A R b i s

In: T.J. Teyler (Ed.) ”’ﬂ’ — “JO Jﬁ"

JBrain and learning.
. 8tamford, Conn:
Greylock Press,. 18977

Chapter 8.

M@des of Central Processing
in Human Learning and

- Remembering

by K.H. Pribram

© Linttiarions uf civeri? aralysis, in tiaclug the afpha-ganuna linked activiiies through

© the segmentat loops and some supraspioal elreulis acting on the Renshaw and la da-

Chibitory Iderncorons, ty alm has been lhustrative ondy. The derceiption 1s comptete
crrongh 1o show that in e et we aie reaching a limll for the sensibic use of wiring
diaprams In integrative physiology. This Is due 1o Qe hierarchic nature of the nervous

“systenr, onowhich Hughlings Jackson lafed so much emphasis. There Is control upon
comrol and each partlendar mechiantsin by really well vndersiood only at s own level of
anatysis. Rememhering that Sherringion defined nlegratlon as Interaction for a pui-
post, funciions must akse be attedlaied o circuilsy. Tisls sitlmately tocans understand-
g of wiring diagraums in a bebaviora) conlexl,

T he dilficulties conflronting complete behaviara) inlerpretations of the bewiider-
ing compdexity of interactions in hierarchic syslems are virmunlly fnsurmoutuable,
Known wiring dingrams generalty have 1o be regaeded as consteaints ar boundary con-
stitions delining poasible alternatives. For this rzeson, our best Interpretations of fune-
fion have consisted by fiing wiring diagrams into broad coneeptual gencralizations,
such as reciprocal binervadon, alphin.gamma inkage with iis implications for moto-
newen nsembrane potentlals, mechanising for stabitization of newronal discharges,
Feedbiack opeeaiions, nrousal, loml compensation, ideas on posture, ctc.  Grauit, 1975

Introduction ,

The aim of this cliapler is to relale {o hupan brain processes the
reviews of the reeent swrge of research on problems of learning and
metnory o the molecolar and wiring cirenit leve!l which muke up the re-
mainder of this volmne. As noted by Granit b the above quotalion from
his analysis of the role of muscle spindles, this endeavor is nol an easy
onc. 5till, the situation is not ns desperate at il was a quarter of a century
apo when Lashicy made his famous stalement 10 indicate that what we
then knew abioul brain fupction precluded lcarning from occurring at all
{Lashley, 1950), The phrase was, of coursc, made tongne In cheek, bt
subisciuent yeseareh (s well ns sonte earfier formutations—e.g., William
Jaunes, 1950: 5. 8. Stevens, 1951} have borne out an intuition hidden in
Lashiey's statcnct: that the limitations on coping with complex en-
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vironments, and therefore the potentialitics for overcoming these Hmita-
tions, arise not so much because of restrictions on the use of the final
common path--the cfferent control over novericrii—as Sherrington
once supgesied {1947), but on timitations in central processing—i.e., in
brain Tunction (Broadbent, 1974; Pribram, 1974). Once the problem is
clearly framed in this {ashion, the prospects for relating the molecular
and wiring levels of ncurophysiotogical rescarch o those involving
human learning and memory become considerabiy less bleak,

In this presentation [ will rely heaviiy on lhe results oblained with o
single technigue to delineate the soupght-afler relationship, This tech-
nique, experimenlal psychosurgery—the study of the effects of localized
rescclions of the brain tissue on behavioral performances—f{ocuses on a
ncuraj structure and asks what role it displays in causing or overcoming
the limitalions on central processing manilest in learning and remember-
ing. This is a rather different sort of guestion than that usually asked in
biological approaches to the problem. These ordinarily investigale con-

solidation, habituation, conditioning or discrimination by inquiring into
the molecular or circuit changes produced while the behiaviar under con-
sideration is in Torce, [n contrast, the psychosurpical question, by s em-
phiasis on processing Himitations and potentualities, is akin to that which
molivates research on human fearning and remembering.

With this parallel in mind Jet us look at some of the principles of
brain organization important to learning and remembering which have
been reliably established by psychosurpical experiment,

The Distributed Store

The best known principies (hat have resulled from psychosurgical
tescarch are the ones that Lashley was addressing in his pessimistic state-
ment. One ol the most persistent results oblained when restricted resec-
tions are made of brain tissuce is ‘‘nothing.” Lashicy formuyinted this
resuft into his taws of {a) mass action—that to be effeclive a brain lesion
must exeeced a critical size—and (b) equipotentinlily—that spared brain
lissue can come Lo function in ticw of that which lins been resecled.

