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efference copy and corollary discharge:
implications for thinking and its disorders*

Irwin Feinberg

Rapidly accumulating evidence indicates that
motor commands in the nervous system are as-
sociated with neuronal discharges that alter
activity in both sensory and motor pathways.
These alterations permit monitoring of the com-
‘mands themselves so that subsequent motor ac-
tivity can be modified even before the effector
event (musele contraction) has occurred. They
may act to inform sensory systems that the stimu-
lation produced by movement is self-generated
rather than environmentally produced. In this
way these discharges are, at least in an abstract
sense, crucial for the distinction of selfand non-

self.

Evidence for the existence of these corollary
discharges has been found for both relatively
simple, rigid systems (e.g., eye movements in
fish, insects) and for complex, plastic motor
behavior in man. Here I speculate on what con-
sequences might be expected from the existence
and disruption of similar mechanisms at the
highest level of brain activity—the level of con-
seious thought. It may seem improper to attrib-
ute to the organ of consciousness some of the
same sensorimotor mechanisms (however ele-
gant) that serve nervous integration and con-
trol at lower levels. But I am ot without di
tinguished precedent. Freud (1888) employed
sensorimotor schema in much of his writing.
Hughlings Jackson (1958) suggested that “The
nervous states concomitant (correlative) with
psychical states are, according to the doctrine
of evolution, sensori-motor. The highest centres

(popularly the ‘organ of mind ‘mental centres’,

ete.) are, according t doctrine, only the
most complex, etc. and tatess developed of a se-
ries of centres, every one of which represents
impressions or movements, or both” (p. 367) and,
more succinetly, “It being quite certain that the
lower centres are sensori-motor, it is surely a
legitimate hypothesis that the highest are so
too” (p. 367). Equally legitimate, I believe, i
the proposition that the successful mechanisms
of corollary discharge, required for integration
and control of movement at simple levels of
Central Nervous System (CNS) function, would
be retained throughout evolution and play a role
in the motor phenomena of conscious thought.
Before discussing the implications of this pos-
sibility, T will briefly review the evidence for
corollary discharge in the control of movement.
For this purpose, I draw heavily from the lucid
review of Evarts (1971), of which what follows
is an incomplete summary.

While the notion goes back to Von Helmholtz
(1925), the modern concept of “corollary dis-
charge” or “efference copy” was independently
put forward in 1950 by Sperry and by von Holst
and Mittelstaedt. Sperry found that rotation of
the eye by 180°in fish was followed
havior. He made the following suggestion:

(The] kinetic component may arise centrally
as part of the excitation pattern of the ove

movement. y excitation pattern that
m:’rmllly re:ults T8 mov at will cause

lacement of the visual image in the retin;
may have a corallary discharge into the visual

*Reprint requests should be addressed to the author at
VA Hospital, 4160 Clement St., San Francisco, CA 94121,

St Thes e an ety patory adjustment
in the visual centers specific for each move:
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CHAPTER ONE

Prologue with a Book’s Epilogue

1.1 Introduction

In 1967, IHpoditena Vauaeanus (The Problem of Recognition) was published in

Moscow. Its author, Mikhail Moiscevitch Bongard, then entirely unknown in the

scientific community of Western Europe and the USA.. was interested in the

automation of visual perception. He could afford only as much complication in

the visual input of his domain as the limited abilities of computing systems of his

time and place would allow. Thus, he opted for a black-and-white world of static

igures in two dimensions, in which objects could be cither outlined or filled,

essentially with a single

everything

“color”

used for both oulining ond filling, and

else considered “background”.

Bongard's book was translated into English and published in the United States

under the title Pattern Recognition (Bongard. 1970, pp. 656-661). A few years

later, this translation caught the attention of Douglas R. Hofstadter, who was

working on his book Gidel, Escher, Bach: an Eternal Golden Braid (henceforth

GEB) (Hofstadter, 1979). Hofstadter, however, was less impressed by the ideas

developed in the main text of the book than by an appendix that contained 100

problems of visual pattern recognition and categorization. He featured several of

these problems in Chapter XIX of GEB, in a section titled “Bongard Problems

(henceforth BP's), which is the term that has prevailed thereafter in the literature.
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Co-activation induced plasticity of SI cortex

neuroffgeport

Reorganizational changes of RFs were studied
quantitatively by means of a modified response plane
technique before and after 6-15 h of APTS (Fig. 3).
Response planes were characterized by focal zones
of activity surrounded by larger zones of less activity
After APTS, receptive fields showed normal low
threshold cutaneous characteristics. However, RFs
were increased in size by integration of the stimu-
lated skin sites. On the average, RF size increased
from 45.4+:4.6 mm? (mean * s.¢.) skin surfuce under
control condumns to 799822 mm’ after APTS
(1=94, p<00007. rtest). Enlarged RFs were
predominanty found clos o the simulation s
Dt s up 10500 . away from them, rvealing a
distance-dependent, directed enlargement towards
the stimulated skin sites with the tendency to in-
clude them, Before APTS, there was 3 smal degree
of overlap between individual RFs with the R]
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the overlap increased to 34 418% (1
0.0007).

