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Summary

Animals, wild or civilized, are permanently in interaction with their environment through

a perceptionaction loop. Their brains areexperts in transforming the continuous flow of
perceived information into action z continuously deciding the next action and seamlessly
executing it. The present workaddressesthe mechanisms forming the stream fom
perception to action, which embody the interaction between signals driven by the
environment and signals driven by the goals and expectations of the animal. In the case of
the visuc-oculomotor system, which we take as a biological model, those signatsneerge

in the intermediate layers of the Superior Colliculus (SCiwhich serves as an interface
spatially representing the possible eye movements. Interestingly, action execution can start
while the selection is not completed, allowingisto infer the signals presentin the SCi from
the eye movements. In Chapter 2jsing a computational model, we addressed the spatial
interactions possibly occurring upstream the SCi and discuss their effects on behaviour. In
Chapter 3, we inferred the presence of a spatiapic signal in the SCi and refute current
models of the visueoculomotor system. In Chapter 4, we introduced a new way to infer
activity of the SCiand we usedit to distinguish the effects of goatdriven and expectation
related signals on the SC map. I8hapter 5, modellingseparately the superficial and the
intermediate layers of the SC based on recent neurophysiological recordingse explored
how neural properties and connectivity affect signal interactions. Finally, we discussed how
we could implemert the theories developed in this thesis, how our view of the visuo
oculomotor system could be refinedand whether this system could become a general

model of decision making.
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CHAPTER ONE: GENERAL INTRODUCTION

1 A Biological Model to understand DecisMaking?

1.1 General Questions

As detailed inFigure 1-1, most decisions are based on the interaction between two main
sources of information: the current environment (forming exogenous stimuli) and your current
state (forming endogenous stimti). Your current state is the product of what you memorized
from your past and current interactions with the environment. It defines both your current

goals, and your current expectations.

Current State
(Expectations, Goals)

Action
Selection

Perception

Figure 1-1: Simple Interaction Loop between an Animal and its Environment. Animals need to

act in a coherent manner in their environment to survive. The environment is perceived by the
organism. The resulting perceptive signals participate more or less directly in thest#dn of action.

The most direct paths between perception and actigrireating the perceptive signals as potential

actions-- are named Bottomup paths. These are reflexive and rather rigid. The most indirect paths

Z treating the perceptive signals in dation to the animal’s current expectations and goafsare

named Top$ 1 x1I DAOEO8 4EAOA Cci AT O AT A A@gbAAOAOEI T O AC
interaction with the environment. It is usual to say that Bottom paths send exogenous signals
(predominantly driven by the environment) while the TePown path represents endogenous signals
(predominantly driven by internal processes).
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CHAPTER ONE: GENERAL INTRODUCTION

A hunter is strongly engaged in aiming at a deer 500m away though the scope of his rifle. An

unexpected flash occurs in his pe DPEAOAT OEOET 18 4EA EQioénktO AOOI i1 AO
his sight to the unexpected eventsomething has crashed &w kilometres from him. Now, you

are speaking with a friend during a firework display, and lat of flashes occur in your peripheral

vision. These flashes are expected events in the context of being around fireworks. You

OEAOAZE OA OAAAEAAS OI ECT i1 OA OEAI AT A Ai1OEI OA Oi
example, you are looking for a gift for your nephew. Your partner shows yawo cuddly toys

andasls, OxEEAE 1T A x1 Ol A EA POAZEAOehnBEDCI OXEABAOARAOE
iU TAPEAxEOAEG A@isi A OA &I AAGET T h UT &6 OAAAEAAS O 111
In the first of the situations just described, ar brain needs to prioritize an exogenous everg

i.e., a flash- over our endogenous goay i.e., killing a deer. In the second situation, the brain

needs to do to the exact opposite: it prioritizes an endogenous goal over a multitude of flashes.

In the third situation, the brain needs to compare exogenous information with endogenous

information held in memory in order to prioritize one of the exogenous stimuli; it is a

discrimination task. These types of decisions for an orienting response are occurrirgjl the

OEi Ah ET All OPAAEAOG8S /1A AT OI Ah &£ O ET OOAT AAh EI
stop his hunt in order to prioritize a leap away from a predator.

These examples attempt to highlight the notion that decisiomaking processes ag driven by

the modulations (such as prioritization) and the interactions (such as comparison) between

exogenous and endogenous stimuli. This is the focus of interest in the current thesis. In
DAOOEAOI AOh xA AEI O1T bl OA obkiekactidis bnd mod@dticps NOAOOET T «

are possible? And what are the mechanisms ruling those interactions and modulations?

1.2 Introduction to the Visu@®culomotor System

One way of approaching decisiormaking problems is through action selection. This approach
assumes that decisions are coupled with actions and that they can be observed through the
perception-action or sensorimotor loop. In fact, it has been argued that decision making can
hardly be understood if not integrated into a body(embodied cognition, Adams, 2010; M. L.
Anderson, 2003; Sandamirskaya, Zibner, Schneegans, & Schéner, 2013; Spencer, Perone, &
Johnson, 2009) One of the most accessible and widely studied sensaniotor loops is the

orienting response systenThis systen essentially decides where- and when - to orient the

1.1 0A OEAO OEA OAOA OAAAEAAG EO POO ET DPAOAT OEAOAO AO
decision.
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CHAPTER ONE: GENERAL INTRODUCTION

body, head, or eyes of the animal according to the current exogenous and endogenous signals

that it receives. T OAT AAO OxEAOA O 11TE TA@bed OEADPAO
information from their environment and how they interact with it. Ultimately, it bestows social

or evolutionary advantages to the species. lierefore, this system undoubtedly plays an

essential role in survival.

The central part of theorienting response systeiis embodied inthe optic tectum that is present
in all clades of vertebrates or neaprecursors (Butler & Hodos, 2005; Northcutt, 2002;
Vanegas, 1984)In primates, there are cortical structures that share the work with the optic
tectum (we will return to this in the General Discussiohbut it remains the predominant path
to trigger orienting responses(Hanes & Wurtz, 2001)and a good model for understanding

action selection.

In Anuran amphibians (toads and frogs) for instance, theptic tectumis able to initiate an
orienting response accompanied by a reaching response of the tongue when detectingray-
like stimulus (i.e. small stimulus) or can initiate an avoidance responsetypically a leap away
- when detecting a predatorlike stimulus (i.e. large stimulus)(Ewert, 1970). In rodents, which
are more evolval? vertebrates than frogs and which, unlike frogs, are not predators, the optic
tectum still initiates orienting responses (typically for floor level stimuli), avoidance responses
(typically for overhead stimuli)z and fear responses such as freezing or b&award shuffling
movements (Ellard & Goodale, 1986; Northmore, Levine, & Schitker, 1988). Finally, in
lampreys, whichcan be seen as an early lineage wértebrates (they are characterized by a
primitive spine made of cartilage), it has recently been shan that the optic tectum can control
eye movements, steering, and locomotionotvard a goal(Saitoh, Ménard, & Grillner, 2007)
This fascinating brain structure, whose organisation and e have been conserved through

evolution (more details below), is also known as th&uperior Colliculusn mammals.

In our work, we will focus specifically on a subsystem of the orienting response systenthe
pathway linking visual stimuli to eye orienting responsez i.e. the visueoculomotor pathway.
Eye orienting responseg i.e. saccades- to visual stimuli are of prime importance to mammals
with fovea, such as primates, as they aim at rapidly aligning a target with the centre of their
fovea this retina region has the highest cone density and allows sharp colour vision of the

aligned target. Thee are several reasongor which the visuo-oculomotor system is the system

2y 0 OAAI O OEAO OEA OAOI O1 AOOrii OA AOGI 1 OAAGYEO A Al
theorists. Here, more evolved is taken to refer to more modern and more complex, and it should not be
confused with more adapted to survival. Any sustainable speciesde factoadapted to survival.
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CHAPTER ONE: GENERAL INTRODUCTION

of choice to explore action selections in both humans and primates) the ease wih which its
input can be controlled (i.e. requires only a monitor), 2) the simplicity with which its output
can be recorded andanalysed(i.e. requires only an eye tracker, eye &ces require only two
dimensional analysis), and 3)its relatively well studied and accessible neural pathways. Itis a
cost-effective and easy way to study how interactions between perceived stimuli and
memorized information influence the selection of an action from the various orienting

responses that are available to an organism

During the next sections, we will be pesenting the visual pathways (8ction 2), the sdection
of where-to-look-next (section 3) and its related oculomotor pathways (8ction 4) in order to
introduce our own understanding ofthe visuo-oculomotor system (Sction 5). But before that,
we shall finish this section with a brief description of the internal organization of the optic

tectum.

1.3 Internd Organisation of the Optic Tectum

Figure 1-2A is a top view of the dorsal part of the midbrain. The Superior Colliculus forms the

two upper bumps (colliculusi AAT 6 OO0i Aii EEii1é6q I1 AERSAT ODAKEHR OO
just above the Inferior Colliculus. Its surface has a rostralaudal axis Figure 1-2A, green axis)

and a lateratmedial axis Figure 1-2! h OAA A@EOQ8 )& A 1T AAAT A DPEAO
orthogonally to its tangent, the tip of that needle will be moving along the dorsakentral axis

(Figure 1-2B, blue axis), or superficialdeep axis. Possibly because it has continued to play the

same kind of role throughout evolution,the SC has also kept the same general organisatipn

although each clade has its own unique feature@Butler & Hodos, 2005; Northcutt, 2002;

Vanegas, 1984)In particular, we can note four features that have been strongly conserved in

the optic tectum throughout the course of evolution.

First, the optic tectum is a layered structure figure 1-2B). The different layers are distributed
over the ventro-dorsal axis and principally formed by an alternation of celllar and fibre strata.
The reported number of layers differs between vertebrates For instance, there are 4 for the
Hagfish, 15 for the House sparrow or & for the Domestic cat(Northcutt, 2002). These
differences can be attributed either to naming / method variations between investigators or to
actual biological differences. However, iappears that there are always three major groups of
layers: superficial, central and periventricular zones(Butler & Hodos, 2005) Moreover, in

mammals, investigators divide the layers into only two groups: the superficial layers (SCs) and
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Lateral

Direction

C Visual Neurons

Buildup Nefin_sj\\

Burst Neurons
Ventral : — ~ JI\,\

Stimulus Saccade
Onset Onset

Figure 1-2: Organisation of the Superior Colliculus. A, Top view of the Midbrain Roof. To apply a
strong electrical stimulation in the SCi triggers consistent saccades: their amplitude and direction
depends on the stimulation location and are given in degrees. The saccag#ditudes increase along

the rostro-caudal axisz in greenz whilst the saccade directions change along the medateral axis

Z in red. The most rostral part is sometimes called the fixation zone as its activation helps to
maintain the eyes in a still pagon. B, Coronal section of the Superior Colliculus. Different layers of
alternating cells and fibres can be observed throughout the donsentral axis of the Superior
Colliculusz in blue. They consist of theGSstratum griseum superficiale, which i®metimes divided
into three sublayers; theOPT, stratum opticum; theSG| stratum griseum intermedium; theSA],
stratum album intermedium; theSGR stratum griseum profundum. Cell layers are represented with
a dotted pattern. Note that some nomenclaturedsa distinguish the SZ: stratum zonal, which is a
very thin layer on top of the SGS and the SAI: stratum album profundum which is a thin fibre layer
just below the SGRC,Classical neural activity types observed in the Superior Colliculus. The three
graphs represent the firing rate of the different neuron types during a saccade task. On the left part
of the graphs, the activity of the neuron is aligned on the stimulus onset. On the right part, the
activity of the neuron is aligned on the saccade onset. Tiféerent neuron types are discussed in
the main text.
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the intermediate/deep layers (SCi); the latter contain both central angberiventricular zones
(Sparks & HartwichYoung, 1989) The SCs consist mainly of th&tratum griseum superficiale
(SGS, purple layer inFigure 1-2B) while the SCi consists mainly of thestratum griseum
intermedium (SGI, orange layer ifrigure 1-2B) and thestratum griseum profundum(SGP, grey
layer in Figure 1-2B). Note that the otherstrata are fibre/axons strata (M. F. Huerta, 1984)
Importantly , the SCs and SCi are thought to be functionally distinct. Indeed, according to their
main afferent and efferent projections (see sectio2.2 and 4.1), the SCs is primarily a visual
treatment centre while the SCi is an interface for integrating multimodal and cognitive
information into motor control (for behavioural evidence see Casagrande, Harting, Hall,
Diamond, & Martin, 1972; Harting, Hall, Diamond, & Martin, 1973Nonetheless, SCs and SCi
are not independent: there are direct projections of the SCs to the §(&&a, Endo, & Saito, 1998;
Saito & Isa, 2003, 2005and from the SCi to SG&hitani et al., 2014)

