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ntroduction

Over the past 25 years, research on the brain mechanisms involved in
learning and remembering has been rewarding heyond expectation. It was
only a little over 25 years ago that Lashley uttered his famous remark that,
on the basis of his lifetime of research on brain function, it was clear
that “learning just could not take place.” Nor was Pavlov any more suc-
cessful in delineating by direct intervention in brain mechanisms the pro-
cesses he and his students had so painstakingly elahorated with hehavioral
techniques.

All this is now changed as can be seen from the contents of this vol-
ieme. In my comtribution, I wish to review evidence that has accumulated
around two problems. One concerns brain mechanisms in image processing
and the resulting distributed semantic store. The other deals with a dis-
tinction between information and episodic processing as two different
modes of learning and remembering.

Image Processing and the Distributed Memory Stare

Lashley's despair was produced by his repeated findings of equiva-
lence of function of parts of brain sysiems. Not only was he unable to
cxetse anv specific memory, but he was also unable to account for the facts
of sensory and motor equivalence:
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These three lines of evidence indicate that certain coordinated activities, known
to be dependent upon definile cortical areas, can be carried oot hy any part
(within undcfined limits) of the whole area, Such a condilion might arise (rom
the presence of many duplicale reflex pathways through the areas and such an
explanation wi]l perhap account for all of the reporterl cases of survival of
lunctions after pavtial destruction of their special areas, but it s inadequare for
the facts of sensary and motar equivalence. These facts ostablish the principle
that once an associatee] reaction has been estabhlished (e, a positive reaction
to & visual patiern), the same reaction will be elicited by the exeitarion of sen-
sory rolis which were never stimalated in that way during the eourse of 1rain-
ing. Similarly, motor acts {c.g. opening a latch box). ence arguied, may he
executed immediatety with metar organs which were nnt associated with the ao
during training [Lashlcy, 1960, p. 240. Uscd with permission of McCGraw-Hill
Paak Company].

What sort of brain mechanism could be imagined that would account
for the principle that “once an associated reaction has heen established,
the same rcaction will he elicited hy the exctation of scnsory cclls
which were never stimulated in that way during the course of training’”?
And what mechanism could be devised to deal with the fact that “motor
acts, once acguited, may he executed immediately with motor organs
which were not associated with the act during training™ What sort ol
mechanism- of assoctation could he taking place during learning so that its
restdlual would, as it were, act at a distance?

The difficulties of conceptualization may be summarized as follows:
During m-quis[lion. associntive pracesses must e operative. THowever, these
associative processes must result in a distributed store. On the basis of
Lashley's analysis, input must berome dismembered Dbefore 1t hecomes re-
membered. Asseciation and distribution are in some fundamental way in-
exarably linked.

During the mid-1960s it hecamec apparent that image processing
through helography could provide a madel for 4 mechanism with soch
“distribution by association” properties. As in the case of every novel ap-
proach, there were, ol course, carlier formulations incluching those of
Lashley that attempted to explain these aspects of bLrain function in terms
that today we wouid call holographic.

Historically the ideas can be traced 1o problems posed during ntearo-
genesis when the activity of relatively remote circuits’ of the developing
nervous system must hecome integrated to acconnt Tor such simple heliay-
jnrs as swimming. Among others, the principle of chemical “resonances”
that “tune” these circuits has had a long anel influential Hie (see, c.g.,
Loch, 1907; Weiss, 1938). More specifically, however, Goldscheider (1906)
and TTortom (1925} proposcd that the cstablishiment of tuned resonnnees
in the form of interlference patterns in the adult hrain conid accnunt for
a variety ol pereeptoal phenomena, More recently, Lashiey (1012) speilod
out a mechanism of neural interference patterns to explain stimolus
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equivalence and Beurle {1956} developed a mathematically rigorous formu-
lation of the origin of such patterns of plane wave interferences in neural
tissue. But it was not until the advent of holography with its powerful
damage-resistant image storage and reconstructive capabilities that the

-promise of an interference pattern mechanism of brain function bhecame

fuliy appreciated, As-the properties of physical holograms became known
(see Collier, Burckhardt, & Lin, 1971; Goodman, 1968; Stroke, [9fif)), a
number of scientists saw the relevance of holography to the problems of
brain function, memory, and perception (e.g., Baron, 1970; Cavanagh,
1972; Juless & Pennington, 19G65; Kabrisky, 1966; Pribram, 1966: van
Heerden, 1963; Westiake, 1968).

The advent of these explanations came with the development of
physical "holography (e.g.. Stroke, 1966) from the mathematical principles
enunciated by Gabor (1%48). Equally important, however, was the failure
of computer science o simulate perception and iearning in any adequate
fashion. The problem hes in the fact that computer-hased “perceptions”
{e.g., Rosenbiatt, 1%G2) were constructed on the basis of an assumed ran-
dom connectivity in neural networks when the actual anatomical sitnation
is essentially otherwise. In the visual system, for instance, the retina and
cortex are connectied by a system of fibers that tun to a great extent in
paraliel. Only two modihecations of this paralielity occur.