A preat deal of misundersianding of {he nature of brain organiza-

lion has resulled from the enunciation of the principle when Tormulaled -

in this ashion, Psychologisls especially were prone-lo accept the idea
that all parts of the brain functioned alike {and therefore that the study
of the delailed anatomical arrangements of brain organization had
become superfuous). Neuropliysiclogists and neuroanalonists, on the
othier hand, intimately ncquainted with Ui exquisitely precise wiring of
the brain, locked askance at the type of behavioral analysis which was so
pross as o miss the obvipus distinctions between brain parts,

‘The research resuits of the past twenty-five years ean, as we shall
sce, put these misconceptions to rest, The brain has been shown to be
made up of systerns which manifest different Tunclious. However, within
ony system and even 10 some extenl belween sysicius, the laws of mass
aclion and equipolentiality hold. Electrical recording of brain potentials
cvoked by scnsory events has demonsirated that the basis lor the {aws is
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ithe distribution of input over a wide cxtent of tissue (John, 1967,
Pribram, Spinelli & Kamback, 1967; Spinclti, Starr & Barrctt, 1968;
Bachy-Rita, 1972: Morrell, 1972; Pribram, Nuwer & Qaron, 1974), The
conclusion has been reached, therelore, thal the tack of effcct of
reslricted rescetions of brain tissue is due to the encoding of input which
has become Tairly widely distributed wilhin any particular ncural system,

The mechanism of distribution and the nature ol the encoding pro-
cess are arcas ol current research aclivily which relate the molecular and
circuit level of inquiry to the behavioral. [ have elsewhere (Pribram,
Nuwer ‘& Baron, 1974) detailed the various possibilities and the prob-
ahility that distribution depends on the interaclions among hyper- and
de-polarizing potential changes at synaplic and dendritic locations, in-
teractions which then result in conformational changes in local mem-
brane proteins (Pribram, 1971). The resull of such an encoding process
would be a distributed store with holographic-like properties that make
possibie the construction or recenstruction of the configuration of lhe in-

-pul from any restricted part ol the store.

A secondd property ol o helographic-tike distributed store relevant to
the circuit level ol inquiry is its facilily lor organizing associative
memory. Whenever two inputs occur together during storage, the subsc-
quent occurrence of elther alone will evoke a “'ghost image™ of the other.
This assoctative property of the holographic mmemory mechanism is an
important alternative to the step by step Torging of neuranal connections
as a [unclion of repetition and practice. As we shall sce there is a con-
siderable amount of evidence that both types of associative processes :
occur—one is a Mairly rapid *imprinting'’ ol input, the other is more ¢x-
tended in lime and critically depends on repetition.

Dut in order to fully appreciate the evidence it is {irst necessary lo
revicw Lhe data that highlight the diversity of brain syslems involved in
learning and memory. Only against this background do the distinclions
nnd commonalilies among processes become Mully evident.,

-

Sensory Specificity in Central Processing

The diversity ol cognitive processes is manifest in Lthe [irst inslance
in their sensory specificity. When resections of primate Massocialion™
corlex are made, the expectation'that some peneral associalive or lenrn-
ing capacity would become impaired is not borne out. Learning deficits
do result, bul these are limited to one or another sensory mode—which
made is affected depends on the Jocus of the lesion within the extent of
“associalion’’ tortex (Pribram, 1960). This experimental resutt reflects |
climical experience with man where "agaosias'' due to brain injury are, as i

f
|

frule, reslricted to ane or anather sensory mode, Even in the intact per-
son il is difficult to demaonstrate cognitive processes Lhal are not sensory
mode specilic (Wallach & Averbach, 1855), Most thinking is pursued
either in terms of incipient sounds (auditory), images {visunl), [lccls
{somnloscnsory) or tastes (pusiatory and ollaclory).