Second, its efferent nerons and afferent input projections are primarily organised in a
topographic manner(find more details in AppendixA, section7) and are in register with each
other. The surface of one colliculus functionally neresents a map of the orienting movements
that can be made toward the contralateral hemifield Adamuk, 1872; Apter, 1946; Ottes, Van
Gisbergen, & Eggermont, 1986; D. A. Robimso1972). This organisation makes it easy to
request, facilitate, and inhibit orienting movements for external brain regions. The ease of this
is such that an experimenter can operate the orienting response system of any vertebratk
Lac & Knudsen, 1990; Herrero, Rodriguez, Salas, & Torres, 1998; McHaffie & Stein, 1982; Saitoh
et al., 2007) In monkeys, when applying sufficiently high electrical smulation in the SCi, the
amplitude and direction of the triggered orienting responses dgend only on the location of
this stimulation over the SCi surface (Bbinson, 1972). From this, dopography of the saccadic
vectors represented over the SCmap can be drawn (seeFigure 1-2A, left side). In more
naturalistic conditions, most of the neurons have a receptive/movement field: a neuron
receiving visual input will respond preferentially z but not exclusively-- to a specific stimuls
position (Goldberg & Wurtz, 1972) and saccadeaelated neurons will spike preferentially for a
specific saccade vecto{Sparks, Holland, & Guthrie, 1976) Importantly, the topography of the
saccadic vectors on th&Cimap matches with thetopography used for visual information on
the SCamap: visual stimuli are coded atmap locations that are in register withthe saccadic

vectorsthat would trigger an orienting response towards them(Schiller & Stryker, 1972). The

3 In fact, the receptive/movement field can be operended: a saccadeelated neuron can respond
preferentially to all saccade vectors larger than a specific one.
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other modalities (e.g. auditory, somatosensory) projecting to the SCi follow the same
organizational principle; this allows coherent multimodal competition for an orienting
response(Amlét, Walker, Driver, & Spence, 2003; Frens & Van Opstal, 1998; MereditiS&in,
1986).

Third, there are (except for cartilaginous fishes and some others) small piriform cellpifiform

i AAT O OOEAPAA T EEA A PAAO6Qq ET OEA 1 POEA OAAOOD
passing through several layers of the optic tecm (Butler & Hodos, 2005) Theseare likely to

be esential in order to combine and conduct the sensory information to the motor layersn
addition to this, neurophysiology studies on monkeys have revealed the distinction between
visual, burst, and build up neurons (sed-igure 1-2C), which is thought to apply to other
mammals such as cat§A. Grantyn & Berthoz, 1985; Munoz & Guitton, 1986)The first type
belongs to the SCs and the two other types to the iS®ays & Sparks, 1980; Munoz & Wurtz,
1995a). Build up neurons are usually recorded ata deeper location than burst neurons, and
their movement fields are larger than those of the burst neurong i.e., less selective for their
preferred saccade vector. During paradigms where a monkey needs to make a saccade to a
visual stimulus, the typicalvisual neuronsemit a strong discharge locked on to the stimulus
onset (Figure 1-2C, first row), while the typicalburst neuronsemit a strong discharge (a burst
of action potentials) that is locked on to the saccade onsefigure 1-2C, third row). On their
side, thebuild-up neuronsemit a visual discharge in response to the onset of a stimulus, and a
motor discharge locked on to the onset of a saccade. If the saccades are voluhtatelayed
after stimulus onset then thebuild-up neuronsmaintain a small but tonic activity between its
visual and motor discharges. This activity builds up as thesaccade time approachesHigure
1-2C, second row). These buildip neurons appear to respond to extraretinal information
related to the expectations of the animal such as: the target location probabilifporris &
Munoz, 1998)or the predicted locations of the stimuli after a sacade (quasivisual cells, Mays
& Sparks, 1980) Interestingly, there is a continuum of neural behaviours throughout the three
types (McPeek & Keller, 2002a, fig. 1)

We will return to the quastvisual cells n Chapter3, and we will describethe less-known details
I £ OEA 3#80 1 OCAT EOAOQET T EIT tuhEdkhe viduhl Atk that$ EOA OO
are received by the SC.
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2 Input Streams of the ViswOculomotor system: from
divergence to convergence.

2.1 Axending Visual pathways

To understand the visueoculomotor pathway of the orienting system, one needs to form an
overview of the different visual pathways existing in the brain, identifying their connections to
the optic tectum z or Superior Colliculus. Hee, we distinguish three streams of visual
information treatment that have either developed or regressed in importance throughout

evolution but still have a major impact on primate behaviour.

From the retina, an anatomical and ultimately functional dichotmy is made: the visual stream
is distributed between the retino-tecto-pulvinar pathway and the retino-geniculostriate
pathway (this terminology is primarily used for mammals) -- respectively represented in
orange and blue irFigure 1-3. The former pathway is characterized by direct projections from
the retina to one of the superficial layers of the optic tectum that, in turn, projects indirectly to
some visual areas of the telencephaldrvia the Lateral Posteriorz pulvinar (LP/pu lvinar)
complex in mammals, or via the rotundus nucleus in birds/reptilesUltimately, the visual areas
served by theretino-tecto-pulvinar pathways are the entopallium (note that the pallium is the
ancestor of the cortex) in birds/reptiles, and the extragriate cortex (visual cortex V3, V4, V5,
in light red in Figure 1-3) in mammals(Butler & Hodos, 2005, Chapter 18 for a comprehensive
review across vertebrates) it also reacheghe lateral intraparietal region (LIP) and the Inferior
Temporal area(Michael F. Huerta & Harting, 1984) Note that although the entopallium and
extrastriate cortex are not evolutionary equivalent, they share anatomical features and both
play a role in motion and pattern discriminations(Lazareva, Shimizu, & Wasserman, 2012, p.
476).0n its sidetheretino-geniculostriate pathway is characterized by direct prgections from
the retina to the dorsal lateral geniculate nucleus (dLGN, sometimes called nucleus anterior)
that, in turn, projects to some visual areas of the telencephalolt.reaches the visual pallium in
birds/reptiles and the primary visual cortex in mammals.Interestingly, Schneider (1969) in a
seminal paperaddressed the question of why, with the same brain lesion, an animal can appear

to be blind in one task and sighted in another. His work suggests that the role of tletinotectal

4 Thetelencephalon is part of forebrain: the dorsal telencephalon develops into the pallium in birds and
reptiles and into the cortex in mammals; tle ventral telencephalon develops into the subpallium in birds
and reptile and into the basal ganglig mostly the striatum -- in mammals.
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Figure 1-3: Summary of the Ascending Visual Pathways.Anatomy. In the bottom part, in grey:

the brainstem topped by the thalamus: dLGN and the LP/pulvinar complex are both in the thalamus
while the SC consisting of the SCs and SCiis on the roof of the brainstemn the top half, the
human brain is represented. Each coloured area corresponds to a cerebral lobeyreen, the
temporal lobe;in yellow, the parietal lobe;in dark red, the striate visual cortexjn light red, the
extrastriate visual cortex;in blue, the frontal lobe.Arrow. The different groups of coloured arrows
represent pathways that are addressed in the main tekt: blue, the classical visual streams: the
blue arrow to the inferior temporal lobe represents the What stream while the blue arrow going to
the lateral intraparietal area represents the Where/How streamin orange, the retino-tecto-
pulvinar pathway which passes through the SCs and ultimately projects to different regions of the
cortex;in purple, an alternative tecto-cortical pathwaywhich passes throgh the SCi; note that this
pathway could send motorelated rather than visuatrelated feedback in green, the
interconnections between visual streams and frontal regioh®.age of the cerebrum extracted from
&ECOOA xcuy T A& (19884 WHicHis in thA gublit dbmain.
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pathways (part of theretino-tecto-pulvinar pathways) is tolocate objectdor orienting response
while the retino-geniculostriate pathways are moe involved in the identification of objects
followed by an operant responseFinally, note here that in amniote$, a minor stream exists
from the optic tectum and the dLGN; this stream was predominant and was a substitute for the
retino-geniculo-striate pathway in older vertebrates (such as teleost fishes, Ebbesson, 1980)
Also, on its side, theetino-tectal pathway is less predominant in primates in comparison with
other mammals (in monkeys, 20% of retinal ganglions cells project to the optic tectueller

& Kaas, 1989. In sum, it appears that the optic tectum was the main hub of visual streain
old vertebrates and that this function has migrated slowly to the visual cortex V1. Nevertheless,
the retino-tecto-pulvinar pathway in higher mammals should not be overlooked, since clinical
cases of pulvinar lesions have demonstrated that it still plays an importanole in human vision
(Karnath, Himmelbach, & Rorden, 2002; Zihl & Cramon, 1979%uch a lesion notably causes

hemi-spatial neglect and slower orienting responses to conttateral visual stimuli.

In addition to the dichotomy between theretino-tecto-pulvinar and the retino-geniculo-striate
pathways -- which both ultimately project to the visual cortex-- it has been thought for some
time that there are, at least in primatestwo cortical visual pathways(Goodale & Milner, 1992;
Livingstone & Hubel, 1988; Mishkin, Ungerleider, & Macko, 1983; Ungerleider & Haxby, 1994)
Theventral streamruns from the striate cortex to the inferior temporal cortex, whilst thedorsal
streamruns from the striate cortex to the posterior parietal region. Theventral streamplays a
role in the identification of visual objects (also knownas thewhat stream); the dorsal stream
plays a role in the sensormotor transformation for visually guided interaction with objects
(also known as thehow stream, or thewhere stream). Thedorsal stream is also considered to
operate more rapidly than theventral stream. As seen before, the visual cortex receives its
input from the dLGN. Interestingly, in mammals, three different types of retinal ganglion cells
are distinguished and named after their targets in the dLGN. In particular, thedells project
to the Parvocellular layer of the dLGN, the Mells to the Magnocellular layer, and the ells to
the Koniocellular layer. Note that the role of the Koniocellular layer is not well established
(Hendry & Reid, 2000 for a review) and we will not consider it further in the frame of this
thesis. The Pcells are typicallysensitive to contrast, colours, and fine details, while the Mells
are typically more sensitive to low contrasts andrapid changes(Derrington & Lennie, 1984;
Ehud Kaplan & Shapley, 1986; E. Kaplan & Shapley, 1982; Lennie & Movshon, 20@5yas

5 Amniotes: birds, reptiles, mammals
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initially suggested that the parvocellular layer was the major input to theventral stream while
the magnocellular layer of the dLGN was the major input to théorsal stream (Livingstone &
Hubel, 1988). This parallelism was essentially intuitive: the ventral stream would have
privileged access to colour and fine detail information, which is particularly useful to identify
objects, whilst the dorsal stream would have privileged access to contrast and movemen
information, which is sufficient and relevant for interacting with an object. However, this
parallelism is not as clear as initially thought. In particular, parve and magnocellular
pathways often combine, such as in V1, ((Sawatari & Callaway, 1996; Sincich & Horton (D5,

p. 2; Vidyasagar, Kulikowski, Lipnicki, & Dreher, 2002)/4(Ferrera, Nealey, & Maunsell, 1992)
and MT(Maunsell, Nealey, & DePriest, 1990Although the twostream theory is very popular,

it is important to note that both streamsz ventral and dorsalz are highly interconnected and
share reciprocal connectiors with the frontal cortex (Andersen, Asanuma, Essick, & Siegel,
1990; Blatt, Andersen, & Siner, 1990; Merigan & Maunsell, 1993; Webster, Bachevalier, &

Ungerleider, 1994)z the green arrows inFigure 1-3 representsome of those interconnections.