1. The optic tracts and radiations that carry signals between the
retina and coriex constitute a sheal within which the retinal events
converge to some extent onto the latera) geniculate nucleus of the
thalamus from where they diverge to the cortex. The final effect
of this parallel network is that each fiber in the system connects
1cn retinal ontpatts 1o aboui 3000 cortical recciving cells,

2. In the process of termination of the fibers at various locations in
the pathway, an effective overlap -develops {to about 5 degrees of
visnal angle) between neighboring branches of the conducing fibers,

Equally striking and perhaps more important than these exceptions,
however, is the interpelation at every cell station of a sheet of horizontally
eonnerted nenrons in a plane perpendicular 1o the parallel Gher system.
These horizontal cells are characterized by short or ahsent axons but
spreading dendrites. Tt bas been shown in the retina {Werblin & Dowling,
1967 and to some extent also in the cortex {Creutzleldt, 1961) that such
spreading ilendritic networks may not generate nerve impulses; in fact,
they vsnally may nnt even depolarize. Their activity is characierized by
hyperpolarization that tends to erganize the Functions of the system by
inhibilory r:jihr‘r than excitatory prorcsscs.-ln the retina, for instance, no
nerve impulses are generated prior 1o the (amacrine and) gaoglion cclls
from which the optic nerve fibers ortginate. Thus, practically all of the
enmplexity maniiest in the optic ‘nerve i a yeflection of the arganizing
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properties of depolarizing and hyperpolarizing events, not of interactions
among nerve impulses. :

Two mechanisms are therefore available to account for the distrilm-
tion of signals within the neural system. One relies on the convergence
and divergence of nerve impulses onto and from a neuronal pool. The
other relies on the presence of lateral (mostly inhibitory) interactions
taking place in sheets of horizantal dendritic networks situated at every
ecll station perpendicular to the essentially purallel sysiem ol input fihers,
Let us explore the possible role of both these mechanisms in explaining
the results of the lesion studies,

Evidence is supplied by experiments in which conditions of anesthesia
are used that suppress the functions of small nerve fibers, thus leaving
intact and clearly discernible the connectivity by way of major nerve im-
pulse pathways. These experiments have shown that localized retinal
stimulation evokes a receptive Reld at the cortex over an area no greater
than a few degrees in diameter (eg., Talbot & Marshall, 1911). Yet, the
data that must be explained indicate that some 807, nr more of the visual
cortex including the foveal region can he extirpated without marked im-
pairment of the recognition of a previously learned visual pattern. Thus,
whatever thé mechanisms, distribution of input cannot he due to the
major pathways, but must involve the fine-fibered connectivity in the visual
system, either via the divergence of nerve impulses and/or via the inter-
actions raking place in the horizontal cell dendritic networks.

Both are probably responsihle to some extent, Remember that nerve
timpulses occurring in the fine fibers tend to decrement in amplitude and
speed of conduction, thus hecoming slow, graded potentials. Furthermore,
these graded slow potentials or minispikes usually occur in the same ana-
tomical jocation as the horizontal dendritic inhibitory hyperpolarizations
and thus interact with them. In fact, the resulting micronrganization of
junctional reural activity (synaptic and ephaptic) could he regarded as a
simple summation of graded excitatory (depolarizing) and inhibitory (hy-
perpolarizing) slow potential processes.

These structural arrangements of slow potentials are especially evi-
dent in shects of neural tissue such as in the retina and rhe cortex. The
cerebral cortex, fFor instance, may he thought of as consisting of columnar
units that can be considered more or less independent basic computa.
tional elements, cach of which is capable of performéing a siniilar computation
(Huhel & Wicsel, 1968; Mountcastle. 1957). Inputs to the hasic computatinmal
elements are processed in a direction essentinlly perpendicular to the sheet
of the cortex, and therefore cortical processing accurs in stages, each stape
transforming the activation pattern of the cels in one of the cortical layers
to the cells of another cortical layer. Analyses by Kabrisky (1966) and by
Werner (1970) show that processing by one basic computational element
remains essentially within that clement, and therelore the cartex can be
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considered 1o consist of a large mimber of essentially similar parallel pro-
cessing elements; Furthermaore, the processing done by any one af the hasic
compitational elements is itsell a parallel process (see, for example,
Spinellt, 1970), with ench layer transforming the pattern of activity that
arrived from 1he previous Liyer by the process of temporal and spatial sum-
mation, that is. the summation of slow hyperpolarizatien and epofnreza-
tion in the dendritic microstructure of the cortex. Analyses by Radiff
(1965) and Rodieck (1965) have shown that processing (at least at the
sensory level) that nccurs through snccessive stages in such a tayered neural
network can he describeld hy linear equations. Each computational ele-
ment is thus capable of transforming its inputs through a succession of
s{ages, and each stage produces a linear transformation of the pattern of
activity at the previous stage. )

