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Looking at a visual target
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Projection of target onto the fovea
 proper extraocular muscles contraction 

(gaze direction)

Foveal projection of target
 proper contraction of neck muscles 

(head direction)
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Looking at a visual target IS
contracting multiple muscles

LUMINOUS
TARGET

FOVEA

Adjustment of eye and head orientations : neural control

Kleine et al. JNP 2002

CEREBELLUM

Adjustment of eye and head orientations : neural control

Kleine et al. JNP 2002

CEREBELLUM

Largely incomplete schema
- Pulvinar
- Nucleus of Optical Tract
- Superior Colliculus 
- etc ...

!
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From the retina to premotor commands
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Recording of eye movements

Scleral coil

Electro-magnetic induction

2 magnetic fields : H and V

MOVIE
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rapid : saccade
slow : pursuit

same muscles and motor nuclei BUT largely distinct cerebral populations
two premotor input : PHASIC (burst) and TONIC

Horizontal

Vertical

Two types of eye movement
in response to the motion of a visual target

values > 0 : rightward / upward
value = 0 : straight ahead
values < 0 : leftward / downward
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Two types of eye movement
in response to the motion of a visual target

values > 0 : rightward / upward
value = 0 : straight ahead
values < 0 : leftward / downward
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Heye – Htarget :  H (position) error
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Heye – Htarget :  H (acceleration) error
.. .. ..

Horizontal

Vertical

Two types of eye movement
in response to the motion of a visual target

values > 0 : rightward / upward
value = 0 : straight ahead
values < 0 : leftward / downward Scudder, Kaneko & Fuchs Exp. Brain Res. 2002

Sparks Nat. Neurosc. Rev. 2002

CIRCUIT FOR SACCADE

Target Displacement
Initial Motor Error

Motor Error =
Desired – Current Positions

(DP - CP)

Motor Error = 
Desired – Current Eye Displ.

(DD – CD)

Motor Error = 
Target - Eye Displ.

(TD – ED)

e : eye velocity
.

Dividers, physical quantities and mathematics in the brain ?

RPE

RAE

RVE

RPE = retinal position error

RAE = retinal acceleration error
RVE = retinal velocity error

RPE

RAE

RVE

RPE : retinal position error

RAE : retinal acceleration error
RVE : retinal velocity error

CIRCUIT FOR PURSUIT

Lisberger, Morris & Tychsen Annual Rev Neurosci 1987 

QUESTIONING
THE BRAIN-MODEL ISOMORPHISM

The fact that we measure and model the movement of the eyeball (a rigid body) with kinematic 
notions does not imply an equivalence in the brain, and notably that the firing of neurons ought to 
"encode" (i.e., emit signals related to) amplitude, velocity or acceleration of the eye movement.

Velocity error

Accel. error

Position error

?

?

?

brainbehavior

Kinematic 
measurements

(spatial / temporal)

model

Dividers, physical quantities and mathematics in the brain ? Major concern

Neuroscience 1982
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Journal of Neurophysiology in press

Progress in Brain Research 2019

Alternative viewpoint

No movement = equilibrium
Movement = restoration of equilibrium

Journal of Neurophysiology 2018

Interceptive saccades
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saccade start

end

Monkey KMonkey N

saccade

start

NO SPATIAL LEAD
of endpoints for

interceptive saccades

Comparable errors 
between saccades toward 

a static versus moving target 

Monkey K

static=309
moving=1181

static=714
moving=1204

static=244
moving=1551

static=736
moving=1271

target moves vertically after a horizontal step

target moves horizontally after a vertical step

VER. 
ERROR

HOR. 
ERROR

<>
end

ERROR < 0 : undershoot
ERROR > 0 : overshoot

Fleuriet, Hugues, Perrinet & Goffart Journal of  Neurophysiology 2011

Accuracy and precision of saccades
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monkey Bomonkey A monkey Bi

No spatial lead either in untrained monkeys

saccade
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Target constant
speed = 20°/s
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Microstimulation in the 
right deep Superior Colliculus 

(30ms 400Hz 12µA)

No spatial lead after perturbation

perturbed

start

end

start

unperturbed

end

Contrary to the claim that interceptive saccades "would assure a spatial lead of the gaze at the 
saccade end instead of a precise capture of the target", our observations indicate that interceptive
saccades either precisely capture the target, where it is when it is there

or they undershoot the target (lag).

Fleuriet & Goffart Journal of Neuroscience 2012

td
target

detection
time

te
saccade

end 
time time

position

hTarget

vEye

vTarget

hEye

vAMP

hAMP
hEPE

vEPE RS

EPE

ASSUMPTIONS :

TXE

RS

1. Snapshot of Eye Position Error (EPE) 

2. Snapshot of Retinal Slip (RS) 

3. Calculation of TXE = - (eye crossing time)

Dual-drive hypothesis

"Apparently, in cats as in humans, to determine an appropriate strategy, the saccadic system takes into 
account the initial position and velocity of the target and the initial position of the eyes. Based on these 
variables, the system “predicts” the time remaining till the “collision” of the target with the line of sight." 
(Klam, Petit, Grantyn & Berthoz EBR 2001)

"The oculomotor system uses a prediction of the time at which the eye trajectory will cross the target,
defined as the “eye crossing time” (TXE). The eye crossing time, which depends on both position error and 
velocity error, is the criterion used to switch between smooth and saccadic pursuit, i.e., to trigger catch-up 
saccades." (de Brouwer, Yuksel, Blohm, Missal & Lefèvre JNP 2002)

Predictive chronometric control ?