The sensory specilicity of copnitive processes does not preclude thrir
operaling en maore whohshcnﬂy organized mechanisms, The distributed
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storage s a good candidale for providing the matrix of such operations.
Thus a paradox exists—Lhe associalion coriex operates within a wholistic
matrix, but the operations are sensory made limited. The paradox is
resobved by evidence that the sensory specificity is due Lo the discrete oni-
puf from localized portions of the association cortex 10 one or another
sensory projection system {(Bhem, Chow & Pribram, 1950; Pribram, H. &
Harry, 1936; Pribriom & Bagshaw, 1953; Dewson, Pribram & Lynch,
1969; Pribram, 1969). Cognilive processes are thus found lo be akin to
molor or command functions {see, e.g., Mountcastie, Lynch,
Gueorgopoulos, Sakala & Akuma, 1975 for o detailed analysis of
responses fo desired objects in mediale extrapersonal space). In fact the
critical output pathway from the association cortex is to the basal
ganglia, structures thal have classically been considered to be motor in
function (sce below).

Moator Functions as Central Controf Processes

These data fit with others that have revised our view of the opera-
lion of the motor syslems of the brain. The ciassical view held that motor
control was cxercised directly on muscle to shorien it or to increase its

tong. Over the past 23 years il has become evident that an even larper *

share of the control issues to the muscle spindles, receplors that are con-
nected in paratiel with musele fibers and thus monitor their contractions.
Central regulatory mechanisms depend on signals from the spindle to ad-

just the systen as necessary. Control s exercised by modulating the

monitor through feedback toops, much as the setting of a thermostat can
be changed by reselling the conliol dial (see, e.p., reviews in Miller,
Galanter and Pribram, 1960; Pribram, 196@; Granit, 1970; Pribram,
1971, Granit, 1975). Thus the mechanism of moler contro) is akin to that
of homeostasis rather than that of a piano kéyboard: Molor systems in
the brain to a large extent send signals Lo receptors, not effectors,

Although not s varicd as the sensory mechanisimg, a considerable
diversity of organization also characterizes the molor control operations
ol the brain, Two major lypes of operalion are identificd in the clinic:
one is mainly concerned with postural readiness, the other with the ex-
ecution of skills,

When discases strike the basal panglia, patients show postural
disturbances and more or less continuous involuntary movements such as
iremors. The type of disorder depends on which of the basal panglia is
affected. Faully feedback due to the discase is held jesponsible for the
disorders (Bucy, 1949). The disturbances have rceenty been at feast par-
tallty overcome by the administration of DOPA (Dioxy phenyaialine)
which suggests that the tremors are due 1o the depiclion of this catechol
amine which is ordinarity found in especially high concentrations in the
basal ganglia (for review see Ungerstedl, 1974). When overdoses of
DOPA rre adminislered copnitive disturbances appear—these and those
that accompany the postural disturbances could readily result from the
contro! by the basal ganglia over sensory functions noled above. More of
this in o moment,
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The second major type of motor control centers on the cerebellum,
When the cerebellar hemispheres are injured, the patient suffers a foss of
control of skill—his movements become as awkward as when he inilially
underiook the activity, The development of a skilt entails the smooth
coordination of various muscle groups and the climination of extrancous
contractions, Precise timing is of the utmost importance and the
cerebelium is most Hikely a very powerful computer that can calculate "'in
fast time"”—i.e,, before a movement must occur—whal its cutcome will

be {(Ruch, 1951; Eccles, Ho and Szenlagotha, 1967; Pribram, 1971).
The difficulties produced by cercbellar lesions in the execution of
. skilled acts become especinlly noticeable when patients intend, i.c., will,
E , their movements, Voluntary control becomes manifest when a signal
; repulates two or more mechanisms in paraliel, By contrast to a feedbanck
loop which is '‘closed”’, the parallel processing that defines voluntary
conirol forms an open or helical Joop and is called a feed forward
(Teuber, 1960; MacKay, 1966; Pribram, 1971; McFartand, 1971); The
errangement of the cerebellar owlputl provides just such a multiple
disposition of signals—to the periphery, to the cortex and to the nuclei of
the upper brain stem which connect 1o the basal ganglia {Fccles, o &

S:zentagotha, 1967).

Cerebellar control over muscular contraction is accomplished,; much
as other central controls, targely through the regulation of receptors. The
question has not as yet been investigated as to whether cerebetlar outpult

-can regulate sensory as well as motor receptors, However The senses are
well represented in the cerebellar cortex through input fibers. This
representation may well be the immediate origin of signals that
siinultanecusly move a sense organ {c.g., an eye movement) and change
the sctting of the brain's receiving mechanism for that sense, sufficient to
compensate for themovement.