Let vs trace in detail the evidence regarding these stages in the visnal
system. Quantitative descriptions of the interactions that occur in the
retina are inferred from the ontput of ganglion celis {rom which receptive
field configurations are recorded by making excracellular microelectrade
recordings from rhe optic nerve. The retinal interactions per se take place
initially by virtue of local graded slow-wave patentials—hyperpalarizations
and depolarizations that linearly sum within the networks of receptors,
hipolar, and horizontal cells from which nerve impulses are never re-
corded. The receptive fields generated by these graded potential changes
display a more or less circular center surrounded by a ring of activity of
a sign opposite that of the center. This configuration has heen interpreted
1o incan that the activity of a receprive neuron generates jnhibition in
neighboring ncurons throngh lateral connectivities {e.g.. Békésy, 1967; Hart-
line, Wagner, & Ratliff, 1956; Kufiler, 1953) perpendicular to the input
channels. In view of the fact that no nerve impulses can be recorded from
the cells (e.g., horizontal) that mediate the tateral inhibition, the inference
can be made that the interactions among graded potentials, wavelorms,
are responsible (Pribram, 1971 Pribram, Nuwer; & Baron, 1974, Such
waveforms necd miot be thought of as existing in an unstructured homaog-
_enous medinm. The denelritic ashorizations in which the graduoal potential
changes occur eap act as structural wave gnides. However, as Beurle {195A)
has shown, such a structural mediam can still give rise to a geometry of
plane waves provided the structure is reasonably symmetrical. The mathe.
matical «escriptions ol receptive ficld confignrations hear out Reurle's
model. Sach descriptions have been given by Ratliff (1965) and Rodieck
(1965). Mathematically, they involve a convelution of lnminance change
ol the retinal inpat with the inferred inhibitory characteristics of the net-
work to compose the abserved ganglion cell receptive fiebd propertics.

The gist of lhese experimental analyses s that che retinal mosaic
becomes decompnsed into an opponent process hy depalarizing and hyper-
polarizing slow potentials and transforms inte more or less concentric re-
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ceptive felds in which center and surround are of opposite sign. Sets of
convolutional integrals fully describe this transformation.

The next cell station in the visual pathway is the lateral geniculate
nuclens of the thalamus. The receptive field characteristics of the output
from neurons of this nucleus are in some respects similar to the more or
less concentric organization ehtained at the ganglion ceil level. Now, how-
ever, the concentric organization is more symmetrical, the surroundd Tlas
wsually more clear-cut boundaries and is somewhat more extensive (e,
Spinclli & Pribram, 1967). Furthermore, a second penumbra of the same
sign as the center can be shown to he present, although its intensity
{number of nerve impulses generated) is not ncarly so great as that ol the
center, Oceasionally, a third penumbra, again ol epposite sign, can he.
made out beyond the second (Hammond, 1972).

Again, a transformation has occurred between the output of the retina
and the output of the lateral peniculate nucleus. This transformation
Apparatus appears to act as a rectification process. Fach geniculate cell
thus acts as a peephole “viewing™ a part of the retinal image mosaic. This
is duc to the [act that each geniculate cell has converging upon it seme
10,000 ganglion cell hbers. This receplive field peephole of cach geniculate
cell is made of concentric rings of opposing sign, whose amphuudes fall
off sharply with distance from the center of the field. In these ways the
transformation accomplished is like very near-held optics that deseribes a
Fresnel hologram. ' '

Pollen, Lee, and Taylor (1971), although supportive of the suggestion
that the visual mechanism as a whole may Innction in a holographiclike
manner, emphasize that the geniculate output is essentially topographic
ard punctare, is not frcqucnr_,y speciﬁc. and daes not show translatinnal in-
variange; that is, every illuminated point within the receptive field does
nnt produce the same effect. Furthermore, the npponent propertics noted
at the retinal level of organization are maintaioed and enhanced at the
cost of overall translational invariance. Yet a step toward a discrete trans-
form domain has been taken since the ontput of an individual clement
of the retinal mosaic—a rod or cone receptor—is the arigin of the signal
transformed at the lateral geniculate level,

When the ontput of lateral geniculate cells reaches the cerebral cor-
tex, further transformations take place. One set of cortical cells. ehristened
“simple” by their discoverers (Hubel & Wiesel, 1968), has been suggested
to be characterized by a receptive fickd organization composed by a literally
linelike arrangement of the outputs of lateral geniculate cells. This pro-
posal is supported by the fact that the simple.cell receprive field is ac.
companied by side hands of opposite sign and oceasionally hy a second
sitke hand ol thessame sign as the central field. Hubel and Wiesel pmpoﬁétl
that these simple cells thus serve as line detectors in the fust stage of a
hierarchical arrangement of pauern detectars,” Pollen of al. {1971} have
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countered this propesal on the basis that the output from simple cells
varics with contrast luminance as well as orientation and that the receptive
fictd is too narrow to show translational invariance, They therefore zrgue
that an ensemble ol simple cells would be needed to detect orientation.
They suppest that such an ensemble would act much as the strip integrator
used by astronomers (Bracewell, 1965) to cull data from a wide area with
instruments of limited topographic capacity {as is found to he the case
in lateral geniculate cells),

