignored by most computational models of perceptual development and learning.
Especially since very little is known about the exact nature of such modulatory mechanisms,
computational models can provide an interesting testbed for exploring their potential roles (e.g.,
inducing generation of new links between units as opposed to reweighting; controlling the rate of
learning; protecting certain crucial knowledge structures from unwelcome environmental disrup-
tion) in biological as well as synthetic systems. Organizational principles such as proximity,
similarity, etc. seem to assist the brain considerably in learning useful relations present in the
environmental input. Initiation, regulation, and termination of plasticity is well regulated to yield
a stable, yet flexible system. Such mechanisms appear to enable learning to proceed in carefully
controlled phases - using simpler structures to construct more complex ones, in a hierarchical
fashion, which greatly contributes to a reduction in the complexity of the task of learning.
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Attempts at modeling natural systems cannot afford to ignore this rich mosaic of processes found
in biological systems.

The variety of mechanisms and the intricate interplay among them in biological systems is
a rich source of suggestions for the design of synthetic systems of comparable abilities. Even
rather simple additions (e.g., locality, activity dependent, feedback-aided generation of new con-
nections) to the basic connectionist models of perceptual learning can yield large improvements
in learning (Honavar, 1988b). We can therefore expect a closer examination of development
and learning in biological systems and a judicious use of mechanisms suggested by such an
examination (the details of which have to be worked out through systematic experimental as
well as theoretical comparisons of the corresponding computational models) to yield synthetic
systems that can learn to perceive, through their interaction with complex environments.

Computational Models and the Explanation of Perceptual Development and
Learning

One of the goals of neuroscience is to account for perceptual, cognitive, and behavioral
phenomena in terms of known circuits of neurons, the known mechanisms of changes in such
circuitry (e.g., generation and modification of synapses), the sensory input impinging at the time,
and of the innate or acquired knowledge encoded in memory. However, the more complex the
behavior to be explained, and the more complex the living system exhibiting such behavior, the
less likely it is to be amenable to a complete analysis by the experimental tools of neuroscience.
An explanation in the form of a logical procedure consistent with the known facts about the
brain, perhaps a computer program that implements a computational model, seems indicated
such a case. Computational models of perceptual development and learning offer such a frame-
work for explanation and experimentation, for exploring competing hypotheses, and for suggest-
ing experiments designed to fill the gaps in our understanding of these phenomena.
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