These considerations added to the finding that the basal gangliz are
involved in regulating sensory functions make it necessary 1o view the
motor mechanisms of the brain not just as movers of muscles but as cen-
tra} conlrol processes thal operate on a variety of other ncurat
mechanisms and even on the senses. Thus what an organism senses is to
some considerable extent whal he is set to sense, i.c., whal he is compe.
tent to sense and what he attends, Perceptual compelence and attention
are therefore akin to motor skills,

Al
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Perception as Central Process

We are thus forced to the conclusion that what is usually called a
motor skill is a somalomotor skill involving {he somatosensery system
and that what we ordinarily refer to as perception is a visnomotor,
auditory metor or other special sensory motor skitl, This view fs sup-
poricd by evidence (Malis, Pribram & Kruger, 1953) of a refatively direct
input to the precentral somalomotor cortex [rom somatic receptors {skin
and muscle)., Also, in the visual meehanism.at least, visuomoior systems
abutt the areas receiving retinal input (as is the case in the somatosen.
sarymotor cortex), and these systems have recently been shown to be iny-
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porlant [o the pereeption of constancy: (specifically size constancy; abla-
tion of this corlex produces a monkey who altends retinal image size
witle ignoring distance enes—Ungericider, Ganz & Pribram, 1977).

A caution s in order here, The view thal pereeplion involves a
sensory-tnotor skill does not mean that perception is a central motor
response essentinlly devoid of any sensory component—the position
taken by Sperry (1952) and Festinger, Burnham, Ono, & Bamber (1967).
Rather, neurology and psychophysics {e.g., Gibson, 1966} as well as
everyday cxperience indicales that perceptunl skills whether somatic,
visunl, auditory or other {¢.p., guslatory-oifactory} are sensory motor
performances of a spceial sort: perceptunl acts that encompass reliably
repeatable, i.e., invariant, environment-organism relationships. The
molor component ol these acls is not 5o much a “response’ to input as it
is n control (often a readiness) over the sensory input mechanisms,

In humans a Turther complexity arises. Specialization occurs in the
contribution made by cach hemisphere of the brain, Auditory-verbal
processes dominate the adult left hemisphere (in most right handed per-
sons) and visual-spatial processes play the major role in the right {see
reviews in Dimond & Beaumont, 1974). The differences between
auditory and visual learning and remembering noted above thus become
dramatized as differences in hemispheric function—differences between
left brain and right brain skills,

The Central Processing of Skills

The mechanism lor learning sensory-motor skills has. been studicd
and is well deseribed by the observations of cthologists (sce the review by
Bateson, 1964) and those engaged in experiments on percepiual learning
{e.p., Gibson, 1953). As Bateson points ou!, the taws of imprinting and
those of perceptud learning are niot altogether different. And, on carelul
examination, the laws of simple instrumental or operant conditioning
clearly converge on the snme processes from the vantage of a response

. erienled psycholegy {sce for instance Premack,.1965). In each lnstance

an innately determined environment-organism relationship Is modificd
by experience in which consequent occurrences shape and differentinte
the innalcly determined process. Shaping as well as imprinling consisis of
relatively gross initial modification of the environment- organism rela.
tionship which is accomplished rather rapidly {e.g., the imprinting of
[oliowing a moving object rather than random iivestigatory sensing; the
pressing of a fever ratlier than random investigatory movement). This in-
Hial change is Tollowed by slowly progressive differentiation of the rela-
tionship (differentiating the imprinted object so that {irst any simitar and
then orly it per se elicils Lhe response; pressing the lever only when an

-§ 2 fs present), :

The varinbles important to shaping appear to be “stimulus novelty"
and "response density.” The role of slimuius nevelty (and therefore of
stimulus Familiarity or repetitiveness) hins been clearty documented for
imprinting by Hess (1959} and Dateson (1964). Tihe related concept of
response rate or repelition density has been invoked by Premack (19065}

oo e e
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to explain under what conditions any specific jonate behavior canserve a
reinforcing Tunction to another. E. Roy John has shown (1967) that in,
ilially during the shaping process a great number of brain sites (especially
.in the core of the brain) show clectrical aclivity, As discrimination
{perceptual} learning procceds, the loci involved become markedly
testricted. Just whal poes on in these more restricled locations is current-
ly under study by James Olds {Olds, Disterholt, Segal, Kornblith, &
Hirsh, 1972). No clear picture of relationship among loci has as yet
emerged; perhaps, as we shall see shortly, no simple time dependent
cause cffect process is involved,