Ancther ctass of cortical cells has gencrated great interest. These rells
were christengd “complex” by their discoverers, Hubel and Wiesel, and
thought tiy them (as well as by Pollen) to be the next step in rhe images
processing hicrarchy. Some doubt has heen raised {Hoffman % Stone, 1971)
hecause ol their relatively short latency of response as to whether all com-
plex cclls receive their input from simple cells. Whether their input comes
directly from the geniculate ar by way of simple cell pracessing, however,
the output from complex cells of the visual cortex displays transformations
ol the retinal input, characteristics of the holographic domain.

A series ol elegant experiments by Fergus Campbell and his group
{1974} have suggested that these complex cortical cells are spatial-frequency
sensitive elements. Initially, Camphell showed that the response of the
potential evoked in man and cat by repeated flashed exposure to a varicty
of gratings of certain spacing (spatial frequency) adapted not only to
that fundamenial frequency but alse tn any component harmonics present.
He therelore concluded that the visual system must be encoding spatial
frequency (perhaps in Fourier terms) rather than the intensity values of
the grating. 1le showed [urther that when a square wave grating was used,
adaptation was limited to the fundamental frequency and its third har-
monic as would be predicted by Fourier theory. Finally, he found neural
units in the cat's cortex that behaved as did the gross potential recordings.

Pollen {19738) has evidence that suggests that these spatialfrequency
sensitive units are Hubel and Wiesel's complex cells, aithough both bis
work and that of Maffei and Fiorentint {1973} have found that simple cells
also have the properties of spatial frequency filters, in that they are sensi-
tive to & sclective hand of spnti:li frequencies. In addition, the later in-
vestigators have found that the simple cells can transmit contrast and
spatial phase inlormation in terms of two different paramcters of their
response: Contrast is coded in terms of impulses per scconcd and spatial
phase in terms ol Aring pattern.

The receptive field of complex cells is characterized by the broad ex-
tent (when compared with simple cells) over which a line of relatively
intleterminate fenpth but a certain erientation will elicit a response. Pollen
clemonstrated that the output of complex cells was not invariant to
orientation alone—number of Tines anel their spacing also apprarad 1o
influence response. He concluded, therefore, as had Fergus Camphbell. that



125 Karl H. Pribvam

these cells were spatial-frequency sensitive and that the spatial-frequency
domain was fully achiéved at this level of visual processing. Acdditional
corroborating evidence has recently been presented from the Paviov lg.
stitute of Physiology in Leningrad hy Glerer, Ivanoff, and Tscherhach
{1973}, who relate their findings on complex receptive ficlds as Fourier
analyzers to the dendritic microstructure of the visual cortex much as we
have done here. _

Even more recently, series of studies {rem the Cambridge lahsratories,
from MIT, Berkeicy, and Stanford University, bhave substantiated the
earlier reports. Pribram, Lassonde, and Ptite {in preparation} have con-
firmed that hoth simple and complex cells-are selective to restrictive hand-
widths of spatial frequencies, but that simple cells encode spatinl phasc
whereas complex cells do not. Thus simple cells may he involved in the
perception of spatial location, whereas complex cells are maore truly “holo-
graphic” in that they are responsible for translatienal invariance. Schiller,
Finlay, and Volman (1976a,b.c.cy have performed a comprehensive cover.
age of receptive field properties, including spatial [requericy selectivity.
Mowshon, Thompson, amd Tothurst (197Ra.b.c) in another set of cxperi-
‘ments showed that receptive fields could be thought of as spatial flters
{much as van Heerden, 1963, originally proposed) whose Fourter trans-
form mapped precisely the cell's response characteristics. De Valois, Al
“hrecht, and Thorell (1978} have taken this work even a step lurther by
showing that whereas these cells are tuned to from 5 to 1.5 octaves of
handwidth of the spatial Trequency spectrum, they are not tuned at ail to-
changes in bar width. Finally, De Valois has tested whether the cetls are
selective of cdges making up patterns or their Fourier trunsforms. The
main components of the transforms of checkerboards and plaids lie at
different orientations {rom those of the edges making up the patterns. In
every case the orientation of the checkerboards or plaids had to be rotated
to maich the Fourier encoding and Lhe rotation was to exact amount in
denrees and minutes of arc predicted hy the Fourier transform.