Finally, it would seem logical that theretino-tecto-pulvinar pathways has a privileged relation
with the cortical dorsal stream, as they both localise objects for motor interactionindeed,
( OAOOA AT A ( A982)rdveals tBe padotiBiahce of indirect projections of the SCi
to cortical area 7 (part of parietal cortex and of thelorsalvisual pathway) via 9 different relays
-- Figure 1-3, purple arrows. As the SCisiinvolved in the motor execution of orienting

responses, tlese pathways may send motor feedbadather than visual information.

2.2 Descending Pathways: to the Superior Colliculus

In addition to the direct input from the retina (see above), the optic tectunm amniotes receives
projections from the striatum (part of the basal ganglia) through two major relays: the
posterior pretectal nucleus (or equivalent) and the substantia nigra pars reticulata (SNr). The
latter pathway is predominant in mammals in comparson with birds and reptiles (Reiner,
Medina, & Veenman, 1998, fig. 35Note that several regions from the cortical visual streams
project on the striatum (Saint-Cyr, Ungerleider, &Desimone, 1990)z blue arrows in Figure
1-4. Moreover, the visual pallium of birds and reptiles projects directly to the optic tectum
while several cortical areas project to the optic tectuny Superior Colliculus-- of mammals.

Finally, in most vertebrates, the superficial layes of the optic tectum (i.e. SCs) aneciprocally
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Figure 1-4: Summary of the Descending Visuo-Oculomotor Pathways. Anatomy. Same
description as inFigure 1-3. Arrow. The different groups of coloured arrows represent pathways
that are addressed in the main textn blue, the striatum project inhibitory projection to the SCi,
whilst receiving information from the cotex.In orange, the SCs projects is the main source of visual
information to the SCi; the visual information of the SCs can be modulated by prefrontal and motor
information. In green, the SCi receives information from all cortical regions seerFigure 1-3, and
from the premotor/motor regions. Only one cortical region, the Frontal Eye Field, projects directly
to the Brainstem Burst Generator, bpassing the SCiln purple, the SCi is projecting to the
Brainstem Buist Generator so that it can control eye movements. It is important to note that we
represented only the FEF (Frontal Eye Field) from the prefrontal cortex and only the LIP (Lateral
Intraparietal area) from the posterior parietal cortex i.e. area 7.
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and topographically connected to nucleus isthmig or parabigeminal nucleus(see Butler &
Hodos, 2005, Chapter 18 for a comprehensive review of ascending projections to the optic
tectum across vertebrates; se Hunt, Streit, Kiinzle, & Cuénod, 1977 for the isthrrtectal loop).
AEA T AT T Al 66 AEEAOAT O AT TTAAOETT O AOA O AA
As described inSection 1.3, the Superior Colliculus is divided into two layers: th superficial
layer (SCs) and the intermediate/deep layer (SCi). The SCs receives topographic input from the
retina, the visual cortices V1, V2, V3, V4, MFries, 1984; Lock, Baizer, & Bender, 2003; Tigges
& Tigges, 1981) the premotor cortex (area 6) and the frontal eye field (area 8)Fries, 1984,
1985) z orange arrows inFigure 1-4. The SCi receives projections from the posterior parietal
cortex (area 7, convergence between vision and proprioception), part of the somatosensory
cortex (area 2), and he motor, premotor, and prefrontal cortexz green arrows inFigure 1-4.

In fact, it can be noted that some of these aregarticularly area 7, which includes LIPz are
part of the how/dorsal visual pathways linking vision to acton seen in Sectior2.1 (Figure 1-3).
Furthermore, the SCi receives input from the inferior temporal gyrus (areas 20 and 21), which
is part of the what/ventral visual pathway seen in Sectior2.1. Finally, the SCi receives input
from the auditory cortex (area 22), the SCs (involved in visual localisation) and the inferior
colliculi (involved in sound localisation). This, with its connections to the somatosensory
cortex, highiights that the SCi is an interface for multiple modalities. Note, finally, that some
studies report that the frontal eye field projects to the SCi and not to the S@seichnetz,
Spencer, Hardy, & Astruc, 1981 Rather, it appears that the frontal eye field projects to several
layers of the SGShipp, 2004). It should be noted that most of tese projections are organised

in a topographic fashion, in register with eaclother (more details in Appendix A, section?).

To finish with non-cortical structures, the SCi notably receives input from the cerebellum via
the caudal fastigial nucleus(Katoh, Arai, & Benedek, 2000; Person, Andrezik, Dormer, &
Foreman, 1986) which has encouraged the development of mode{Quaia, Lefevre, & Optican,
1999), and from the Locus CoeruleugAppell & Behan, 1990; S. B. Edwards, Ginsburgh, Henkel,
& Stein, 19M) which is thought to play an important role in the sleepwake cycle,
arousal/vigilance and in decision making(Aston-Jones & Bloom, 1981; Astodones & Cohen,
2005; Aston-Jones, Rajkowski, Kubiak, & Alexinsky, 1994; Foote, Astdones, & Bloom, 1980)
Indeed, this potential interaction between the SC and the Locus Coeruleus forméu part, the
basis of the work described inChapter 4 Finally, he SNr is known to onically inhibit the SCi
(Hikosaka & Wurtz, 1983, 1985) and to release its inhibition to allow orienting responses.

Interestingly, the SNr aml the SCi share reciprocal and topographic connection@eter
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Redgrave et al., 201Q)that presages a complex role of the SNto which we return in General
Discussion) Before ending this section, we should note that there are more than 40 sources of
subcortical projections to the SC, which we will not overview heréor a more comprehensive
list, see Edwards et al., 1979)

2.3 Distinction between Saliency map and Priority Map

Wherever an orienting response is voluntary or reflexive, it is usually directed toards or away
from a stimulus. Thus, selecting an orienting response usually involves selecting which
stimulus most deserves to trigger an action. In their seminal theory, Koch and Ullm#1985)
suggested that potential points of interest are extracted in parallel by several feature maps,
each evaluating (and/or filtering) a specific feature such as colour, luminancey dlirection
contrast from the visual input. The points of interest obtained from all the feature maps
converge to a saliency map. The saliency of a position is often defined as a normalized sum of
the output of the feature maps for this position. Therefore high degree of salience at a given
position would be defined by a high average score across all the feature maps. The winning
position to trigger an orienting response would be that with the highest salience on the saliency

map. In this sense, a salieyamap can drive or may act as an action selection map.

First, the fact that 1) theSCgeceives projections from multiple visual areas of the brain, 2) its
responses to visual stimuli are not featuredriven (orientation, colour, luminance) but rather
contrast-driven (e.g. contrastin colour, in luminance, in orientation), 3) its contrast detection
covers a large range of featuresand 4) it projects directly to the SCithat triggers orienting
responses, leads us to assume that tlf&Css an instance of avisual saliency map (it is near to
the stereotype introduced by Koch and Uliman). Second, the fact that the SCi receives visual,
auditory, and tactile input (seeSection 2.2) in register with each other, and in a topograpit
organisation, suggests that the S@ amultimodal saliency map. In particularjt is very likely
that it gathers saliency maps from different modalities. However, the SCi also receives
projections from the frontal, parietal, and temporal cortices (see seahn 2.2) that potentially
modulate and biaghe input of the saliency maps according to the current goals and the current
history of the animal. Due to this possibility, more than aultimodal saliency map, the SCi has
been sug@gsted to be gpriority map (Fecteau & Munoz, 2006; Serences & Yantis, 2006; White
& Munoz, 2011) However, it should be noted that the SCs itself receives projections from the
frontal eye field (Fries, 1984) that render it potentially sensitive to goatrelated feedback. In

fact, all the cortical visual areas, and even the LGN, receive gudated feedback that biases
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their responses to visual stimulation(reviewed in Serences & Yantis, 2006 for human and
monkey data) Hence, the frontier between saliency maps and priority maps may be blurred.
However, given the density of projections from the frontal, parietal and temporal cortices, it

appears that the SCi is more of a priority map than the SCs.

In conclusion, the SC can be depicted asuaimodal saliency map(SCs) projecting to a
multimodal priority map (SCi). We will return to these points in Chapters 2 and 5. The SCi is a
very special priority map, as it is at the same time the main and ultimate action selection map
of the orienting response system (discussed further in sectiod.l). We will next try to

understand how an action is selected from all the signals converging to the SCi.

3 Mechanisms of Action Selection of the Visagalomotor
Systenor the Art of Deciding When but not Wheoego

3.1 A Model of Priority Map: Endogam and Exogenous signals
converging on a Dynamic Neural Field.

Current models of action selection in the visueculomotor system are based on the
convergence of, and on the interaction between, endogenous and exogenous signals on a
dynamic neural fieldz i.e. a neural network organised in a-D line or 2D map. This dynamic
neural field, becawse of its inputs, isde factoa model of a priority map. Given that it is also used

to trigger saccades, the analogy with the SCi is quite attractive. Appendix B (section 8), we
introduce dynamic neural fields, along wih a description of how they work and how they came

to figure centrally in modelling the visuc-oculomotor system. Here, we will focus on one of the

modern and widely used models of the SCi.

The models of Kopecz(1995) and Kopecz & Schdnef1995), based on the work of Amari
(1977) caught the attention of the eye movement community by the simplicity of their
approach and the intuitivenes of their inputs. First, they suggest tat there are only three
levels that are functionally needed to explain target selections for eye movements: 1) a transfer
level, that isan input/initiation map on which potential targets are represented; 2) a planimg
level, that isa dynamic neural field set to drive a winnettake-all system, selecting one saccadic
vector and suppressing theothers; 3) a motor control plan, that isa mechanism to read out the
winning position from the planning level. Second, they neposed that the input sources

converging to the planning level can be reduced to two streams: thesual information from
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the transfer level and thepre-information streams. The preinformation is information present
in the brain before the decision makilg process begins, which could be acquired from previous
learning or instruction. It was introduced in their model to explain that, when asking
participants to saccade to a designated target, the history of the target position through the
trials can bias tre landing positions of eye movementgHe & Kowler, 1989) In short, the

planning level is a combination of an action selection map and priority map.

Later, Trappenberg, Dorris, Munoz and Klein (2001)eintroduced Kopecz and Schb A 06 O

model. First, they reduced it to its planning levet i.e., a winnertake-all dynamic neural field.

Second, they identified the SCi as a good biological instance of the planning level using
neurophysiological recordings in monkeys. Thid, they applied the model to a large set of

experimental paradigms, focusing particularly on fittingreaction timesz i.e., focusing on when

saccades go whilst ignoring where saccades go. Finally, they introduced the teexogenous

OECT Al O | OAPI BRAEI Qi HOEIVoq O OAEAO O1 OiT1U 1 AOC
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the voluntary aspect ofendogenousignal. Interestingly, this is the work of Trappenberg et al.

(2001) that is the most widely cited and used tody. This is possibly due to the fact that it

succeeds in combining the simplicity of Kopecz and3 A E E T hddd Qvith a very

experimentalist ground.

