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SPACE-TIME REPRESENTATION IN THE BRAIN.

THE CEREBELLUM AS A PREDICTIVE
= SPACE-TIME METRIC TENSOR &
A Periionis7 and R Lumds
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Andras Pellionisz

Rodolfo Llinas

Neuroscience 1982

Space-time: dogma and redefinition

Understanding of brain function is often limited by the
tacit acceptance of concepts known to be basically
inappropriate. An example is the tenet that the brain,
in its internal workings, utilizes space-time reference
frames similar to those used in classical mechanics.

However, the utilization of separate systems of
coordinates for space and time hinges upon the
concept of simultaneity. Since within the brain there is
no ‘instantaneous’ simultaneity agent comparable to the
light, the classical usage of separate space and time
coordinates is inapplicable in the case of describing the
inner workings of the CNS.

Espace-temps: dogme et redéfinition

La compréhension de la fonction cérébrale est souvent
limitée par l'acceptation tacite de concepts connus pour
étre fondamentalement inappropriés. Un exemple est le
principe  selon lequel le cerveau, dans son
fonctionnement interne, utilise des cadres de référence
spatio-temporels similaires a ceux utilisés en mécanique
classique.

Cependant, l'utilisation de systéemes de coordonnées
distincts pour I'espace et le temps dépend du concept de
simultanéité. Puisque dans le cerveau il n'existe pas
d’agent de simultanéité "instantanée” comparable a la
lumiere, I'utilisation classique de coordonnées spatiales
et temporelles séparées est inapplicable dans le cas de
la description du fonctionnement interne du SNC.
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Theoretical notions associated with some measurements led some authors to imagine options such
as a “coding” in the brain of space, time, number, movement duration, speed, acceleration,
Geometry and Arithmetic.
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Arithmetic and the brain
Stanislas Dehaene’, Nicolas Molko, Laurent Cohen and Anna J Wilson

Current Opinion in Neurobiology 2004, 14:218-224 2004

2011

Use of eye movements to probe
“space, time and number in the brain”

Compression of visual space

before saccades

John Ross®, M. Concetta Morronet & David C. Burrfi
Nature 1997

Saccades compress space, time and

number

David C. Burr"??, John Ross®, Paola Binda®*® and M. Concetta Morrone®’

Trends in Cognitive Sciences 2010

Recruitment of an Area Involved in Eye
Movements During Mental Arithmetic

André Knops,"2>* Bertrand Thirion,>* Edward M. Hubbard,*%*
Vingent Michel™** Stanislas Dehaene™***

Science 2009

Saccadic eye movements cause compression of time as
well as space

M Concetta Morrone!, John Ross? & David Burr*

Nature Neuroscience 2005

Correspondences

Eye position predicts
what number you
have in mind

Tobias Loetschert2,
Christopher J. Bockiseh?3,
Michael ER. Nicholls'

and Peter Brugger®

Current Biology 2010
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Explosion of visual signals:
spatial and temporal diffluence

The eye is not only a retina

MLGN PLGN
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Time from stimulus onset (msec)
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Schmolesky et al. Journal of Neurophysiology 1998

Latency (msec)
Nowak & Bullier Cerebral cortex: extrastriate cortex in primates 1997

Felleman & Van Essen Cerebral Cortex 1991

Projection of the target on the fovea Projection of the target on the fovea
IF & only IF proper contraction of extraocular muscles IF & only IF proper contraction of neck muscles
(direction of gaze) (head direction)
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AE : acceleration error

VE : velocity error

PE : position error
etterent_pathways

Motor Error =
Desired— Current Positions
(DP-CP)

Motor Error =
Desired— Current Displacement

. . Position error
Kinematic

measurements Velocity error

(spatial / temporal) Accel. error

Is an alternative possible ? Does thinking otherwise leads to a dead end ?
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Alternative theory
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Journal of Neurophysiology 120: 3234-3245,2018

Kinematics and the
neurophysiological study of

No movement = poly-equilibrium visually:guidedeye

movements

Progress in Brain Research, vol. 249, 375-384, 2019
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Head orientation as an equilibrium

Head orientation as an equilibrium
Impaired after unilateral inactivation of caudal fastigial nucleus

Eye orientation as an equilibrium

Impaired after unilateral inactivation of caudal fastigial nucleus
in the Rhesus monkey

Control Muscimol

_time spent at P (X,Y)
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Vertical eye position (°)

Horizontal eye position (°) Horizontal eye position (°)

Guerrasio, Quinet et al. Journal of Neurophysiology 2010
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Ry | The Role of Eye Movements in Perception, Cognition, and Action

Neurophysiology of visually guided ey movements: crifical review and

alternative viewpoint

Kinematics and the
neurophysiological study of
visually-guided eye
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Brain and Mathematics

Alain Berthoz (2005):

"the expression of laws and
mechanisms which are in operation in the brain" ...
"a language of the brain on the brain itself, that is to
say, since the brain is part of the physical world,

about the Universe and its laws "

Jean-Pierre Changeux (1989):

"Mathematics is in the mathematician's brain, especially in
his long-term memory."