The results of these experiments go a long way toward validating the
holegraphic hypothesis of brain function. However, as 1 have noted pre-
viously (Pribram, Nuwer, & Baron, 1974) a major prohlem remains even
alter these data are incorporated in the construction of a precise model.
Each receptive field, even though it encodes in the frequency domain,
does so over a relatively restricted portion of the total visual ficld, Rohson
{1975} has thus suggested that only a "patch” of the field hecomes " Fourier”
represented, However, this major problem has now been resolved aned the
solution has brought unexpected dividends. Ross {see review hy Leith, 1176)
has constructed holograms on the principies proposed hy Bracewell (1965)
and espoused by Pollen (see Pallen & Taylor, 1974). Such multiplex or
sirip integral holograms are now commercially available (Multiplex Co,
San Francisco, California). Not only do they display all the properties of
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ordinary holograms, but also can be used to encode movement as well.
Thus, by combining frequency encoding with a spatial “patch”™ or "slit”
representation, a lifelike, three-dimensional moving image can be con-
structed.

Although detailed specification has heen given for the visual system
only, the foregoing analysis is in large part also relevant to the auditory
- system, the tactile system, amd the motor system (see Pribram, 1971, for
review). The recently accumulated facts concerning the visual system are
the most striking hecause it was not sospected that spatial patiern per-
ception would be found to be based on a stage that invalves frequency
analysis. The hinding of the ubiyuity of frequency analysis by hrain tissue
has madle accessibie cxpl:lnn[liOns of hitherto inexplicahle ahservations, such
as the distributed nature of the memory trace and the projection of images
away from the surface in which their representation has become encaded.
The morel bas had considerable explanatory power.

Informan'én and Episndic Processing

Whenever a powerful explanatory principle is discovered. there is a
terelency to apply it in inappropriate situations. Image processing as uscd
in this chapter applies onfy to what in the older neurnlogical literature
was called sensory-mntor Funciioning. The mare cagnitive aspeets of brain
fienction in which the intrinsic {association) systems are implicated are
serverl by what is now usnally referred to as information processing, Tan
even here a distinction ¢an be drawn between the functinns ol the poste-
rior and the frontal intrinsic {association) mechanisms. As will be shawn,
only the pasterior convexily of the brain truly serves as an information
processor. The [rontal cortex is involved in computing [amiliarities from
episodic variations of more or less regnlarly recurring organism-envivon.
ment relationships. These computations were shown dependent on the
operation of peripheral visceroautonomic mechanisms and the participa.
tion of the limbic forebrain.

Data will be reviewed that demonstrate thar the posterior convexity
of cerebral cortex is involved in the sampling of alternatives (invarian
properties of a relationship between organism and environment), wherens
the frontal cortex regntates bhehavior {e.g. habituation te repetitions epi-
sotes) that establishes a familiar comext within which infermation can
then be processeit. Lot me detnil a representative experiment.

A modificd Wisconsin General Testing Apparatus (Farlow, 1942} s
used 1o test 12 rhesus monkeys on a complex problem. The monkeys are
dividded inro three gronps, twn operaterd and one cantrol, cach containing
fonr animals. The animals in one operated group had received Dilateral
rortical resections in the posterior intrinsic cortex amd those i the other
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operated group, bilateral cortical resections in the frontal intrinsic cortex
about 2.5 years prior to the onset of the experiment: those in the control
group are unoperated. In the testing situation these animals arc con-
[ronted initially with two junk objects placed over two holes (on a board
containing 12 heles in -all) with a peanut under one of the objects. An
opaque screen is lowered Letween the monkey and the object as soon as
the monkey has displaced one of the objects from its hole (a trial). When
‘the screen is lowered, separating the monkey {rom the 12-hole baard, the
objects are moved {according to 'a random number table) ta two cifferent
holes on the board. The screen is then raised and the animal is again
confronted with the problem. The peanut remains under the same object
until the animal finds the peanut five consecutive times (criterion). Alter
a monkey reaches criterion perlormance, the peanut is shifted o the sccond
ohject and testing continues (discrimination reversal). After an animal
again reaches criterion performance, a third ohject is added. Each of the
three objects in turn becomes the positive cue: testing proceeds as belore
—the screen sepirates the animal from the 12-hole board, the nbjects are
placed randomly over 3 out of the 12 holes {with a peanut concealed
under ong of the objects), the screcn is raised, the antmal allowed to pick
an object (one response per trial), the screen is lowered, andl the objects
moved to differem holes. The testing continues in this fashion until the
animal reaches criterion. performance with each of the objects positive in
turn, Then a {ourth object is added and the entire procedure repeated.
As the animal progresses, the number nf objects is increased serially '
throngh a total of 12 (Figure 21.1). The testing procedure is the same for
all animals throughout the experiment: however, the order of the intro-
dunction of objects is balanced—the order bcmg the same for only one
monkey in each group. :
Analysis of the problem posed by this experiment indicates that solu-
tion is facilitated when a monkey attains two strategies: (1) during search,
moving, on successive trials, each of the objects until the peanue is found;
{b} alter search, selecting, on successive trials, the ohject under which the
peanut had been found on the preceding trial. During a portion of Lhe -
experiment, searching is restricted for animals with posterior intrinsic
sector ablations; and selection of the object under which the peanut had
heen found on the previous trial is impaired by frontal intrinsic sector
ablations. The eflects ol the posterior intrinsic sector lesions will be dealt
with first. ' _
Fignre 21.2 graphs the averages of repetitive search errors by each
~group. The deficit of the frontally operated group is not associvied with
search (a result that is discussed Iater). In spite of the increasing com-
plexity of the succeeding situations, the eurves appear litde edifferent from
those previonsly reported 1o deseribe the formation of a diserimination in”
- complex sitations {Bush & Mosteller, 1951 Skinner, 1138). Alihough one