Until recently, a large number of models of the visuoculomotor system have followed the
assumptions of Trappenberg et ak2001) and Schéner and Kopec{995). In particular, they
adopt the following assumptions: 1) a long range inhibition/winnertake-all mechanism to
select the saccade, and 2) an activity threshold mechanism to trigger saccadBempas &
Sumner, 2011; Marino, Trappenberg, Dorris& Munoz, 2012; Meeter, Stigchel, & Theeuwes,
2010; Satel, Fard, Wang, Trappenberg, & others, 2014; Taouali, Goffart, Alexandre, & Rougier,
2015; Z. Wang & Theeuwes, 2014; Wilimzig, Schneider, & Schoéner, 2008Je will see
throughout the next sections tha the two mechanisms are redundant. For now, we will argue
that the winner-take-all mechanism is not only unnecessary, but also fails to receive strong

support from the literature.
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3.2 No experimental support for a Winrke-all Decision

The first assumption of Trappenberg et al.(2001) emerged from neurophysiological data
suggesting that there is global inhibition seving a winner-take-all mechanism in the SCi at
saccade onset(Munoz & Istvan, 1998) along with other pharmacological evidence of
horizontally spreading inhibitory neurons in the SCi(Meredith & Ramoa, 1998) In fact, the
occurrence of a winnertake-all to select only one action makes perfect sense: when one speaks
about decision making, he/she often has in ind a system for choosing only one option among
several. It is for precisely this reason that Schoner and colleagues introduced the planning
level: in order to provide the motor control level with only one, unambiguous,target. With this
approach, one cou simply read the position of the uniqgue winner on the SCi map to know
where the triggered saccade is directe@as is done in Wang & heeuwes, 2014) Interestingly,
this is not what Schéner and colleagues employed (see below). One could also readily estimate
the time neededto make a decision in different experimental situations by detecting when the
activity on the map passed a ceria threshold; this threshold would be chosen to be reachable
only by the winner (as in Bompas & Sumner2011; Marino et al., 2012; Trappenberg et al.,
2001).

However, Phongphanphanee et a2014)8 O OAAAT O CafeGiétailéGurtherxit E A E
Chapters 2 and 5) do not support Trappenberg et g2001)d O AOOOI POEIT 1 08 )1 DA
did not find long-range inhibition in the SCi in theirin vitro study. Furthermore, they observed

that the interaction between several inputs is quite opposed to what would be expected on the

basis of a winnertake-all system. Indeed, when they applied an input current simultaneously

at two different locations, they observed that the resulting activity over the map is supportive

of a linear combination (i.e. an addition) of two bumps of activity. Interestingly, 10gars before
OETTCPEAT PEAT AA AO A1 830 OAOOI QW4) hall Gikeadp OAT EOE
constructed a modé of the SCi, which dispensed with the assumptions of Trappenberg et al.

(2001). Their choice was made in light of neurophysiological data that are particularly hard to

access for consultation(to consult in printed books: Ozen, Helms, & Hall, 2004)ong with SC

recording studies in monkeys(Edelman & Keller,1998; McPeek, Han, & Keller, 2003; McPeek

& Keller, 2002b; Port & Wurtz, 2003) In McPeek, Han and Kelle2003)6 © A@DAOEI AT Oh
instance, the monkey had to make a saccade to a target that was presented among distractors.

They clearly showed that when the saccade was triggered toward the target, thenas some

activity at the locations of the distractors. Importantly, they observed that having activity at
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toward this distractor. A second example is the Global Effe(@r saccade averaging, that we will
address in detail in Section4 and Chapter 4). Edelman and Kellef1998) found evidence to
suggest tha when a monkey is presented with two stimuli at the same time to initiate a saccade,
there can be two bumps of activity on the SCi at saccade onset. This seems to be particularly
true for saccades with very fast reaction times that will finally land in beveen the two stimuli

(this is saccade averaging, or the Global Effecfllso worthy of note is the large and diffuse
activation of the build up neuron population during saccadegR. W. Anderson, Keller, Gandhi,

& Das, 1998; Sparks et al., 1976hich makes this population incompatible with a winnef
take-all system.

It therefore appears thatif there is a competiton mechanism, it doesot systematically lead to

a winner-take-all scenario. The visueoculomotor system is not an ideal decisiormaking
system that chases exactly one option. Rather, it is able to trigger a saccade before the
selection process has beenampleted. We will see in Sectiord that the mechanism used by
default in the work of Schoner and Kopecz (1995) to transform the activity at the planning
level/SCi into a command for the control level ig ironically -- a viablesolution for obtaining a
saccade vector even when the decision of whette-go is not complete. For now, the next

section focuses on the relevance of a threshold mechanism to trigger a saccade.

3.3 A Race to Threshold for Triggering a Saccade

With regard to the second assumption of Trappenberg et al. (2001), a threshold mechanism
has been reported since the first electrical stimulation of the monkey SGD. A. Robinson,
1972). There is an electrical intensity threshold under which no eye movements are triggered,
whilst there is also a threshold under which sacades are triggered with a lesser eccentricity
than normal. Furthermore, in more natural situations (saccade to visual stimuli), several
studies have claimed that there is a fixed activity level above which saccades are triggered and
cannot be withdrawn (J.W. Brown, Hanes, Schall, & Stuphorn, 2008; Hanes & Schall, 1996; M.
Paré & Hanes, 2003)Further investigations have shown that even if it seems that there is a
threshold effect, this threshold is not fixed rather, it varies according to the task andis likely

to be modulated by endogenous/preinformation signals (Jantz, Waanabe, Everling, & Munoz,
2013).
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In notorious and general decision making models such as the Drifliffusion model (Ratcliff &
McKoon, 2008 for a review)or the Accumulator/Race model(S. D. Brown & Heathcote, 2008;
Gold & Shadlen, 2007 for a review)a threshold (referred to as boundary in that literature) is
used to end and completehe process of decision. For instance, in the case of a tatbernative
choice, the race model would consist of two accumulators that respectively integrate incoming
OAOGEAAT AA6 A& O A A Alis thk fird dcCuimllafd Etdxdach a Gulfi@nt &niodnd 8
of evidencegz i.e., an arbitrary threshold-- that wins. Importantly, these more general models

demand flexible thresholds to explain behavioural data. The distance of the threshold from the

AACGAT ET A AAOEOEOU E I gEORE OER E AedAidh ko BcFséeh DAAOOE

as anendogenous signalManipulation of the threshold plays an important role in replicating
the behavioural speed/accuracy tradeoff observed in two-alternative forced-choice tasks; to
favour accuracy, one putghe threshold far from baseline, whilst to favour speed, one places
the threshold closer to the baselingRatcliff & Rouder, 1998) Further, accumulator models
have been shown to fit very well with FEF/LIP neuronal responses to visual input as well as
the performance of the vsuo-oculomotor system (Purcell et al., 2010; Schall, Purcell, Heitz,
Logan, & Palmeri, 2011)Interestingly, these studies claim that two features were necessary to
obtain a good fit: 1) an input gating system, such that insufficient levels of visual input aretno
integrated; 2) no inhibition/competition. This last point echoes our suggestion of an absence
of winner-take-all mechanisms. Interestingly, the burst neurons of the SCi, because of their all
or-nothing (also refer to as switchlike) response before a sazade, have been proposed as the
actual threshold detectors of FEF/LIP activity, while the striatum, via the SNr, could modulate
this threshold (Lo & Wang, 2006; J. Zhang & Bogacz, 2008)

Although there is evidence for both the presence and functional necessity of a threshold effect
in SCi and FEF, its underlying mechanism is still a matter of debate. Our opinion (we will
addressit in more detail in the General Discussion) is that low activity in the SC could not
trigger a saccade, but once eegion of the SCi passes the threshold (i.e. the ra@énner), a
saccade is triggered andill activity present in the SC wuld drive the saccade through the
Brainstem Burst Generator. We also propose that the inhibitory release from the SNr and the
dynamic of the burst neuronsenhane the racewinner signal giving it an advantage over the
other regions. Next, we will focus on how the activity in the SCi isansformed into a motor

command.
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4 Output Stream of th¥isueOculomotor Pathways oné Art
of Acting without a Clear Decision

4.1 Descending Pathwalfrom the Superior ColliculusEye Muscles

As described previously, the SCs projects back to the corticaleas via the LGN and the
LP/pulvinar complex and it has reciprocal connections with the parabigeminal nucleus. The
SCi, on its side, has direct projections to many subcortical regions along with an abundance of
indirect projections to cortical areas(Graham, 1977; J. K. Harting et al., 1973; John K. Harting,
1977; for a brief review, see Michael F. Huerta & Harting, 1984)nterestingly, the SCi has

reciprocal projections with the SNr (Substantia Nigra pars retiglata).

Here, we will focus only on the descending projections involved in controlling orienting
responses toward a stimulus namely the projections of the SC to the Saccadic Brainstem Burst
Generator via the contralateral predorsal bundle (or tecto spial tract/crossed pathways). We
will ignore its projections to the ipsilateral tectopontine pathway (or uncrossed pathway)
which is thought to control defensive movement, such as orienting responses away from a
stimulus (Dean, Redgrave, & Westby, 1989t can also be noted that the FEF is the only cortical
structure to send direct projections to the Brainstem Burst Generatqrbypassing the SC.
However, it has been shown that electrical stimulation of the FEF while the SC is deactivated is

not sufficient to trigger saccadegHanes & Wurtz, 2001)

The network downstream the SC that shapes the motor signal for the extoular muscles
during a saccade, is routinely referred to as the Saccadic Brainstem Burst Generator (or Burst
Generator). Itis thought that the Burst Generator treats the vertical and horizontal componest
of a saccade in two different regions: the rostral interstitial nucleus of the medial longitudinal
fasciculus (riMLF) for the vertical component(Blttner-Ennever & Bittner, 1978; Biittner,
Blttner-Ennever, Henn, & others, 1977)and the paramedian pontine reticular formation
(PPRF) for the horizontal component(Buttner-Ennever & Henn, 1976; Bernard Cohen &
Komatsuzaki, 1972) In general, thehorizontal component pathway appeas to be more
established (Scudder, Kaneko, & Fuchs, 2002; Sparks, 2002, for a revieav)d it consists of
different groups of neurons which are described irFigure 1-5. First, the motoneurons contact

the extra-ocular muscle and produce a pulsstep signal during the saccade. This pulsgtep is
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similar to a linear combination of a velocity signal and a trajectory signgFuchs & Luschei,
1970; D. A. Robinson, 1970; Schiller, 19705&ond, there are Excitatory/Inhibitory Burst
Neurons (EBNs/IBNs)the EBNs stay in the PPRF, while the IBNs stay in the medullary reticular
formation (medRF). During a saccade, the ipsilateral EBNs discharge and excite the ipsilateral
motoneurons while theipsilateral IBNs discharge and inhibit the contralateral motoneurons,
IBNs, EBNs and nucleus prepositus hypoglossi (Strassman, Highstein, & McCrea, 1986a,
1986b). Both EBNs and IBNs are discharging a velocity related signal. Third, the Ldread
Burst neurons (LLBNs) were first found in the PPRF, and begin to fire long before the saccade.
Some of these behave in a similar way to the SCi neurons, discharging for a specific saccadic
vector (Hepp & Henn, 1983; Raybourn & Keller, 1977)whilst others discharge for a specific
saccade direction, similar to the EBNs. They project to ¢hEBNs and to the omnidirectional
pause neurons(OPNs Kamogawa, Ohki, Shimazu, Suzuki, & Yamashita, 199%purth, the
OPNSs are found in a region of the PPRF known as the raphe interpositB$P, BlttnerEnnever,
Cohen, Pause, & Fries, 1988Yhey maintain a constant level of activity when the eyes are
fixating and pause during a saccadéevinger, Kaneko, & Fuchs, 1982)JThey inhibit both the
EBNSs/IBNs (Strassman, Evinger, McCrea, Baker, & Highstein, 198Hinally, the nucleus
prepositus hypoglossi (NPH) is thought to be involved in creating the trajectory signal needed
by the motoneurons by integrating the velocity signbof the EBNgCannon & Robinson, 1987;
McFarland & Fuchs, 1992)

The SCi sends direct and excitatory projectionstthe LLBNs, EBNS, MN, and OP(Bsgittner -
Ennever, Horn, Henn, & Cohen, 1999; S. B. Edwards & Henkel, 19T&restingly, its rostral

part (linked to gaze fixation) is predominantly connected to the OPNs, while its caudal part
projectsmore connections tothe LLBNs/MN. In addition to these direcprojections, the SCi has
reciprocal projections with the central mesencephalic reticular formationfcMRF, Chen & May,
2000) that, in turn, sends projections to the OPNs. The rostral part of the SC contacts cMRF cells
that excite the OPN whilst the caudal part of the SC contacts cMRF celk thhibit the OPN.
This distinction is thought to be involved in saccade triggeringdN. Wang, Perkins, Zhou,
Warren, & May, 2013)
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cSCi rSCi

cMRF cMRF
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Figure 1-5: Summary of the Descending Pathways From the Superior Colliculus to the Extra-
ocular Muscles. The circuit is detailed in the main text. Here, we highlight the excitatory (red lines,
arrow head) and inhibitory (blue lines, circle read) circuit activated during a horizontal saccade to
the right (relying on the pathway originating from the cSCi), followed and preceded by a fixation
state (relying on the pathway originating from the rSCi). Note: cSCi, caudal part of the intermediate
layers of the Superior Colliculus; rSCi, rostral part of the intermediate layers of the Superior
Colliculus; cMRF, central mesencephalic reticular formation; OPN, epatlise neurons; LLBN, loRg
lead burst neurons; EBN, excitatory burst neurons; IBN, inhibitoburst neurons; NPH, nucleus
prepositus hypoglossi; IN, intermediate neurons; MN, motoneurons.