These studies and the more commeon behavioral analyses suppest
that the differences between the pracesses of learning and memory in dif-
- ferent modalities are atlributable to differences in their differentiating
mechanisms and that commonalilics are to be Tound in those processes
responstble for initial imprinting and shaping. This conclusion supports
the intuition of those who are concentrating their investigations of ncural
mechanisms on preblems such as habituation to novelty, sunple condi-
uonlng, and consolidation of the memory trace,

Central Processing in Orienting and its Habl'tuan'on

In analyzing the mechanisms involved in the simplest form of nevral
modification resulling from experience, the approach of asking about
the contributions of speciltc brain structures to the limitations and
potenlinlities in central processing has proved rewarding, Deerementing
of ncural responses occurs in interneurons of afl sensory syslems when
they are subjecled 1o repetitive stimulation {sce reviews in Horn and
Hinde, 1970}, Any change in stimulus elicits more continuous responses
in another more medially placed neural system and thesc two systems
converge Lo produce the typical behavior of habitualion and dishalilua-
tion {Groves and Thompson, 1970), The media! cells which [or a time
track or monitor the change in stimulus are tocated in that part of the
central nervous system in which viscero-autonomic ncurons originale.
Thompson's untt analyses were carried out in Uhe spinal cord but similar
dishabituating ‘arousal and monitoring'’ behavieral effects are obtaincd
when the core structures of the brain such as the mesencephalic relicular
formation and the hypethalamic region are slimulated clectrically (sce
revicw by Pribram and McGuinness, 1975). Furthermore, the viscero-
autonomic responses thal ordinarily occur during orienting and disha-
bituation are abolished by resections of certain forebrait structures: the
amypdola (Bagshaw, Kimble and Pribram, 1965 and f(rantal corlex
(Kimble, Bapshaw and Pribram, 1965; Luria, Pribram and Homskaya,
1964). There thus appears to be an intimale relationship belween the
arousal aspect af orienting and dnlmhllumnn and the visceroautonomic
nervous system,

Anolher peeuliarily was mantfest by (hese resections, While
visceroaulonomic reaclivity 1o novelly avis abolished, Lehavioral orient-
ing remained intact, Not so, however, with regard to belinvioral habitua-
tion which was abolished along with the visceronutonomic aricnting,

-




il I jbeain & Learning

. responses. Thus behavioral habitualion to novelty—!the appreciation of
4| Guniltarity—scems 1o depend on the occurrence of visceroautonomic _ |
© reaction o novelty. |-
! This is not Lo say thal fearning and remembering cannot occur in e
> absence of habituation. The evidence is clear that discrimination learn-
' g, the making of selective dilTercntial responses to cues, is unimpaired
G by the brain resections thal inlerfere with habituation {see, e.p., Douglas
k and Pribeany, 196Y). Such resections do, however, severely impair the
g learning and retention of the ability to performn adequately in tasks such
DA as discrimination reversa!, delayed alternalion and, in some instances
A (i.e., resection of frontal cortex), delayed respanse {(Pribram, 1973).
S I The analysis of the neural mechanisms invotved in the orienting -
reaction lo novelty and its habituation thus leads to the same points as
that obtained from the analysis of the neural mechanisms involved in the
development {learning and remembering) of scnsory-motor skills; two
separale mechunisms can be identified. In the case of skill a rapid
imprinting-shaning process can be separated from one that is more ¢x-
tended over time and trials and leads to an invaciant organism- environ-
ment retationship. The imprinting-shaping process appears to be akin to
oricnting and its habitnation, and the brain structures directly involved ’
have little to do with tewrning and remembering invarinnces. Instead, i
defeets in orfenting and its habiteation and the fearning aud remenber- i
' fne ol repulurly vurying performances such as reversals, alternations and !
) . delay tasks are produced by resections of the identical brain structures.
' These daty lead to the inescapable conclusion that two rather dil-
lerent brain-behavior sysients, or rather sets of systems, operale during
learning and remembering. One, as we have seen, leads to the processing
ol ihvariants. The other is more concerned in processiug recurrent varia-
tion. tu this set vl systems, Tor learning (i.e., babituation) to occur,
chanpes must be of sulhcient regularity Lo be computable, When recur-
rence resulls inoa residue of the computatiof, the residue provides the
cuntext in which further experience can be processed, and any subse-
quent recarrence is treated as “familiar®, thus precluding orienting,
Visceroaulonomic feaclivily appears to be integral o such computalions
{Pribram, 1971}, '