Figure 2L.1. Diagram of the multiple object probiem showing an example of the
senen objert sitwation, Food wells are indicated by dotted squares, each af wiich s
assigned o uwmber. The placement af each object aver a fand well was shifted from
irint ta trinl acrording to o vandam nuiber tabife, A record was kepl of the objret moved
by thr monkey nn roch trinf, nnfy one move being afimwed per trial. Trials were sep-
araterd b fowering an opnque screen to fiidle, fram the monkey, the objrels as they were
positioned.
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might, a- priori, expect the number of repetitive responses to incrense
monotonically as a [unction of the number of ohijects in the situation,
this does not happen. Rather, duting anc or annther phase of the discrimi.
nation, the number of such responses increases ta a peak and thea declines
to some asymptotic level (Bush & Mosteiler, 1951; Skinner, 1938),

Analysis of the data of this experiment has shown that these peaks or
“humps” can be attributed to the performance of the contral and poste-
riorly opernted groups during the initial frials given fn any particular
{eg. 2. 3.4 ... cug) situation, that is, when the monkey encounters &t
navel object. The period during which the novel and familiar objects are
confused is reflected in the “hump.” The importance of expericnee as a,
determinant of the discriminability of abjects has Leen cinphasized by
Lawrence (1949, 1950). His formulation of the “acquired distinctiveness”

" of cues is applicable here, Tn a progressively mare complex situation, suf-
ficient familiarity with all of the objects must he acquired before a novel
object is sufhciently distinctive to be readily differentiated.

However, there is a difference hetween the control and the pm:ermrly
operated groups as to when the confusion hetween novel and familiar
objects occurs. The peak in errors for the posteriorly operated group lags
behind that of the controls—a result that forced attention because of the
paradoxically “better performance” of the posteriorly operated group
throughout the hve to six cue situations (in an experiment that was origi-
nally undertaken to demonstrate a relation between the number of obhjects
in the situation and the discrimination “deficit” previously shown by this
group).

These paradoxical results are accounted For by a formal treatment
based on mathematical learning theory: On successive trials the monkeys
had to "leamm™ which of the objects now covered the peanut and which
objects did not. At the same time they had to "unlearn,” that is, extin.
guish what they had previously learned—under which ohject the peanut
had been and under which objects it had not been, Both neural and
formal models have been invoked to explain the results obtained in such
complex discrimination situations. Skinner (1938) postulated a process of
neural induction o account for the peaks in errors, much as Sherrington
had postulated, “successive spinal induction” to account for the augmenta-
tion of a crossed extension reflex by precurrent antagonistic reliexes {(such as
the flexion reflex}. Scveral of Skinner’s pupils (Estes, 1150: Green, 1'158) have
developed formal models. These models are based on the idea that hath
“learning” {or “conditioning™) and “unlearning™ (or "extinction™ invalve
antagonistic response classes—that in bnth conditioning and extinction
there oceurs a transfer of response probabilities between response classes.
This coneeprion is, of conrse, similar ta Sherrington's “this reflex or that
reflex Tt not the two togcther,” The resulting equations that constitute
the model contain a constant thiet is defined as the profuhility of sampling
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a particnlar stimulus element {Green, 1958), that is. object, in the dis.
crimination experiment presented here. This constant is [urther defined
(Estesy as the ratio hetween the number of stimulus elements sampled ancd

“the total number of <uch elements that coull passihly he sampled. This
definition of the constant postulates that it is dependent Tor its determi-

nation upon both environmemial ane arganismic lactors. According to the
model the mapidity nl increase in errors in a discrimination series depends
on this sampling ratin—the fewer ohjcers sampied, the more delaved the
peak in recorded errors. The paradox that for a portion of the experiment
the posteriorly lesioned group performs better than the control group
stems from the relative delay in the peak of the recorded errars of the

“operited group. The model predicts, therefore, that this aperated group

has sampled fewer objects during the early portions of the experiment.
This predicrion is tested as shown in Figure 21.3.

The prediction is confirmed. The posterior intrinsic sector is thus
established as nne of the organismic variables thae determine the constant

“of the model. As posttiated by the model, the ratin of objects sampled

turns out to he more basic than the number of objects in the situation,
pf:'l’ S€, .