4.2 How to Extract an Action from No Selectidhe Easy Way

The most straightforward (and almost correct) answer is: the centre of gravity of the SCi
activity gives the saccadic vector of the current saccadenote that the SC is organised as a
saccadic vector magsee sectionl.3). This theoryz saccadic vector averagingrigure 1-6A --

was originally proposedby Sparks, Holland and Guthrie (1976and it has generated successful
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predictions in many circumstances. It is famously supported by an elegant study deactivating

a small region of the SGIC. Lee, Rohrer, & Sparks, 1988)988). In this study, the authors show

that the subject (a monkey) can still make a precise saccade to the location coded by the small,
deactivated area. The explanation of theaccadic vectoaveragingis that the deactivated region

represents a hole in the centre of the activated region coding for this specific saccaBecause

this hole is well centred, itdoes not affect thecentre of gravity of the activated region

Moreover, the theory canexplain Edelman and Keller's(1998) Global Effect (introduced

AAOI EAOQ8 4EAU OEI xAA OEAO xEAT DOAOAT OAA xEOE
presents two coresponding bumps of activity at the onset of the saccade. In this case, the

saccade lands in between the two stimuli as if there was an averaging of the saccadic vector.

However, it is important to clarify that the saccadic vector mags an abstraction: tke single
spike of a single neuron at one location on the SC map does not trigger any saccade. When an
experimenter applies electrical stimulation to the SCi at onpreciselocation, it is alarge and
diffusepopulation of neurons in the SCi that is activatd. Thisactivation leads, somehow, to a
precisesaccadic vector. Thus it is the experimenter who ultimately maps th@eciselocation of

his electrode to theprecisesaccadic vector: he deduces a relationship but does not provide an
explanation. Based orthese considerations, thesaccadic vector averaging theorig a circular
explanation. More specifically, it explains howlarge and diffuseactivation of the SC leads to a
precisesaccadic vector based onraunexplainedmap of saccadic vectordn short, it explains

the saccadic vector map by using the saccadic vector map. Alongside this successful but circular
theory, the minivector summation theory was developed, which attempted to be pragmatic but

had difficulties in replicating data.

A B C

If number of

spikes > N
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Figure 1-6: Summary of the Different Models Suggested for Transforming SC Activity into a
Saccade A, the Saccadic Vector Averaging, see sectof B, the Minivector Summation, see section
4.3. C,the Dynamic Minivector Summation, s&ection4.4.

4.3 How to Extract an Action from No Selectiohe Hard Way

In the initial minivector summation model z or linear ensemble coding modelFigure 1-6B

(Van Gisbergen, Van Opstal, & Tax, 198Me authors adopted the following assumptions. First,

each neuron in the SCi codes for a minivecter i.e. a very small vector imen compared with

the vectors found in thesaccadic vector mapSecond, and importantly, the size and direction of

OEAOA T ETEOGAAOT OO0 AAPATA 11 OEA T AOOi-tel@éd 1 7T AAOCET 1
burst of activity in the SCi has roughly the gae spatial radius, the same peak, and the same

duration for all saccades (i.e. the same spati@mporal profile). Fourth, it is the summation of

all the minivectors coded by each neuron of the activated population that makes the current

saccadic vector. TOOEI D1 EAUhR AT U OAAAAAA EO AOEOAT AU A OA
neurons; it guarantees that we are summing the same amount of minivectors over space and

time for any saccade. Thus, it is only tHecation of the circle of activated neurons that cotrols

the saccademetric.

One may now ask the question of how the minivectors are actually representathn Gisbergen,
Van Opstal and Tax1987) assumed that the Brainstem Burst Generator maintains a Cartesian
representation of saccadic movements such that there are LLBNs specialized in each of the
relative directions: left, right, up, and down. Thus, the minivectors coded by ea8iC neurorare
simply defined by the strength of the connections thaeach SCneuron has with each of the
LLBN directional groups. This assumption is supported by the fact that the caudal part of the
SCz coding for large saccades projects more densely to the LLBN than the rostral part of the
SCz coding for small saccade$S.B. Edwards & Henkel, 1978)

Whilst it has a number of strengths, the model of Van Gisbergen et(@/987) has a major flaw:
it requires a fixed spatictemporal profile of activity to work properly é. This makes it unable
to explain the results of Lee eal.(1988) and of Edelman & Kelle(1998) described previously.
Furthermore, we have argued that there is no perfect winnetake-all system and nofixed

spatio-temporal profile of activity in the SCi. This therefore raises the question of how the

6 Interestingly, Amari neural fields (particularly the winner-take-all setting) are ideal for creating a fixed

spatio-OA T BT OA1 DOT £EI A T £ AAOE OE OWde Cliapieg 2)hatcoknbdencé £ OEA xET |
is a strong call for combiningthis kind of neural field with the vector summation theory- precisely what

was carriedout by Schéner and Kopec£1995).
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minivector summation theory can be improved to accommodate all of the previously discussed

findings. This will be taken up in the next section.

4.4 How to Extrat an Action from No Selectiohhe Modern Way

Ironically, the solution is hidden in the motivation for using a fixed spatigemporal profile. In
particular, Van Gisbergen et al. (1987) adopted this approach in order to always integrate the
same number ofminivectors. However, when the spatial profile is obviously not fixed one
needs to change the temporal profile accordingly in order to keep the number of integrated
minivectors constant. Goossens and Van Ops(aD05) therefore aimed to solve this issue with
adynamiclinear ensemble coding mode{see also Van Opstal & Goosse2§08) -- Figure 1-6C.
Now, in this model, the authors considered the spikes of the neurons in the SC, by assuming
that it is when a neuron spikes that its minivector is added to the sum of vectors. The claim
defended by Goossenand Van Opstal is that, whatever the circumstances, once the gating
mechanism (discussed in Sectior8.3) has opened the communication from the SCi to the
Brainstem Burst Generator, the latter will not stop transforming the SCactivity into an eye
movement until the overall SCi population has emitted aertain quota of spikes They
supported this claim by actually counting the number of spikes emitted by the neurons in the
SCi for 1) saccades to a single visual stimulus, and £3ccades perturbed by a blink reflex.
Furthermore, their model produces normal amplitude saccades when the activated population
is centred on a small deactivated region of the SCOADI EAAOET ¢ , AA AO Al 8 j
Moreover, they reported that he resulting saccades were slower due to less neurons being
involved in firing. This is compatible with behavioural data(Aizawa & Wurtz, 1998; C. Lee et
al., 1988; Quaia, Aizawa, Optican, & Wurtz, 1998nd with the dualcoding hypothesis
suggesting that thefiring rate of the SCpopulation codes for velocity(Sparks & Mays, 1990)
Finally --although they did not test this directly-- in mathematical terms, the spike quota also
resolves the Global Effect/two bumps issue without the need for long-range inhibition. In
fact, the quota assumption makeghe vector summation theory producing exactly equivalent

endpoints as the saccadic vector averaging theory

The idea behind the quota theory is that there is a system that sends inhibitory feedback to the
SCi so that the quotds met. This could come from downstream feedback from the Burst
Generator(Soetedjo, Kaneko, & Fuchs, 2002Interestingly, the cerebellum has been suggested

to control when/how to stop the burst of activity in the SCi(Quaia et al., 1999)
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Figure 1-7: Summary of the Action Selection Processes for Saccadic Eye MovemenEndogerous
signalsz carrying goalrelated and hisbry-related information -- and exogenous signalg mainly
driven by the environment converge on a neural field accumulatar the SCi. On this neural field
the different signals accumulate spatially and tempoigl The remote signals, such as the distractor
in red and the target in green here, compete in the sense that they are racing to a threshold that will
trigger a saccade and that will enhance the raeginner activity. However, once the threshold is
reached,it is all the activity in the SC that will be fed to the LLBN and guide the saccade. It is
important to note that the bifurcation of the target and distractor signals observable on the left
graph (Race to Threshold) are considered to be mainly driven bytical structures such as FEF or
LIP involved in the selection of a target from distractors.

5 Qonclusion: Separation of When and Where to go

We saw throughout this introduction that the optic tectum represents a manifold interface; it
is 1) aninterfacebetween perceptive modalitie®) aninterface between cognitive and perceptive
signals and finally, 3) a simple, abstract and shared interfact® control the motor system
downstream. It represents a clear and ideal model of action selection (a summary cha found

in Figure 1-7).

Furthermore, the theoretical framework on saccade selection and execution that has unfolded
throughout this introduction suggeststhat the decisions ofwhenand whereto go are separate
Zwhich is reminiscent of the theoretical framework of Findlay and Walker(1999). In Findlay
AT A 7 Al E A O3 ohilestlAding winn€ #ake-all systems, they separated the saccade

7 Theoretical framework is used here to express the idea that it is not an implemented model
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triggering from the saccade selection. They proposed two winnerke-all sygsems and a
dynamic saliency/priority map. A simple winner-take-all was used to select between théxate
state and themovestate. Importantly, the saliency map was updated independently dhese
states. When the system switcbd to movestate, a spatiallydistributed winner -take-all was
used to readout the maximum of the saliency map at that time: a saccade was triggered
according to the corresponding saccadic vector. As opposed to this framework, in single
winner -take-all models (Trappenberg et al., 2001, mongst others), the same winnertake-all
system defines both the wherto-go and the whereto-go decisions, making them particularly

coupled and synchronised.

In our framework, as far as the SCi is concerned, 1) the wh#mgo decision is based on a

threshold effectz which is similar to the fixate/move switch introduced by Findlay and Walker

(1999); 2) the where-to-go decision is based on the spatial distribution of the SCi activity once

the threshold is passed; 3) the SCi caatwaystransform its current activity into a saccade the

last two points make our readout system verysimilar to that of Findlay and Walker (1999).

These small tricks representin fact, a remarkable twist: from the perspective of the SCi, the
where-to-go isalwaysdefined. However, its activityz as a priority map -- depends on many

other brain regions relaying endogenous ad exogenous signals. From the perspective of these

brain regions, the whereto-C1 | AU AAPAT A 11 NOAOOGEIT O OOAE AO
IO COAAT edhAOKEAROAOAAOCAOOBE] EE OAGBAL AiEdohedDO6 8 4
hand, there are several where-to-go decision processes thaproject to the SCi and tese

processes progress independently of thevhen-to-go decision. On the other hand, the final

decision of whereto-go made by the SCi (i.e., the actual saccade execution) dependshen

decision of whento-go. Indeed, the SCi will execute a saccade that reflects the state of the
where-to-go decision processes projecting to it at the time at which the wheto-go decision

triggered the saccadeA read-out systemof this sort can explan, for instance, the time course

of the Global Effect over reaction timegWilimzig et al., 2006).