Stanislas Dehaene (2010):

"Numbers, like all mathematical objects, are mental
constructions whose roots lie ... in the adaptation of
the human brain to the regularities of the universe."

Stanislas Dehaene (2012):

"All human brains receive in sharing, from birth,

ophistic ! mental repr ions, independent of
language that can be described as “proto-mathematical”.
During its evolution, our brain has been endowed with
elementary representations of space, time and number,
which we share with many other animal species, and which
are the basis of our mathematical intuitions."
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Evolutionary epistemology

Franz Wuketits (1984):

"Through the process of adaptation living systems accumulate more and more
information about their environment and, thus, represent the structure of the
environment they live in; the better the representation of the environment, the
better the chance of survival’.

“isomorphic relation of patterns of nature to patterns of cognition."

Konrad Lorenz (1941):

"Regarded as a working hypothesis or as a functional organ, the form of
thought of numerical quantification is and remains one of the most
miraculous apparatuses that nature has ever created."

Herbert Spencer (1872):

“Spatial relationships have been the same, not only for all men, all primates
and all orders of mammals from which we descend, but also for all orders of
less elevated beings". "expressed in defined nervous structures,
congenitally constituted to act in a certain way, and incapable of acting in a
different way".

Brain and Mathematics

Alain Berthoz (2005):

"the expression of laws and
mechanisms which are in operation in the brain" ...
"a language of the brain on the brain itself, that is to
say, since the brain is part of the physical world,

about the Universe and its laws "

Helen De Cruz (2006):

"The philosophy of mathematics has not paid much
attention to the biological context of mathi

Jean-Pierre Changeux (1989):

"Mathematics is in the mathematician's brain, especially in
his long-term memory."

Stanislas Dehaene (2010):

"Numbers, like all mathematical objects, are mental
constructions whose roots lie ... in the adaptation of
the human brain to the regularities of the universe."

Stanislas Dehaene (2012):

"All human brains receive in sharing, from birth,

although it goes without saying that mathematicians
are biological organisms and that they produce
mathematical theories and practices with their
brains."

ophistic ) mental representations, independent of
language that can be described as “proto-mathematical”.
During its evolution, our brain has been endowed with
elementary representations of space, time and number,
which we share with many other animal species, and which
are the basis of our mathematical intuitions."

Culture and Mathematics

By reducing the mind to the brain and the intellectual development to brain maturation, many authors have confused an
individual brain functioning with the historical and collective evolution of scientific discourse, which is memorized in
books (and stored in libraries) and obeys to Boolean logic.

Fernand Doridot & Marco Panza 2004b

"the men who ... managed to constitute abstract objects, and thereby constituted mathematical theories,
re ... men in the plural, concrete men acting in historically determined conditions,

and not sorts of excrescences of a “cognitive subject”".

Fernand Doridot & Marco Panza 2004a

"The constitution of a mathematical theory is a historical fact ... it is the business of a few mathematicians working
under determined conditions rather than the realization of a cognitive process specific to the species. And if, ..., it is so,
then only history can account for this constitution and explain it ... The constitution of a mathematical theory seems to us
difficult to conceive other than as a historical process, at least historically situated and determined."

Sylvain Auroux (1998)

Cognitive structures are external to the individual. They “depend on external instruments (books, libraries, calculation
and observation instruments, etc.) as well as on social structures for the production and accumulation of knowledge
(encyclopedias, learned societies, etc.) ... knowledge is a whole process at the same time material, social and
collective, never limited, locked up, preserved or produced by individual skills which concern only moments and
fragments of it"
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Trends in
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ok Neuroethology of number sense across the animal kingdom
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The Evolutionary History of Brains for Numbers | L Neuronal population coding of continuous and
et discrete quantity in the primate posterior

® e EEEE parietal cortex

Review EViER na Tudusciuc al reas Nieder*

The Adaptive Value of Numerical Competence Neural constraints on human number concepts & o e
Andreas Nieder

Andreas Nieder'*

Evolution of cognitive and neural Letter The neuronal code for number
solutions enabling numerosity Number FaCU"[y Is Andreas Nieder

judgements: lessons from primates Rooted in Our

andjonids Biological Heritage

Andreas Nieder

Andreas Nieder"*
Coding of abstract quantity by ‘number neurons’ 500 1000 1500 2000
of the primate brain Time (ms)