Two Modles of Central Processing in Man

A well designed series of experiments has been performed that |
afrmed at relaling diverse sets of data on the lhmitations of central pro-
cessing, Usually these data are considered in experiments on selective at- ;
tentign, sensory search, und memory scanning in studies of huwman learn-
ing und remembering, The results provide additional insight into tte dif- :
ference between the two seis of systems we liave been delineating and thé
psychological processes which they control {Schneider and Shiflrin
[977). The experiments did nat invelve manipulation of brain structiires;
Bawever, in contrast 1o most studies o copnitive  behavior on man
which wse verbal or pseudoverbal material, these experimentad proce-
dures resembled those that characterized the non-human primale psycho-
sergical research that gitve rise 1o the distinetion Letween tie lwo types of
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learning end memory processes {see below and review by Pribram, 1959).
The human work centers on a display framing a variable number and
types of patterns—c.g., numerals, letters or geomelric forms. A variable
number of such Mrames can be presented 10 a subject after which a single

presentation is made containing one or more of the patterns (numbers,

letier or geonetrical forms) that have previously appearcd—or alter-
natively, patterns that have not appeared. The specific experiments con-

"sisted of embedding the to-be-remembered patterns in [rames conlaining

similar types (''same-distractors') or different types ol patterns (‘‘dif-
lerent-distractors’). Thus the numerats 7 and 2 might be embedded in

frames n nnd . in the same distractor condition, while they

would appear in frames m and [_Q] in the different distractor con-
dition, Frame size (i.c., number of patterns per frame) and number ol
[rames in the to-beremembered (memory) set could be varled at will on
ench episode (Irial scquence).

Using this techinique, clearcut differences between the same and dlf—
ferent distractor were obtained in the effects of varying [rame size and
size of the memory set on the number of correct responses and on
response latency. To simplify a large number of resulls in a variety of
conditions; in the different-distractor condition, response appeared 1o be
automatic in that latency was short and varied tittle with episode (frame
and memory sel size). However, many errors were made originally when
frame amd memory set size were large and these droppped out only
gradually with practice, By conirast, when same-distractors were used
latency of response varied (linearly) according 1o episode (frame and
memory set size) indicating that processing demanded active search
specilic to the episode. Practice had little effect—however, subjects
could eliminate or attenuate the influence of same-distractors when pro-
perly instructed or when they themselves adopted an appropriane

‘response strategy {e.g., exhaustive vs self-terminating, i.e., speedy, scan-

ping}. In the same-distractor, episode sensitive, coadition, the position
of the distractor proved 1o be an imporlant variable: when self-
lerminating scans were adopted they often eliminated certain positions
from scan thus leading to error; when scanning was exhaustive, the posi-
tions of the distractors had a sizeable influence on reaction time, No such
position effects were obtained in the different- distractor conditions in
which processing was automatic.

As noted, these experiments are similar to many that have been per-
formed on non-human primates. In the animal experiments, however,
briain resections were carried out so that the two modes of processing
were related 10 specific brain systems, The results show the posterior con-
vexity of the brain to be involved in the automatic type of processing

_which in earlier reviews (Pribram and Melges, 1969) was called **par-

licipatory”, and ihe frontolimbic forebrain in the episodic Iype
(previonsty calted preparatory). :
Episodic and Automatic Central Processing.
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Terminology always poses dilficult problems. i this instance
"episodic® and “automatic” were chosen lo deseribe the two central
processes because they best corniote the bady of evidence that is covered,
The term "episodic’ is Tulving's (1972; Tulving and Gold, 1968) and is
based on his data thal indicate that a memory process specific to in-

" cidends or episodes can be distinguished {rom thht which organizes the

long term memory store. This specificity to situnation is what Chomsky
(1963), Quillian (1967} and Pribram (1971} have called context specificity
and context sensitivity to distinguish it from the contexl-free processes
that handle invariant relationships.

Shrilfin and Schneider call the context dependent; episodic memory

processes *'controlied” because memory search Is found to be self paced

in their same-distractor situations. Thetr term “automatic” refets to the
coutex! free processing of invariants which proeceds according to the
properties ol the situation rather than those imposed by the organism, It
is adopted here beeause it emphasizes the automatic nature of the process
for which the term “'search’’, which Shriffin and Schneider use, is really
inappropriale (see Pribram, 1971, Chapter 17). .