However, our theoretical framework distinguished itself from the framework of Findlay and
Walker (1999) on sonme aspects and we will highlight two of them. First, in Findlay and
7A1 EA0B8 O AOsadcaiietiiggefingwh@r=td-go) is controlled by a onevariable fixate
system, while thesaccade metriqwhere-to-go) is controlled by a spatially distributed move
system. A saccade is triggered when the activity of the fixate system falls under a specific
threshold. At the time of their paper, this view was justified by neurophysiological data that

suggested a separation of the Superior Colliculustm fixation and saccadic zonegMunoz &
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Guitton, 1991; Munoz & Wurtz, 1993) It was also thought that the pause of the OPland thus
triggering of the sacade-- was caused by a decrease of activity in the fixation zori®unoz &
Wurtz, 1995b, fig. 13)because it was observed that the fixation zone has excitatory projections
to the OPN(Gandhi & Keller, 1997; M. Paré & Guitton, 1994)rom that, Findlay and Walker
separated the where and when decisions into two physical pathways. However, this view is
now questioned, sincel) it was observed that the secalled fixation zone of the S involved

in small and micro saccadegHafed & Krauzlis, 2012) and 2) the pause of the omnipause
neurons was shown to be caused by glycinergic inhibitiorfKanda, Iwamoto, Yoshida, &
Shimazu, 2007; see also General Discussioh our theoretical framework, we have only a
spatially distributed move system, andwe assumed a threshold/gating system to trigger
saccads (we will discuss the possible mechanisms underlying this gating system in the
General Discussion, Sectio.2). Secod, the most important difference with Findlay and
7A1 EAO8O AZ£OAI AxT OE EO OEAO OEAU AT 1 OEAAOAA OEA
they do not consider saccade curvatures: once thghento-go is decided, thewhereto-go is
selected and frozen.n our framework, there is no clear sequential separation between action
selection and action executionthe where-to-godecision processes and other signals projecting
to the SCi continue to progress during and after execution of the movememue to this,
saccadic eye movements and their curvature can be used to detect signals projecting to the SCi

and possibly represent a window opened on general decision making processes.

6 Thesis Organisation

In Chapter 2, we will study the properties of a winneitake-all neural field as a model of the
SCs. In particular, we will argue that surround inhibition effects and deviation effects of visual
stimuli can be expected in the SC map and that these effects may have an impact on the
saccades. A study reported in thappendix will also address whether a single winnetake-all
neural field can be used to model the wheréo-go decision when there are interactions

between the Global Effect and Surround Inhibition.

In Chapter 3, we will be measuring the curvature of sacdas to make inferences regarding the
activity in the SCi during the saccade. By means of a differential paradigm, we will reveal that
the SCi receives endogenous updates concerning the position of previously fixated stimuli. The
spatial frame of this updae is incompatible with recent models of saccade curvature. We

discuss how those models could be modified in order to explain our results.
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In Chapter 4, we will introduce a new measurg the Bimodal Global Effect to examine the
activity of the SCi duringthe saccade. This will allow us to understand what happened on the
side of the stimulus that did not trigger the saccade. We use the measure to draw the spatial

profile of a goal/discrimination -related signal and a historyrelated signal projected to the €i.

Simple architectures of DNFs can readily explain saccadic behaviours. In Chapter 5, we address
whether complex neurophysiological data from the SC neurons can be connected to saccadic
behaviours via these simple architectures. This opens a discussioagarding the possible

neural heterogeneity in SCs and the data needed to parametrize neuronal network models.

In the General Discussion, we will discuss about a possible implementation of the different
concepts developed in the present thesis. We will adsintroduce the different aspects of the
visuo-oculomotor system that deserve more attention in order to improve the current models.
Finally, we conclude by considering the possibility of applying the visuo-oculomotor

framework to the study of general ded@ion-making.
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7 APPENDIX A: Note on Topography of Afferent Projections
and Efferent Neurons in the Super@olliculus

Most of the afferent fibres to the colliculus regardless of their origin- appear to be organised
in a topographic fashion and to be irregister with each other. For instance, the retina, the
frontal eye field, and the visual cortices project their visually related information so that the
rostral part of the SC correspondto central vision (with a magnification of the foveal region)
and the caudal part corresponds to peripheral visiorfDrager & Hubel, 1976; Feldon, Feldon, &
Kruger, 1970; Finlay, Schneps, Wilson, & Schneider, 1978; Sommer &rt&, 2000 for FEF) A
similar topography is found for auditory signals: sound sources in front of the animal activate
the rostral part, whilst sound sources from the side activate more caudal zonésing, 1999, fig.
2). The somatosensory signals are organised suttat the nose/muzzle is represented on the
rostral part (with a magnification of the whisker zone, or of the nose for respectively the mouse
or star-nose mole), and the rear of the animal on the caudal paf€atania & Remple, 2004;
Crish, Comer, Marasco, & Catania, 2003; Drager & Hubel, 1976Finally, a topographic
organisation of the afferent fbres is also found for the premotor and motor areas : the finger
arm-shoulder representation projects to the rostral part of the SCi whilst the aratrunk
representation projects to the caudal part of the SGFries, 1985). Interestingly, around 28%
of the neurons in the SCi receive multimodal inpufWallace, Wilkinson, & Stein, 1996)and
these multimodal neurons are part of the tectereticulo-spinal pathway-- i.e. they can produce
motor responses(Wallace, Meredith, & Stein, 1993)Note that the projections of the SC with
the substantia nigra, the parabigeminal nucleus and the central mesencephalic retiar
formation appear also to be organised in a topographic fashidi8. Cohen & BittnerEnnever,
1984; Graybiel, 1978; Hikosaka & Wurtz, 1983; P. Redgrave, Marrow, & Dean, 1994 stated
in Section 1.3, this topographic organisation is an important and robust featuref the optic

tectum/SC through evolution.
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Figure 1-8: lllustration of the Projection of the Visual Space of the Right Hemifield of the

Retina to the Left Superior Colliculus. On the left side, we display tke visual space of the right

hemifield z the subject is looking at Charlie Chaplin, fixating particularly on the bottom left corner

i £#/ #EADPI ET 60 OECEO AUA8 4EA xEEOA AAOOntAeQidm1 11 OE
side, we display the projetion of the visual space of the right hemifield on the space of the left

superior colliculus. The white markers correspond to the markers represented in the visual space.

On both sides, blue lines denote the visual space in polar coordinates. The darkeblines and

numbers represent the eccentricity angles whilst the light blue lines and numbers indicate the
directional angles.

8 APPENDIX B: Note on Dynamic Neural Fields and their
application to the Visuoculomotor System

The seminal idea of describing th dynamics of neural populations instead of a single neuron
dates back to the 50s and 60s with the work of Beurl@956) and Griffith (1963; 1965). It leads
to the socalled CowanWilson population rate model (H. R. Wilson & Cowan, 1972)
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considering an homogenous population of interconnected inhibitory and excitatory ngons.
For our concerns, thesalynamicmodels describe the evolution over time of two variables: 1)
the average rate of action potentials within a neural populatiory i.e. the firing rate or
population rate -- which is considered as the main output signalnderlying neural interactions;
and 2) the average membrane potential, which is computed as a leaky accumulation and
summation of the inputs to the population. The ternfeakymeans that the membrane potential
has a tendency to return to a certain state oéquilibrium. Finally, the population rate is
computed as following a saturated function of the average membrane potential (the function
used is often a sigmoid). ByL973, Wilson and Cowan had already begun to modspatially
organised neural tissueg inspired by cortical and thalamic tissue-- introducing a model that
will later be called the dynamic neural field Dynamic neural fields are continuous spaces
(usually a 1D line or 2D map) where each point in space is considered a neural population that

follows the Wilson-Cowan modelz or derivative.

Following this, Amari(1977), extended the WilsorRCowan model, by exploring and formalizing

the dynamics of a neural field with short range excitatory and long range inhibitory

AiTT1TAAGETI 108 .1 OA OEAO Oiii1¢c OATCA ETEEAEOEITGS 11
The main chaAAOAOEOOEA T &£ i AOEGO OUDAzfor &spAcsi¢c Al EA 1T AO
parameter region-- an input signal can initiate a selstabilized bump of activity in the field at

OEA ET POOGSO i AgEI OiF DPAAE 11 AAOQET T8 TdainkdtezOEAOA AOA

if they are within inhibition range of each other-- or merge into one central peak of activityy

if they are proximal from each other. If the degree of inhibition/excitation istrong enough and

the inhibition range relatively long, competition may lead to a single selétabilized bump of

activity in the field z i.e. we obtain avinner-take-all mechanism (see Chapter 1 for more details

on dynamic neural fields). Thus winnertake-A1 1 T AOOAT EAEAI AO AOA A OOAOUH
fields. Finally,depending on the strength of the recurrent excitation, the setabilized bumps

of activity may or may not survive the removal of the input. When they do, such bumps are

referred to as selfsustained, rather than seHstabilized, bumps(see Spencer et al., 2009 for a

more detailed discussion on the properties of selfustained and seHstabilized bumps).

From that, Schoner, Spencer and codgues have elaborated a Dynamic Field Theory. In

DAOOEAOI Aoh OEAU bpOi bi OAA OEAO 'i AOESO i1 AAI EO .
brain that can explain a multitude of behavioural phenomena going beyond the scope of this

introduction (the theory led to a recent book, Schoner, Spencer, Group DFT Research, & others,

2015). Interestingly, Schoner and colleagisbegan to construct their theory by applying it to
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the visuo-oculomotor system (Kopecz, 1995; Kopecz, Engels, & Schoéner, 1993; Kopecz &
Schoner, 1995) At this time, the idea of using dynamic neutdfields to model the visue
oculomotor system had already been introduced by Dominey and Arbifd992), Lefévre and
Galiana(1992) or Arai et al.(1993, 1994) although they didnot use the same terminology (e.g.
OOAIET AT OET T AT 1T AOOAT OOOZAAAROGS ET OOAAA 1 E
was a logical step: the majority of the brain regions involved in the visdoculomotor system,
such as the LIP, FEF, SCs, %@, spatially organised neural tissue i.e., saccadic vectors, visual
stimuli that are represented in register with each other over the two spatial dimensions of the
neural tissue surface (a saccadic vector determine an amplitude and a direction). These
pioneering researchers, by introducing alynamicaspect to SC models, have highlighted new
possibilities to explain old issues (more details to find in the discussion of Chapter 2). This
approach has also allowed for a better integration of SC models withe brainstem burst
generator models (situated downstream) which were, at the time, already dynami(D. A.
Robinson, 1975; see also Scudder, 1988)
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Chapter TwoLimitations of Short
Mexican Hat Connection for Target
Selection

Activity Suppression and Deviation from Input Stimuli.

Abstract:

Dynamic Neural Field mdels (DNF) often use a kernel of connection with short range excitation
and long range inhibition. This organization has been suggested as a model for brain structures
or for artificial systems involved in winnetake-all processes such as saliency losation,
perceptual decision or target/action selection. A good example of such a DNF is the superior
colliculus (SC), a key structure for eye movements. Recent results suggest that the superficial
layers of the SC (SCs) exhibit relatively short range ititioh with a longer time constant than
excitation. The aim of the present study was to further examine the properties of a DNF with such
an inhibition pattern in the context of target selection. First we tested the effects of stimulus size
and shape on whe and where selmaintained clusters of firing neurons appeared, using three
variants of the model. In each model variant, small stimuli led to rapid formation of a spiking
cluster, a range of medium sizes led to the suppression of any activity on theone@nd hence

to no target selection, while larger sizes led to delayed selection of multiple loci. Second, we tested
the model with two stimuli separated by a varying distance. Again single, none, or multiple spiking
clusters could occur, depending on tiace and relative stimulus strength. For short distances,
activity attracted towards the strongest stimulus, reminiscent of w&lown behavioural data for
saccadic eye movements, while for larger distances repulsion away from the second stimulus
occurred All these properties predicted by the model suggest that the SCs, or any other neural
structure thought to implement a short range MH, is an imperfect winfteke-all system
Although those properties call for systematic testing, the discussion gathergaphysiological

and behavioural data suggesting that such properties are indeed present in target selection for

saccadic eye movements.