Returning to the postsearch portion of the multiple objert experiment,
Figure 21.4 portrays perlormance following completion of search, that is.
alter the first response on which the peanut is found. Nate that the lag
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Figuye 21.4. Graph of the average of the number of trials to criterion taken in th
multiple object experiments by each of the groups in each of the situations after search
was competed, that is, after the first correct response.

shown by the frontally operated group in reducing the number of trial
taken to reach the criterion of five consecutive errorless responses (or th
number of repetitive errors made} occurs affer the peanut has been found
This group of monkeys experiences difficulty in attaining the strategy. o
returning on successive trials to the object under which they have, on th
previous trial, found the peanut. Whatever may be the explanation of thi
difhicutty, a precise description can be given: For the frontally operate:
group, "finding the peanut” does not determine subsequent behavior ¢
the extent that “finding the peanut” detéermines the subsequent behavi
of the normal group. In Sherrington’s and in behavioristic terms, the “pos
tive element,” the response to the object, is for the frontal group inad
quately reinforced by the “alliance with it” of the action, that is, findirg th
peanut. More generally, response probabilities of the frontal group are le
affected by the outcomes of their actions (e.g., finding a peanut). :
Interestingly, before the Erontally operated group begins to attain d
necessary strategy (after the seven cue situation), performance of this grou
reflects the number of alternatives in the situation. This fincling snggests
parallel with analyses of the effects of outcomes developed in the theory
games and economic behavior, The effects of outcome are determined |
two ciasses of variables: (a) the dispesitions of the orgintism and (h) an est
mate about the actions of other parts of the system. The finding that pe]
formance ol the [romtally operated group is related o the number
alternatives in the situation suggests that this group.is deficient in evalu:
ing the second class of variables, but this is enly suggested by these resul
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Support for the hypothesis that frontal lesions do not affect the disposi-
tional variables that determine the effect of an outcome of an action comes
from the results of another experiment. '

In a constant (fixed) interval experiment, 10 rhesus monkeys are tested
in an "operant conditioning” {Skinner, 1938) situation that consists of an
enclosure in which a lcver is available to the monkey. Occasionally, im-
mediately after a depression of the lever, a pellet of food also becomes
available to the monkey. The experimenter schedules the occasions on which -
the action of pressing the lever has the outcome that a food pellet becomes
available. In this experiment. these occastons recurred regularly at a con-
stant (hxec) interval of 2 min. The conditioning procedure, as a rule,
results in performance curves (scallopsy that reftect during the early portions
of the interval, a slow rate of response, and during the latter portions an
accelerating rate that nears maximom juse prior to the end of the interval.
All of the monkeys used in this experiment were trained cvery other day
for 2 hr sessions until their performance curves remained stable {as deter-

‘mined by superimposition of records and visual inspection) for at least 10

consecutive hours.

Two experimental conditions were then imposed. one at a time: (a)
deprivation of food for 72 and LI hr; (1) resection of frontal and posterior
intrinsic ¢ortex. Food deprivation increases the total rate of response of all
animals markedly, but docs not alter the proportion of responses made
during portions of the interval (Figure 21.5). Resection ol the frontal in-
trinsic sector tees not change the total number of responses, but does alter
the distribution of responses through the interval—there is a marked de-
crease in the difference between the proportion of respenses made during
the various portions of the interval. Monkeys with lesions of the posterior
intrinsic sectors and unoperated controls show no such changes (Figure
21.6).

The resnlts of the constant interval experiment support the contention
that 1he effect of an outcome of an action is influenced hy variahles that
can be classified separately. Neprivation influences total rate of response
and the frontal lesion, the distribution of that rate. Deprivation variahles
are akin to those that have in the past been assigned to influence the dis-
position of the organism. The frontal intrinsic sector lesion appears to in-
finence the monkey's estimates ahout the situation. This finding is thus in
accord with that obtained in the multiple object prohlem. Both experi-
mental Andings can he [ormally treated by the device of “mathematical
expectation” {von Neumann & Morgenstern, 1953, ch. 1). The distribution
ol response probabilities in the constant interval experiment can be con-

sidered a function of -the lemporal ““distance”™ from the outcome; distribu-

tion of response probabilities in the multiple object experiment is 2 func
tion of the number- of objects in the situation. Frontal intrinsic secior
lesions intcrlere with those aspects of behaviar chat depend on an estima-
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tion of the effects that an outcome of an action has in terms of the total
set of available possible outcomes. The effects of frontal intrinsic sector
lesions on behavior related to outcomes thus parallel the eflects of posterior
intrinsic sector ablations on behavior related to inputs. A general maodlel of
intrinsic sector mechanisms seerns therefore to be possible. As a step toward
such a model a hrief review of availahie data follows.