To verify that the effects described were indeed
generated by the pairing induced coactivation
patterns, we tested in three animals the effects of a
so-called single point tactile stimulation (SPTS)
consisting of a pattern of tactile stimulation with
identical temporal characteristics to APTS for § or
15 . which was, howeve.applied 0 only one single
selected skin site on one digit or on one pad
were not able to find changes of RF sizes within ne
accuracy of the method.

ral responses to tactile stimulation were shown
to differ with respect to their pharmacological prop-
exties. Late response components were shown to be
NMDA receptor dependent, while early response
episodes were NMDA independent."** We therefore
analysed the response properties of SI neurones to
computer-controlled tactile stimulation to determine
whether the latency, duration and amplitude of the
responses were altered following  APTS. Pea

4. p<

the response episodes in the range between 25 and
about 100 ms were enhanced (Fig. 4) indicating that
APTS-induced plastic reorganization affects the
amplitude of late, presumably NMDA  receptor-
mediated response components.

To determine the time course of the described
effects, we compared the cortical maps and receptive
fields before APTS, after APTS for 6 or 15 h, and
then 12 h after the APTS interval in which no stimuli
were delivered. RF sizes returned to control
conditions (Fig. 3). indicating reversibility of the
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FIG.9. A schematic diagram of the radial stimulus used in Experiment 2. This trial had
six disks on cach side of fixation. On a single trial, the attentional “steps” are constrained
10 always remain entirely in cither the upper or the lower radial arm.

Obscrvers were asked to shift their attention (based on the verbal command) to an item
adjacent to the currently attended item. For cxample. assume the obscrver began by attending
to the inncrmost disk in Fig. 9 and heard the commands *“out, out, in, out. in, out, out.” Afier
shifting their attention through this serics they should have been atiending to the fourth disk
from the center. Afier the observrs mentally “stepped”” as instructed. a single disk would
again change to red. On half of the trials, this **probe disk™ would be on the location where
the observer's walk should have ended. whereas on the other trals, it would be one position
off the final dm i cber divoton). Observersthen idicaid Gt beypres) whether i
probe disk a lentificd the ending position of their walk

T te tangental wlko, obscrver were never equied (6 move thee atcnion over he
horizontal midline—half the walks remained in the upper visual field and the other half re-
‘mained within the lower visual ficld. Similarly. in the radial condition, all walks remained on
one side of the fixation. Al trials within a condition were prescnted in a random order. The
radial condition and the three tangential conditions were all run in scparate blocks. Within
cach condition (tangential/radial). for cach density. and within cach visual field (tangential)
or quadrant (radial) observers took 32 **walks.” Obscrvers were encouraged to carcfully focus
their attention on cach item that they **walked"" over and to avoid using any altemative strate-

gies
Results

The data of each observer was smoothed and interpolated to extract the
density leading to 75% performance. These individual thresholds were used
in a two-way, upea«d measures ANOVA to examine the effects of eccen-
tricity and upper versus lower field. The percentage correct in each condition
was also averaged over the five observers and fit using the model as described
below to predict densities for other performance criteria.
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Category nodes.
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form shown in Equation | by Nosofsky (1984, 1986).
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172 Chapter7 4 Denunciation of Killing Devices, 19521972

as Neil Macdonald in the May 1958 issue, Berkeley responded to these objections by
presenting a parable likening the computer scientist to a locksmith:

a in the business of making locks and keys, and who
dllful. One day a stranger walked into his shop and said to him *I want
y .y - id to him “Whose
s the safe?” The stranger said “Never you mind whose is the safe. 1 will pay you
handsomely for the key. 1l blindfold you, and take you to the place where the safe
“Think it over, Il be back tomorrow.”

S0 the locksmith wondered about the remark “Never you mind,” and the blind-
folding, and the secrecy; but he knew it was hard enough to eam a living; and the

was very s

that fellow would just get another locksmith if 1 did not go,” and so he decided to
. And the next morning the stranger came for him, and he allowed himself to be
blindfolded and went.
For several years the locksmith tried to open the safe, and then at last he sue-
ceeded. But the stranger did not allow him to look inside; all the locksmith saw
was the door swing open. The stranger then said to him, “He

away
After a few more weeks, the locksmith read in the newspaper that what the

him to pinpoi i person, any town, any city in
the whole world. And he read the stranger's declaration that henceforth the world

dictates would be precisely and completely destroyed.!*

Berkeley presented three questions about the locksmith's decision in this parable:
Was the stranger a criminal? Could the locksmith have recognized the stranger as a
criminal? Did the locksmith do what was right?