Kinshela {personal communication) has also emphasized the
automatic nature of the processing of invariants. He has developed and
tested a mathematical moadel which shows that the selection of invariants
proceeds automatically from considerations of e amount of *‘noise”
and the struclural redundancy in the situation. Garner (1962) hns
specilied the tradeolT between externat redundancy (how many features
or dimensions ol a siluation specily a dilference) and the Internal redun-
dancy (how much difTerentiation has Lthe organismt already achieved),
Kinshela's model does not distinguish between external and internal
redundancy but Wilson (1968) and Pribram and McGuinness {1975) have
formutated a mode] of channel competence based on an information
theoretic approach (0 psychosurgical data which takes this relationship
into account,

The issue concerns the theme of this chapter: the way In which the
limitations and potentialilies of central processing can be understood,
Much of the work in human cognitive experimemial psychology and
especinlly thal addressed to attention, deals with the probiem in terms of

- limitations on channe) capacity. The psychosurgical data reviewed in the
" first section show, however, thal there is actually a fantastic excess of

channel capacity in the brain—lesions hardly affecl capacity even when
they involve 80-90% of the channel, _ .

Thus, the limits on processing must stem {rotn some other property
of the channel than ils capacity. This properly has been shown (Pribram
& Tubbs, 1967) Lo be the structure of the redundancy of the process. An
analogy helps to point out the diffcrence between a capacity and a com-
petency concepl: limits on capacily can be conecived (o be similar to an
exoskcieton, whereas processing limitations duc to an inadequate strue-
lure of redundancy are more akin to an endoskeleton. Endoskelcta have
the advantage that they can be flexibly “'restructured’” when the siteation
demands. Restructuring becomes a cognitive skill (Pribram, 1971).
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Thus, rather than depending on limilalions of capacity, central pro-
cessing appears o partake of a skill—a competency, A striet definition
of channel competence is given in information theoretic terms by the
slatemient that compeience §s the reciprocal of cquivocntion where

" cquivocation is the sum of noise and redundancy (Pribram & MeGuin-
ness, 1975). This definition of competency is identical to the mathemati-
cal derivalion used by Kinshela,

To summarize, human experimental approaches to cognitive pro-
cessing and those that have come from the study of the effcets of sclec-
tive brain resections on cognitive behavior have demonstrated the ex- |
istence of two distinct centra) processing mechanisms. One deals with
speclfic episodes, is therefore contexti (i.e., situaiion) dependent and
nceessitates a considerabie antount of centralty controlled compuling of
tie regularities (recurring variables) thal describe the situation, The other
processes invariances in the relationships between the organism and the
situation and thus processing proceeds rtelatively automatically with
repelition. : _ .

Particular Brain Mechanisms Involved in Central Processing

We have therefore once apain, and by still another sel of cxperimen-
tal data, atrived at the distinction between two clearly different types or
*  modes of processing impartant 1o Jearning and remembering. One pro-
cess is demonstrated to be involved in shaping, in orienting and its
habituation, and in active control over specific episodes in experiments :
on sensory search, attention and memory, This process is drastically in-
terferred with by iesions in the frontolimbic part of the forebrain. The sc-
cond process is demonstrated to be involved in practice and in (e attain-
menl of sensory-tmolor skills and is shown by experiments on sensory
search, attention and memory to be antomatic, This process is drastically
impaired by resections of the posterior canvexity of Whe cerebral cortex,

Much more can be stated about the relnlionship between brain and
these two behavioral processes, As noted carlier, thie automalic process is
sensory specilic and may be different in the way it is structured in dif-

» lerent sensory medes, Such differences have as yet not been systematical-
iy investigated. However, avtomalic processittg has been shown (o be a
simuftaneous parallel process involving the tong term memory store (see
reviews by Neisser, [967; Pribram, 1971; Schaocider, 1975}, Ut was also
‘noled earlier that the studies of Roy John (1967) and James Olds (Olds,
Disterhoft, Scgal, Kornbiith and 1irsh, 1972) have failed to yicld any
clear cut scquential, l.e., time dependent cause~clfeet order in the ap-
pearance of critical electrienl events during such automatic processing, i
Rather many such events occur simultaneously in a varicty of structures
and behavioral response appears to result from a coreelation among
these events (see also Pribram, Day and Johinston, 1977},