8 Note that the present Chapter is adapted fronviégardon et al(2015).



CHAPTER TWO: LIMITATION OF SHORT MEXICAN HAT FOR TARGET SELECTION

2-2|Page



CHAPTER TWO: LIMITATION OF SHORT MEXICAN HAT FOR TARGET SELECTION

1 Introduction

The SCi was recognised as the main action selection map of the visomlomotor system in
General Introduction. This Chapter will assess the spatial interactions between exogenous
signals that are likely to happen even before that exogenous signals reach the $8o that
perceptive levels are already shaping decisions. It will also be the opportunity tatroduce the
framework of Dynamic Neural Field models and spiking neuron models that will be used

through this thesis.

It has been suggested for a long time that a connectivity pattern of short range excitation and
long range inhibition in topographically organized visual structures could achievesaliency
localization - see blob detection models for computer visionBretzner & Lindeberg, 1998;
Kong, Akakin,& Sarma, 2013; Lowe, 1999but also models of V1/LGN(Kang, Shelley, &
Sompolinsky, 2003; Schwabe, Obermayer, Angelucci, & Bressloff, 2006; Spratlind,®&eng,
Li, & Li, 2011)- and target selection(Arai et al., 1994; Kopecz, 1995; Kopecz & Schoner, 1995;
Trappenberg et al., 2001) This connectivity pattern is often referred as a Mexican hat (MH) or
centre-surround inhibition, and was already implemented in early Dynamic Neural Field (DNF)
models (e.g.Amari 1977). Recently the relevance of such organization has also been
underlined for action selection in artificial cognition (Erlhagen & Bicho, 20®; Richter,
Sandamirskaya, & Schoner, 2012; Sandamirskaya, 20i4jardware implementations have
emerged (Millner, Gribl, Meier, Schemmel, & Schwartz, 201@nd are suggested to be an

important milestone for developing complex cognition(Indiveri, Chicca, & Douglas, 2009)

Among neural structures often modelled using a DNF with MH connectivity (which we will
refer to as DNFMH), a prominent example is the superior colliculus (SCyhile both SCi and
SCs have been assumed to have MH centivity, most modelling has focused on the SCi (and
hence on target/action selection rather than saliency). Results of SCi studies
(electrophysiology: Mcllwain 1982 Munoz and Istvan 1998 and anatomy:Behan and Kime
1996; Meredith and Ramoa 1998were in favour of MH connectivity and also suggested that
inhibition from a given site can concern very distant areas of the map. Hence, without more
precise measures, it was assumed that the inhibitory influence was very large. Numerous
models implementing long range inhibition(Arai et al., 1993; Bompas & Sumner, 40 ; Kopecz,
1995; Kopecz & Schoner, 1995; Marino et al., 2012; Meeter et al., 2010; Trappenberg et al.,
2001; Wilimzig et al., 2006)showed that it was successful for winnettake-all selection of a

saccade target among several options.
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However, the ideaof long range inhibition in the SC has been challeng€lda & Hall, 2009; P.
Lee & Hall, 2006) Very recently, a clearer picture has been obtained. Phongphanphanee et al.
(2014) using multi-electrode arrays on slice preparations of rodent SC evaluated the local
connectivity in SCs and SCi. This study found MH connectivity only in SCs and that, in this case,
the range of inhibition isrelatively short (see below for details). In SCi, the excitation zone was

at least as large as the area of inhibitory influence. The second main difference between the SCs
and the SCi revealed by the study concerned the time course of their excitatory andibitory
responses to a sustained stimulation: where the SCi was behaving as an accumulator, the SCs
showed transient responses. Globally these results led the authors to conclude that the winner
take-all phenomenon is observed in the SCs and that it ables saliency detection.
Phongphanphanee et al. (2014) wrote "The sensory layer (SCs) is optimized to localize the
single most salient stimulus" (p. 2342). The SCi, in turn, would cascade activity from the SCs
and integrate it with its other inputs to perform target selection. Importantly, the saliency
selected and localised by the SCs can be translated into the winner of the SCi target selection
when other target candidates are negligible. As stated above, numerous models of the SC were
implementing long range inhibition to perform selection. The results of Phongphanphanee et
al. (2014) call for an exploration of properties of map integrating MH with short range

inhibition and temporal dynamics based on the SCs.

The aims of the present study were: 1) to & the capacity of such a DNMH with short range

inhibition to perform reliable target selection and 2) to highlight its noticeable properties and

its potential limitations in such a context. Importantly, those properties could represent

testable predictions to address if the SCg or any brain structure z performances are indeed

driven by a short range MH. We implemented this type of DNFH in two dimensions with

spiking neurons.We fed it with various types of input stimulation to assess the emergence of

I TAAI EUAA AT A OOAAI A Al OOOAOO T &£ EEOEI C TAOGOITO
saliency and/or target selection. We first explore the effect of stimulus size on the performance

of the model. Second, we tested the model while two stimuli werergsented at the same time

and we measured their interaction while varying their weights and the distance between them.

As a final note, although our rationad is largely based on results obtained in the SC, especially
the superficial layers, our results @scribe a set of phenomena possible for any DN#H

implementation and usage.
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2 Material and Methods

2.1 Overview of the Model

The model is a simple network of neurons organized as one 2D layer of 100x100 celgylre
2-1A) and conneted according to a 2D Mexican hat kerneHigure 2-1B). Our model is close
to those ofK. Arai, Keller, and Edelman 188; Marino et al. 2012; Trappenberg et al. 2001;
Wilimzig, Schneider, and Schoner 2006Nevertheless the critical differences are that we
implemented a MH with a short range of inhibition and spiking neuronsKigure 2-1C) which
allow to set up different synaptic decay times for inhibition and excitation (see sectiof.2).
Finally, we did not implement the logarithmic compression of space that is observed in the SC

to remain general.

The model is implemented in Python 2.7 Http://www.python.org/ ) and using the library

BRIAN, a spiking neuron network simulator(D. Goodman & Brette2008; D. F. Goodman &
Brette, 2009). The code source for all the following simulations can be found at:
https://github.com/Nodragem/SuppData -MHLimitations-Selection We used the libraries

numpy and matplotlib for our computations and figures (see respectivelyWalt, Colbert, and
Varoquaux 2011and Hunter 2007).
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Figure 2-1: Overview of the model. Subplot A: The model is a dynamioeural field (DNF) of
100x100 cells. The red to yellow circle represents the cluster of spiking neurons after stimulation of
the neurons on the green line fed by the input neuron (green circle). This cluster forms a circle
centred on neuron A. Neurons Al(le-white dot) and B (redwhite dot) are marked in reference to
subplots B and CSubplot B: lllustration of the referenceMexican hat kerne(K= 1.2;6=6.0] y A

Ax = 5; see main tejt The graph shows the connection weight of neuron A with its neigivh@od.

The X and Y-axis represent the distance from neuron A in number of cells; Trexi8 represents the
weight of connection, a positive number is excitatory while a negative number is inhibitory
(arbitrary unit). Subplot C:illustration of equation 1L Each spike of neuron A (panel 1, red bars)
opens excitatory channels on the membrane of neuron B that close by themselves according to time

Ai 1 OOAT O zA j PATAI oF | OAl CA AOOOAQ8 4EAOA i DAl AA AQA

of neuron B (pael 3, green curve). When a thresholebQ mV here) is reached, a spike is triggered
in the neuron B (panel 4, red bar).
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The spiking neuron model(Lapicque, 1907; Brunel & van Rossum, 200f6r translation) used
here is a @mplification of conductancebased integrateand-fire (Hodgkin & Huxley, 1952;
Shadlen & Newsome, 1998)Activity of each neuron (unit) of this network can be described
with the following equations:
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Equation (a) describes the time course of the membrane potential for all neuron n (Figure
2-1C, colurm 3). It goes toward its equilibrium\ex EQE A O E invheAdt fesdvinielit O
goes towardVe or Vi when ge or gi are different from zero. WhenV reaches a thresholadvt for

a neuron n, a spike is emitted and/ is reset to Vr for that neuron n. After it emits a spike, a
neuron will be unaffected by any input during a refractory period of 1.5 ms. This refractory
period limits the maximum firing rate to 600 Hz which is consistent with SC cell recordings for
instance (R. W. Anderson et al., 1998; Sparks et al., 1976)

Equations (b) and (c) describe the time course of the opening of excitatory and inhibitory
gates z ge and gi -- on neuron nd @embrane (Figure 2-1C, column 2). By defaultge
(respectively gi) goes to zero with a time constant ofge (respectively zj) z the synapse decay
time. For each timed -- corresponding to a spikef of a neuronl & the network -- ge
(respectively gi) gets an immediate increase (from the Dirac function) which corresponds to
the weight connecting n to 1 &efined by we (respectively wi). Finally, one or more
experimenter-controlled spiking neurons can be connected to thenodel through ge (see
Figure 2-1A). Their firing rate over time is controlled by a curveFs; in that sense, they

resemble electric stimulations used in neurophysiology and do not follow a Poison process.
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The connections to the nawork are defined within the unit interval with a matrix wsand are

modulated with Js.

The matrices of connectionsveand wi are of size 10000x1000Qthe number of neurons in the

network is 100x100 = 10000). Each row defines the connectior of one neuron nwith the other

neurons| .@he matriceswi and we are computed from a difference of Gaussians equation:
"Qafy —h—F f

p I Aab TAGD — ,
G Gn cu , cu ,

2
Where the positive part of f is used to definewe, while the negative part is used fowi. It is
important to note that f describes a 20Mexican hat curve @s inFigure 2-1B), and so it retirns
a 2D map of connectios for one neuron. In order to populate we and wi with f, we used the
following relation:

® ¢ o T Anmiil Ann

w * 101 OEBn®d 101 OEP @
Where c and r denote the columnand row index of the matrices, respectively. This operation

simply centres andslices the map of connectiors returned by f for each neuronso that it can

be written as a row ofwe (or wi).

Finally, the variablesAx/ Ay and+ &/ + 4 define the standard deviation of the Gaussianshts,
Kis used to set up the inhibitoryfexcitatory extent ratio while the parameter| control s the
depth of the inhibition. It can be noted that he values off are constrained not to exceed the
range-1to 1: Jeand Ereused to scale them to a relevardimension for the network, its unit

being millivolt.

2.2 Parameter Choice

All the parameters of the model are summarized in Table 1. Parameters for which values are
not given in the table have values varying in the different simulations and these values are t
be found in the description of each specific simulation. The neuron parameters were taken
from recent spiking neuron models of the SQLo, Boucher, Paré, Schall, & Wang, 2009; Morén,
Shibata,& Doya, 2010, 2013)and adapted to obtain clusters that maintain a stable activity on

the map for the range of stimulations we used. Concerning synaptic decay timeids longer to
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z Mvhich is coherent with the observation of Phongphanphanee et §2014) during a sustained
stimulation of the SC (see their figure 7): indeediigure 2-4E of the present report shows that
our model was able to reproduce a transient response of the membrane potential to a sustained
input. However, to our knowledge the time constantg, &1dz Af actual SC neurons have never
been specifically measured, which explains large differences in parameters values between the
work of the two previous teams. By default, no noise will be introduced in the model. If a noise

source is used, it willbe stated in the text.

Concerning the lateral connection parameters, we used values firand 6 that were chosen

based on previous physiological or modelling studieslhe parameterK, corresponding to the

ratio inhibition range/excitation range, was setto 1.2 to limit lateral inhibitory influence to a

relatively small range consistent with recent results ¢ee Isa and Hall 20090or a review). This

ratio is similar to the value suggested by the SCs-intro study of Phongphanphanee et al.