Andreas Nieder

Representation of Number
in the Brain - . .
A parieto-frontal network for visual numerical

Andreas Nieder! and Stanislas Dehaene? information in the monkey
‘Andreas Nieder* and Earl K. Miller

Neuronal population coding of continuous and Neuronal population coding of continuous and
discrete quantity in the primate posterior discrete quantity in the primate posterior
parietal cortex parietal cortex

Oana Tudusciuc and Andreas Nieder* Oana Tudusciue and Andreas Nieder*
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Monotonic Coding of Numerosity in Macaque
Lateral Intraparietal Area 2007

Jamie D. Roitman'™, Elizabeth M. Brannon®?, Michael L. Platt™*

1 Depanment of Neurobiology, Duke University, Durham, North Carolina, United States of America, 2 Department of Psychology and Neuroscience, Duke University,
Durham, North Caralina, Urited States of America, 3 Center for Cognitive Neuroscience, Duke University, Durham, North Carolina, United States of America
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400 ms are necessary to distinguish the curves

The post-synaptic neurons receive distinct signals IF they accumulate
the number of spikes from LIP neurons during 400 ms,

provided that the spikes they receive from other pre-synaptic (non LIP)
neurons do not interfere with the integration.

How do post-synaptic neurons distinguish the spikes emitted by the
"counting" neurons (LIP) from those emitted by a multitude of other
pre-synaptic neurons ?
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A correlation between the firing rate of neurons and an external event (i.e., number of
items in the visual field) does not necessarily imply that the spikes contribute to the
behavioral response.

Pharmacological inactivation does not
support a unique causal role for intraparietal
sulcus in the discrimination of visual number

Nicholas K. DeWind' =, Jiyun Peng®, Andrew Luc®, Elizabeth M. Brannon', Michael
L.Platt" 48

PLOS One 2017

Number Task

Color Task

Fixation
700 ms

Discrimination task

Stimuli
70 - 300 ms

+
to red

Motor Planning Choice

Monkey is free to make
several saccades

Look where there
was the largest
number of red balls

Look where the
balls were the
color was closest

400 ms up to 500 ms

DeWind, Peng, Luo, Brannon & Platt PLOS One 2017

VIP area does not participate to visual "counting"

Inactivation of VIP
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No effect >

09t

color number
task task
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DeWind, Peng, Luo, Brannon & Platt PLOS One 2017

refutation of
Andreas Nieder’s
hypothesis
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Neurons in Monkey Parietal Area LIP Are Tuned for Eye-Movement
Parameters in Three-Dimensional Space

JAMES W. GNADT AND LAWRENCE E. MAYS

Department of Neurobiology and Behavior, State University of New York at Stony Brook, Stony Brook, New York
11794; and Department of Physiological Opiics, School of Optometry, University of Alabama at Birmingham,
‘Birmingham, Alabama 35294
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Old dogmas and new axioms in brain theory

Andras J. Pellionisz
Department of Physiology & Biophysics, New York University Medical
Contor, New York, N.Y. 10010
Th b

theory in any branch of
science than removing ~ those that are

proven
|nwnrﬂauya:luw-mdmphelngthmud&mmmnl.
‘This task is acutely important in neuroscience, which is present-

ly undergoing a metamorphosis from a largely descriptive
(“soft”) science where the fundamental assumptions are taken
for granted into an exact discipline with its own mathematized

which . The

ts to build
] brain theory on ion of a newly
established set of axioms.

Anciens dog i éorie du cerveau
Andras J. Pellionisz

Il n'y & peut-ire pas de tache plus importante pour une théorie dans
nimporte quelle branche d'une science que de supprimer les
anciens dogmes - ceux gui se sont avérés inappropriés rais gui
persistent - et de les remplacer par de nouveaux axomes. Cefte
tache est i dans les it qui
subissent actuellement une métamorphose d'une science largement
descriptive ("soft"), ot les postulats de base sont considérés comme
acquis, en une discipline exacte avec sa propre théorie
mathématisée du cerveau, dans laquelle les axiomes doivent étre
explicites. L'identification les postulats fondarmentaux implicites, suivi
de l'adoption des axiomes appropriés et de la suppression des
dogmes inappropriés, est un travail des plus difficiles et souvent
ingrat. Le terrain doit néanmoins étre déblayé si l'on veut construire
une théorie mathématique solide du cerveau sur la base d'un
ensemble d'axiomes nouvellement établis.
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