The effect of frontal intrinsic sector resection on the distribution of
responses in the multiple object and constant interval problems is correfated
with other deficiencies in hehavior that [oitow such resections, The most
clear-cut deficiency is in the perfarmance of delayed reaction ind of alter-
nation by subhuman primates. These problems are usually clisified with,
those used primarily to study hehavior involved in the differentiation of
alternatives, although differences between the two are recognized. These
differences have heen conceptualized in terms of one-trial (episode specific)
learning (Nissen, Riesen, & Nowles, [938), immediate momeory {Jacohsen,
£936), amd retroactive inhibition (Malmo, 1942). Aere penetriring analyses
have heen accomplished for the eflects of frontal intrinsic sector lesions on
the performance of alternation prablems (I.eary, Harlow, Sceulage. & Green-
wond, 1962 Mishkin & Pribram, 1156}, These analyses cmphasize 1he re-
current regularities that constitite the afternmation preblems and sugpest
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that such problems be considered examples of a larger class that can be
distinguished  Trom  problems that require «differentiation  (Galanter &
Gerstenhaber. 1946). Delayed reaction may also belong to the class of prob-
lems specified by episodically recurring regularities: The recurrence, at the
time response is permitted, of some of 1the events present in the predelay

situation, constitnles an t‘ssemi_al aspect of the detay problem {MMishkin &
Pribram, 1956).

These experiments have been followed up by another series that has
exieneled the results 10 hnmans and has clearly related the deficit shawn hy
frontatly lesioned primates 1o their inability to compute and contral the
episode sperific variations that oceur within the context of réwularly re-
curring variables: (Anderson, Flunt, Vander Slncp', % Pribram, T970; Brody
& Pribram, 1978 Brody, Ungerleader, & Pribeam, 1977 Grueninger & Tric
Lram, 1969; Kimble, Bagshaw, & Pribram, 1965; Konow & Pribram, [970:
Lauria, Pribram, & [lomskaya, 1964, Pribram, Alwmada, Tlartog, & Roos,
164 Pribram & Bagshaw, 1953 Pribram, Plotkin, Anderson, % Leonug, 1977
Pribram & Tubbs, 1967 Tubbs, 1960, These studics luve shown dhiat the
deficit in delayerd aliernation behavior pracdiced by [ronial lesions is due
to prom Live and retronctive mrerferences produced by the manatanons tem-
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poral context provided by the symmetrical intertrial interval of the classical
task, since this deficit can be overcome by imposing a nonsymmetrical delay
imterval; that interfcrence produced by the continuing distractions involved
in manipulating the spatial context in the delayed response task is the
critical variable in producing the deficit in performance of this ask alter
frontal resection: that distractibility may be ‘overcome hy perseverative he-
havior under some experimental conditions; and that this continuing dis-
tractibility of {rontally lesioned human and nonhuman primates is con.
lingemt on a failure 1o produce the viscero.autonomic concomitinits of he
orienting reaction that accompanies distraction in normal subjects, The re-
sults of these experiments demonstrate that the temporal and spalial
ordering of behavior and ol expericnce depends on the registration of epi-
sode specihe necurrences and on composing Lhese registrations in10 f comHext
in which subsequent helitvior becomes appropriate. Such comrobled epi-
sordic, context-dependent processing can thus be distinguished neurally as
well as conceptutally From the processing ol invariants—true informalion
processing in the Shanponian (Shannon & Weaver, 1949) sense.

Conclusions

This chapter has surveved data that distingnish three modes of rentrat
processing. Image processing was found to occur by virtue of the sensory.
motor projection systems of the brain. Evidence was presented that these
systems operate as frequency analyzers thal operate upon periodicities in
energy distributions as transduced by receptor mechamisms. ft was further
shown that image processing in the frequency domain, by virtue of mathe-
matically described spread functions, distributes input and 1hus aeconnis for
the distributed pature of the hasic memory siore. '

Image processing is augmented in the primate brain by additional
modes ol central pracessing attributable to the functions of intrinsic “as-
sociation' systems. Evidence was presented to show that the posierior in-

" trinsic systems are involved in inlormation processing, where information
is defined as choire among alternalives. Choices were shown to depend on
sampling a ratio of the numher of alternatives available, the sire of Lheir
ratio being a function of the operatians of the posterior tnirinsic systems,

Ry conteast, evidence was presented that showed fronial intrinsic cortex
te be involved in controlling hehavior dependent on variation in recrrrent
ncenrrences {the siencture of redhindaney in information theovetic terms),
Conirol was shown depeadent on compuiations that registered the “famil.
irity” amaeng episocdic variatiens in recnrrences, in the ahsence of whirh
cvery event heeame “novel” and theredfare distracting, Furthermore, regis-
tration was shown contingent npon the ocanrrence of the visseroantonomic -
romponents of the orienting reaction,



21. Image, Information, gnd Episodic Moder of Central Processing 332

In short, two modes in addition to image processing were identified.

One of these modes depends on differentiating alternatives, the invariances
aperative in organism-environment relationships that constitute the infor-
mation upon which knowledge is based. The other mode depends on estab-
lishing contextnal familiarity from episodes in the variations that charac.
terize recurrent regularities {the structure of redundancy). Delineating these
mechanisms of tentral processing has gone a long way toward dispelling the
despair voiced by earlier investigators ol brain mechanisms involved in
learning and remembering and that for a time turned psychologists away
from studies of brain function.
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