He question by pointing of the first half
of the 20th century: “We know with sadness the many points where [the parable]
agrees with the facts of past and current history, and predictions of the future."® As

locksmith should geras a criminal, Berkeley
appealed to the Nuremberg trial after World War II to argue that exposure and con-
viction of Nazi activities should provide a model for condemning similar behaviors.
because

19. Macdonald, N, January 1958b, 22-29.
20.1bid.
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174 P. SMOLENSKY

(f,) forms the distinguished basis for V, and any vector f in V, can be
expressed in terms of this basis as a sequence of real numbers; these are the
activities of all the units in the pattern corresponding to f. Exactly the same
story holds for the roles. Then the tensor product space V,, = V, ® Vy, has as a
basis the set of vectors (b, =f, ®F,}. The dp component (b,, = (fIr),,) of
the vector b=f/r=f®r representing the binding is the product of the ¢
component of f (f,) and the p component of r (r,):

by =flry, =for, -

Definition 2.9. Let F/R be a role decomposition of S. Let ¥, and ¥, be
connectionist representations of the fillers and roles:

Vi FoV,, ¥RV,

Then the tensor product representation of the filler role bindings induced by ¥,
and ¥, is the mapping:

W (fIr| fEFTER >V, ®V,s  firm Wl f)®W(r).

Fig. 3 shows an example specially chosen for visual transparency. Consider
an application to speech processing, and imagine that we are representing the

®@ |O O O 6 O
o O
® (O @
o O

Fills . . ‘
.
(Energy)
e oo
e 0 @

O ® @ o @

Role (Time)
Fig. 3. A visually transparent example of the tensor product representation of a fller/role binding.
Darker units are more active.

Q m

Tensor product variable binding and

the representation of symbolic
structures in connectionist systems.
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A general method, the tensor product

is defined for th

representation of value/variable bindings. The
technique is a formalization of the idea that a
set of valuetvariable pairs can be represented
by accumulating activity in a collection of units
each of which computes the product of a
feature of a variable and a feature of its value.
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saccades comes from short-distance excitatory intersction
of counc.

Experimentally, it is well known that averaging saccades
tend o be fast, equally or more so than saccades o single
gt (Chou, Sommer, & Sehiller, 1999; Ottes et al., 1984;

Octes, van Gisbergen, & Eggermont, 1985). rescnting a second
g leads 0 an increase in reaction time (Walker, Deubl,
Schncider, & Findlay, 1997: Walk

5). This is true fo

the required dircction of the
(overview by Findlay and Gilhist (2003)).

t0.do averaging while slow saccades tend to do selection? T
‘answer this question we cxamine the ime course of actvation
i the sclection level when presenied with two visual targets.

‘Which phase is functionally most relevant depends on the
metric distance betwee targets. For metrically close targets, an
initally broad, input-dr pencd and

Co
X
1B

B I |

e e (e s B re e it et ot n S0
b b fo h snge e condian: o vz ve e sk
s o the i

“The most interesting case arises at the cross-over between
these two lmit cases (Fig. 15). At tha riicaldistance between
the two targets, the carlest actvation paterns (from 10 and
25 ms in d
bimodal. During an intermediate time interval (80 ms in the

fused by excitatory interaction which leads 1o the merging of

sites, leading 10 a single peak positioned over one of the two
tasgels (ef pancl of Fg. 14).

fgure), y interac fusion
of the two peaks. Inhibition takes cven longer 1o take clfect,
Shifing the fused peak to one of the two target locations and
thus bringing about selecton (right pancl, selection completed
by about 190 ms. dashed linc)

The snswer is therefore & "yes™ in the cross-over region
between averaging and selection, Gme should mater If there
s some way e response can be triggered earler then
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Hebbian Leaming 24

There are several ways to use accuracy feedback to augment Hebbian learning. One possibility,

based on O'Reilly’s LEABRA learning rule (O"Reilly. 1996: O"Reilly. this volume). i simply to combine
ermor-correcting and Hebbian leaming. In LEABRA, the signal that drives the connection weight combines

the Hebb, leamning rule of Equation 3 with an error-correcting term. If we were to apply this suggestion to

capture the role of accuracy feedback in our /1-t/ leaming experiment, we would need to imagine that the
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Learning, and When Does It Lead You
Astray?
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‘The LEABRA approach is certainly worth exploring, but does introduce some processing

complexi

that has led me to consider other alternatives. To compute the error-correction component of

the weight update, LEABRA uses a second pass through the activation settling process with the teaching
input provided. after the first pass of activation in the absence of the teaching input. O'Reilly and I are
currently at work on a successor to the LEABRA algorithm that attempts to eliminate the separate second
pass. In the meantime, the two proposals considered below are perhaps mechanistically simpler than the
existing version of LEABRA, and have thus been the focus of the modeling effort by Vallsbha and
McClelland (2004).