A good deal 15 also known about the relationship belween braln
systems and episodic processing. Different systems of the frontatimbic
forebrain have different functions in the overall determinalion of
episodic cantrol, As noted, resections of [rontal cortex and amygdala
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result in impaired viscaroaistonomic responses during orienting and a
subsequent failure of behavioral habitnation to occur. Qrienting and
habituation are nol per se controlled processes—in fact the orienling
reaclion is often referred 1o as the orienling reflex. However, orienting
dous serve as a sipnal that inlerrupts ongoing brain-behavior aclivities—
i.e., it signals novelty, a distracior. If the distracting evenl is repealed,
labituation results unless it is overridden by some other mechanisim, Ac-
cording to the datn presented here two lypes of override appear to oceur,
One lype soris events inlo dilTerential calegories and by practice develops
differential sensory molor skills to cope with the differences, The other
vvercomes habituation by “elfort”—i.e., by roordinating the tendency
to return o prior antomalic processing willy the tendency (o continue (o
orical, -

Again, cansiderably more can be staled regarding the neural struc-
lures involved tn making such coordinations, Autamatic processing has
been shown to involve Lhe connections from the cortex of the posterior
convexity Lo the basal ganglia of the forebrain, sysiems on which sensory
motor readiness depends (Pribram, [977). As already reviewed, the
lendency Lo orient is o Tunction of a fronte-limbic forebrain (and -
bypothalamic) sysiem. The funclions of the readiness and orienting
systems are coordinated by a third, the hippocampal systern, Evidence
for such coordination and the effort involved has been reviewed in detail
elsewvhere (Pribram, 1971; Pribram and McGuinness, 1975; Pribram and
Isaacson, 1976; Pribram, in press), -

Overcoming the Limits on Central Processing

A Turther supgestion has been lendered in the Torm of a2 model
(Iribram and lsaacson, 1976). The Functions of the hippocampal system
are coticelved 1o De simitar to those of the cerebellum (histological
parallels abound) in that botlt are critical to the development of feed-
forward, apen-loop {belical} brain and behavior processes (sce Pribram,
1971; McFarland, 1971). In the case of the cerebellum this is supgested to
be accomplished by camputing, in fast time (a5 opposed (o real time), a
coreelation between feedback controlled spinal and brain stem sen-
sarymolor reflexes on the oue hand and sinilarly feedback controlied
basal panplia readincess. In the case of the hippocampal system, as we
have seen, the coordination oceurs (also in fast time) between feedback
controlied [ronto-amygdala-hypathalamic orientitg rellexes end the
basal ganplia readiness mechanism, Feedlforward is coneceived to result
when two sequentially operating [cedbacks can serve to bias the other
(Pribram, 1971 Pribeaim and Gill, 1976). Feedlorward is propaosed to ac-
count for the success of bioleedback procedures thal introduce a second
exlernal Teedback which beeames coordinated with the inlernal, thus
providing as 3t were a “prosthesis” {hal enhignces the ordinary limita-
tions of the efTort mechanism,

Thiese Emitattons have been dealt with experimentally as lintiations
of shart ferm reemory or alternalely of attealion span. The parpose of
the studics on humans briclly reviewed carlier (Schneider, 1975) was Lo
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show that the results of experiments on sensory search, on attention, and
on memory scan could be accounted for by a sinple theoretical formula-
tion. The success of the endeavor suppests that we can conceptualizé the
limitations on central processing in a unitary fashion and the
newrological data noted above support the [ormulation {(see atso
Pribram, 1974).

A praclica! consequence emerges from this analysis. Central pro-
cessing limitations exist ubiquonsly, whether because of inadeqgualte en-
ceding of earlier experience, brain injury or inadequate heredity (which
all of vs sense 1o some extent in the hiphly complex saciety only a com-
bination of brains could have constructed). Thus sensorymotor pras-
theses based on the cpisodic-automatic distinction delineated for brain
function can become useful engineering and educalional instruments for
therapy and for prowth.

In conclusion, experimental psychosurgical studies of the integrative
physiology of the brain, when coupled with neurophysiological data and
results of buman cognitive work on learning and remembering, are pro-
viding broad but speclfic generalizations applicable to man. This essay
hias delineated some of these: the distributed store, sensary specificity in
central processing, motor functions as central controls over input, and
the distinction between episodic and automatic processing. The yield is
rich and shiows practical as well as theoretical promise.
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