CONCERN : HOW is the “PREDICTED TIME” (ms) translated into “AMPLITUDE” (deg) ? 

td
target

detection
time

te
saccade

end 
time

1. Snapshot of Eye Position Error (EPE) 

2. Snapshot of Retinal Slip (RS) 

3. Calculation of TXE = - (eye crossing time)

4. Calculation of - EPE + (TXE x TVestim) =  AMP

time

position

hTarget

vEye

vTarget

hEye

vAMP

hAMP
hEPE

vEPE RS

EPE

Dual-drive hypothesis

{

TD ASSUMPTIONS :

Target Displacement
TD

TXE

RS
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Keller et al. J Neurophysiol 1996
Optican & Quaia ANYAS 2002

Optican Encyclopedia of Neuroscience 2010
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Fleuriet et al. J Neurophysiol 2011
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Dual drive hypothesis
NO SNAPSHOT
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starting 
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"here and now" hypothesis 
Fleuriet et al. Journal of Neurophysiology 2011
Fleuriet & Goffart Journal of Neuroscience 2012
Goffart et al. Journal of Neurophysiology 2017

time

+

Temporal bounding :
at best here-and-now

Remapping hypothesis 
NO SNAPSHOT

Saccade
Vector (hAMP;vAMP)

Position and velocity
snapshots

Stationary
target

in the SC

Neural commandsBehavioral performance
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Saccade

Stationary
target

in the SC

Neural commandsBehavioral performance
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target

Saccade

Stationary
target

in the SC

Neural commandsBehavioral performance
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in the SC

Neural commandsBehavioral performance

Stationary
target

Stationary
target

Saccade

Stationary
target

in the SC

Neural commandsBehavioral performance

Target
moving

downward
Saccade

PAST
DUAL DRIVE HYPOTHESIS

Stationary
target
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Saccade

Stationary
target
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Neural commandsBehavioral performance

Target
moving

downward
Saccade

PAST
DUAL DRIVE HYPOTHESIS
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target

Cerebellar
compensation

Saccade
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target
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Neural commandsBehavioral performance

Saccade

FUTURE

PAST

Stationary
target

Target
moving

downward

UNBOUNDED REMAPPING HYPOTHESIS

Saccade

Stationary
target

in the SC

Neural commandsBehavioral performance

Saccade

FUTURE

Firing 
rate

0-60 -20

direction (°)

moving

static

Expansion of RF in
direction opposite 
to target motion ???

Journal of Neurophysiology 2017

Stationary
target
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Target
moving

downward

UNBOUNDED REMAPPING HYPOTHESIS

Saccade
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target

in the SC

Neural commandsBehavioral performance

Saccade

FUTURE
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rate

0-60 -20

direction (°)

moving

static

Expansion of RF in
direction opposite 
to target motion ???

unlikely

Stationary
target

PAST
Target
moving

downward

UNBOUNDED REMAPPING HYPOTHESIS

NO

Journal of Neurophysiology 2017



29/04/2022

10

Saccade

Stationary
target

in the SC

Neural commandsBehavioral performance
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Shift of RF in
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as target motion ???

YES BUT
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target
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DUAL DRIVE HYPOTHESIS

Journal of Neurophysiology 2017
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Journal of Neurophysiology 2017
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Target
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BOUNDED REMAPPING HYPOTHESIS

Journal of Neurophysiology 2017
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Bounded remapping hypothesis 

Goffart et al. Journal of Neurophysiology 2017
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Temporal bounding :
at best here-and-now
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Fastigial weighing of collicular drive

starting 
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Temporal bounding :
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weight

SC commands
target

time
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Temporal bounding :
at best here-and-now

weight

SC commands

time

+

weight

time

+

weight

Same streak of collicular activity 
but different spread dynamics 

(as a result of different target speed) 
 different saccade endpoints

targettarget target

Fastigial weighing of collicular drive

Hor. error increases 
with target velocity 

Hor. error increases 
with target velocity 

Hor. error increases 
with target velocity 

Observations consistent with predictions of
“fastigial weighing” hypothesis

YES

YES

YES

Journal of Neurophysiology 2018

NO

YES NO

NO

YES

NO

Observations consistent with predictions of
“fastigial weighing” hypothesis

but not completely

Journal of Neurophysiology 2018
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1. CFN is primarily involved in the adjustment of the horizontal component of saccades
(Goffart et al. 2003; 2004)

LIMITATIONS
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Fastigial + Interpositus (?) weighing hypothesis
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Ventral
Interpositus

Nucleus ?

1. CFN is primarily involved in the adjustment of the horizontal component of saccades
(Goffart et al. 2003; 2004)

2. SC is a gaze-related structure (eye+head) whereas the CFN is eye-movement-related 
(Quinet & Goffart 2005; 2007; 2009; Fuchs et al. 2010)

MORE LIMITATIONS
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Fastigial + Interpositus (?) weighing hypothesis
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NO LIMITATIONS 
FOR QUESTIONS

to linger = "persister"

Behav Brain Sci 1986

Questioning the "roots" of certainty
strengthens the foundations of knowledge