The first of the two ideas is to use the foedback signal to produce a reward signal 1 wil call R(F).

‘and then use this to modulate Hebbian learning:

Aw,, = eR(F) (@) (@) @
To apply this idea to the results of the experiments reviewed above, in which we see evidence of
learning without any foedback, we would require that R(F) have some positive value in the absence of any
aceuracy feedback. Feedback indicating that the response is correct could then increase the value of the
R(F) above its baseline value, and feedback indicating that the response is incorrect could reduce it below

baseline, or potentially (as in many applic

ions of reward-driven or reinforcement learning, c.f. Barto,

1992) reverse its sign. The second idea is to use the aceuracy feedback signal to derive the identity of the

correct response, and use this to adjust the activation of the output unt before applying Hebb, rule of
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This paper considers the use of Hebbian
learning rules to model aspects\nof
development and learning, including the
emergence of structurenin the visual system
in early life. There is considerable
physiologicalnevidence that a Hebb-like
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Introduction

Clinicians routinely have o summarize the isks and benefits
of stimulant medication to their patiens. Parents are often as

oncemed about whether stimulants will have any long-term

al or detrimenl effects, a they are about the imme-
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diate ffects of medication. The clinician is ofien in the posi-
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term risk and benefit of medication. For example, parents may

chotropic medication on brain health. This has been an anath
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PLOS ONE LAG-1: Amodel of learning, attention, and gaze

A Feature
Detection

Neurons

Visual

_~
Field _~

Spatial
Attention
Field

(A) LAG-1 looking between features. (B) LAG-1 fixating the top feature.

2. ion processing schema. Schematic of the between experiment input, the Feature Detection Neurons,
Visual Field, and the Spatial Attention Field. A) The fovea s indicated by the dashed grey circle in the center of the Visual Field. B)
After an eye movement to the bottom middle feature, the green sensitive Feature Detector is activated and the Spatial Attention Field
is boosted at its associated location. The Visual Field is coding spatial information in retinotopic coordinates while the Spatial
Attention Field is coding information in spatiotopic coordinates,

https://doi.org/10.1371/journal.pone.0259511.9002

The Spatial Attention Field in LAG-1 represents changes in attentional priority to locations
in a spatiotopic reference frame. The different frames of reference of the Spatial Attention
Field and the Visual Field are depicted in Fig 2. Notice that there is no change in the location
of features on the Spatial Attention Field between Fig 2A and 2B, despite the shifting of the
bottom feature onto the fovea of the Visual Field.

Changes in activation on the Spatial Attention Field are described by similar equations as
those used for the Visual Field, in Equation 13.

Saccade Motor Field. Candidate saccade target locations compete on the Saccade Motor
Field [48, 49]. Unlike the Spatial Attention Field which binds a retinue of competing atten-
tional priorities with spatial locations, the Saccade Motor Field resolves competition for atten-
tion at locations other than the current locus of fixation. The dynamics of this field resolves the
competition between locations to be the target of the next eye movement according to Equa-
tion 17.

Saccade Timing System overview. Under normal viewing conditions, humans make
about three saccades per second [77]. The period of relative spatial stability between saccades
is the fixation duration. The parameterizations used in the present simulations were chosen
for their rough correspondence with the normal range of saccade and fixation durations. In
the model, as in the brain, the timing of an eye movement is affected by previous experience.
In people, this includes factors like expected processing difficulty, but category learning experi-
ments are designed to minimize such effects, so changes in fixation duration exhibited by
LAG-1 are primarily the result of learning the relevance of different features. We have also
observed fixation duration differences in LAG-1 when using it for visual search where disorga-
nized inputs yield spatial interactions that speed or slow its saccade onset latency [40, 46, 58,
67,78].

As the name suggests, the Saccade Timing System is the primary arbiter of decisions to
release fixation and foveate a new location. The trio of neurons controlling this system are: the
Gaze Change Neuron, the Fixation Neuron, and the Saccade Initiation Neuron. These model
neurons have a functional correspondence with brain stem neurons referred to as: “build-up
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