(2014). Indeed, they reported an EPSC haf EAOE A O A Aand IBSChatfvidthtardea of

p T v 2(sde their figure 4D and theirtextpage 5, T OA Al O OE &0o6),inkviko AT A (A
OO0O0AU 11 OAO 3#E OADPI OOAA OAOQGEI O 1T A& vThat i Tonm
parameter b corresponds to the strength of inhibition; it was set at 6.0 in order to set the

maximum inhibition weight at roughly the half of the excitation maximum weight o fit with

the results of Arai et al(1994) (see the black curve of ouFigure 2-2 -- the minimum weight

of the reference MH is at100 mV for a maximum of 200 mV). Nat that we test variations inK

and b values below.

Lastly, our parameters are chosen for the neural field to be bistable between tad-off state
and a spiking cluster state. When a bump in the membrane potential reaches the threshold, the
model generates systematically a stable and wetlefined group of spiking neurons around the
point which passed the threshold. We name this group'apiking cluster" to distinguish it from
bumps in the membrane potential. This spiking cluster is similar to a bump of activity in a

population rate model, and being stable, it survives after we stop stimulating the neural field.
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Table 1: Model parametes and variables:

General parameters Symbol Value and unit
simulation time None 200 ms
map size None 100x100 neurons
simulation clock precision None 0.01 ms
recording clock precision None 1ms
Neuron parameters Symbol Value and unit
membrane time cortant _m 10 ms
excitation time constant _e 3ms
inhibition time constant i 10 ms
potential threshold Wt -50 mV
reset potential Wr -80 mV
resting potential Vo -70 mV
Nernst potential of excitation ions Ve 0mv
Nernst potential of inhibition ions Vi -80 mV
Neuron variables Symbol Unit
membrane potential \% mV
number of opened excitatory channels |ge no unit
number of opened inhibitory channels | gi no unit
Mexican hat parameters Symbol Unit
depth of inhibition controller [ no unit
inhibition/excitation extent ratio K no unit
standard deviation on-#xis 'y cells
standard deviation on-4xis X cells
centreposition on Xaxis r X cells
center position on YAaxis ry cells
matrix of positive connections We no unit
weight factor for positive connection Ize 200 mV
matrix of negative connections Wi no unit
weight factor for negative connection | i 200 mV
External stimulus parameters Symbol Unit
spikes train Fs no unit
matrix of connections with the model |Ws no unit
weight factor s mV
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2.3 Simulation Set Bize Variation of a Single Stimulus

In a first set of simulations we want to characterize the response of the selection map to stimuli
of different sizes. We iterate the exploration for three different instances of the MH to test for

the effect of slightvariations in the inhibition strength and extent.

A range of stimulus lines of varying size (see below) was tested with the model. We ran three
different sub-simulations (S1, S2, S3): one testing the reference MH (sstion 2.2) and two
testing variations of it in order to make sure that the results are robust to moderate changes in
the connectivity profile. More specifically, he first sub-simulation (S1) implemented the
reference MH K= 1.2 andb = 6.0; see Model paramete)sThe second subsimulation (S2) was
conducted to test a larger extent of inhibitionK was fixed to 2.0, which covers the upper end
suggested by data of Phongphanphanee et §2014). In order to only address the extent of
inhibition, b was set to 1.43 with an optimization algorithm to keep the minimum of MH
function (depth of the inhibition) similar to S1. The third subsimulation (S3) was conducted
with K= 1.2 andb = 8.0 to observe the effect of a stronger inhibition while keepinijs extent
constant. For the whole set of simulations in this partsx and sy were fixed to 5 neurons, this
was chosen to get relatively small MH lateral connections compared to the dimension of the
model map. Given that the determinant factor is the retave size of the stimuli compared to the
-(80 OEUAh EAOET C Oi Al 1T AITTAAOGETTO Al 11T xAA
The map was stimulated with lineshaped stimuli with twenty sizes (2 neurons up to 42
neurons in steps of 2 neurons alog the Y-axis). These lineshaped stimuli were defined byls

= | ®ws* Fsas explained in the equation (1.b). The maximum size of 42 neurons represents
less than 50% of the Yaxis size of the model map in order to limit border effects (map size =
100x100 neurons, see table 1). The firing rate pattern over time of éhexternal input,Fs was

a Gaussian centred on 25 ms with a standard deviation of 80 ms and a maximum frequency of
400 Hz. The strength of the stimulus was & 4000mV. Finally, the duration of each simulation

was 200 ms.

The results will be split in two parts. The first part focuses on the spatial pattern of spikes

obtained on the map while the second part focus the temporal pattern happening before the
spikes, at subthreshold level. Further explorations are presented in Appendix B where we
extend our reallts to 2D shapes and Appendix C where we investigate whether our results are

similar when using a sustained input (section8). In Appendix A, we used our model in
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combination with behavioural data to address a recent hypothesilinking the SCs to saccadic

behaviours.
& 7 — S1: K=1.2 B=6.0
= S2: K=2.0 p=1.42868
$3: K=1.2 B=8.0
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Figure 2-2: The three Mexican hats tested in Simulation 1. They correspond to the connection of

a neuron n with its neighbourhood (i.g.A 8 x A O | E 8 x y@l8ttedt dn Ahe XakiOahd fori
one direction.

2.4 Simulation Set 2: Interaction of Two Stimuli

Our first set of simulations addresses the effect of stimulus size in a simple DINFH used as a
target selection map. However, such a map is prone to receive mangndidate points of
interest from satellite structures feeding it. Our second set of simulations tests the behaviour
of our DNFMH model when stimulated at two points with varying the distance and relative
strength. In a comparison of our model with the Ss, this simulation is analogous to the imitro
experiments conducted by Phongphanphanee et g2014) and by Vokoun et al(2014) in
which these two teams stimulated two points in the SCs wing the distance and the strength

of stimulations injected in each point.

Two stimulation points, A and B, of size 2x2, are considered. Stimulation A is kept at a fixed
location (x= 31; y=51), while stimulation B is tested for distances from 2 to 40 delwith a step

of 2. Stimulation A and B both have the same firing rate pattern as used in simulation 1. While
the stimulation B is always connected with a weight of 4000 mV to the model, stimulation A is

tested for 3 different weights: 1333 mV, 2000 mV ath 4000 mV. We used the reference MH
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to 5 cells in Simulation 1, to increase the MH size and hence virtually increase the granularity
of our probing). The resultwe report here is the position of the spiking cluster nearest to
stimulation B on the map. Its localization is defined by the centre of gravity of its spike count
over all the simulation. To control that border effects was not at the origin of the followig
observations, a control condition was run that tested the spiking cluster position for the
different location of the stimulation B alone. The spiking cluster positions were then well

aligned with the stimulation B and suggest there is not border effeett those locations.

The results for the simulation set 2 will be split in two parts. The first part presents the results
without including noise in the model. The second part tests if the results obtained for the
condition 4000mV-4000mV are robust to theaddition of noise in the model and if they extend

to a slight inequality in A and B intensity (3500mY4000mV). Precisely, the noise was added to

the membrane potential and was following a normal distribution of standard deviation 4 mV.

3 Results

3.1 SimulatiorSet 1: Spatial Patterns

Figure 2-3 shows membrane potential and firing rate for all neurons of the neural field for a
subset of stimulus sizes for the 3 MH variants (S1, S2, S3, depicteBigure 2-2). These values
of membrane potential and firing rate were averaged over all the simulation time (200ms). The
represented line sizes illustrate the different activity patterns that we observed. Panel D shows
the number of spiking clusters (see parameter sectio for definition) as a function of the

stimulus size for the three MH variants, as further explained below.

For the first MH (S1K= 1.2 andb = 6.0,Figure 2-3A and black line in 3D), a unique circular
spiking cluster located onthe centre of the stimulus line was observed from the smallest size
up to the size of 18. Despite the transient nature of the stimulation, the spike cluster persists
during the whole duration of the simulation. On the contrary, from size 20 to the largeststed
size (size 42), no spiking clusters appeared on the firing rate map: a complete activity
suppression was observed. It can be noticed that on the membrane potential map, the activity
appears equally spread for size 20 while the activity is strongesn the extremities for size 42.
This subthreshold activity distribution suggests that the extremities could win the

competition if the spiking threshold was decreased.
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Figure 2-3: Overview of the spiking clusters spatial distribution during S1, S2 and S3
(respectively subplot A, B and C). The results are shown for the most informative stimulus sizes,
which are different according to the set of simulations and are indicated on each column of the
graphs.Subplot A, B, C:On each picture, the top part shows average membrane potential during
the simulation; the lower part shows average firing rate during the simulatioriubplot D
summarizes the result: the number of spike clusters is computed as the sum ofsspikehe map
divided by the sum of spikes occurring for the first distractor size (each first distractor size gave rise
to one spike cluster that is used as reference).

In the second subsimulation (S2,K = 2.0 andb= 1.43,Figure 2-3B and red line in D), we
observed similar results but the spiking cluster for small line sizes was larger and the complete
activity suppression starts at a larger stimulus size. These two observatiorse to berelated

to the slightly larger excitation influence in S2 with respect to S1Hgure 2-2). The main
difference with S1 appears at size 42: the activity on the extremities was strong enough to give
rise to two spiking clusters. Tlose two spiking clusters have a weaker average firing rate than
the one observed for previous sizes. Below (sectidh?2), we show this is due to a larger latency

before the first spike rather than a lower firing rate once initated.
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In the third sub-simulation (S3,K= 1.2 andb = 8.0,Figure 2-3C and green line in D), similar
results as in S2 and S1 are found but with a smaller radius of the spiking cluster for small line
sizes and a suppression thattarts at a smaller stimulus size (size 16). Here, two spiking
clusters were observed, as in S2, for stimulus size 30 to 36. However, S3 differs from S2 as a
complete suppression was again observed for larger sizes than 36. When present, the two
spiking clusters were on average weaker than the unique spiking cluster observed for smaller
sizes. Once morehelow (section 3.2), we explain that this is due toa larger latency before that

the spiking clusters arise

Thus complete actvity suppression occurred for at least one range of sizes for each set of
simulations. The stimulus size for which it appears is positively correlated with the size of the

positive area of the MH used for these simulations.

Lastly, note that the stimuli tested were spatially homogenous: each point of the stimulus gave
the same input to the map. This type of stimulation may favour complete suppression, and if
noise were present in the network, it is conceivable that it could randomly favour the selection
of a spiking cluster and hence eliminate the phenomenon of complete suppression. To test this
hypothesis we added normally distributed noise in the membrane potential of all the units of
the 2D network, usingKk= 1.2 andb = 6.0 (S1). The standard deviationfahe noise was of 4mV,
which corresponds to a fifth of the distance between the resting potential and the threshold.
The results were similar to those presented above. Hence, even with noise in the network, the

phenomenon of complete suppression could bebserved.

3.2 Simulation Set 1: Temporal Dynamics

In simulations S2 and S3 larger stimuli could lead to two spiking clusters, which show a lower
firing rate average than for the unique cluster appearing for smaller sizefigure 2-4A,B, C
shows the evolution of the membrane potential for neurons just next to the stimulus line (see
caption for more details) for the same sizes addressed iRigure 2-3A, B and C. It can be
observed that the threshold to the firstspike is reached much later for sizes giving rise to two
spiking clusters (size 42 in SA2 and size 30 in SA3) when compared to sizes leading to one
spiking cluster. In addition we have estimated the firing rate of the spiking clusters for the last
50 ms d each simulation: their firing rate does not change between stimulus size (55800Hz

for S2, 353400Hz for S3,). Hence the change in firing rate average observed in S2 and S3 was

the result of the change in latency for the membrane potential to reach thireshold.
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Figure 2-4: Overview of the membrane potential dynamics during SA1, SA2 and SA3.Subplot
A-C: Effect of the stimulation on the neighbourhood according to time. We report the membrane
potential ofthe most excited neuron among the neurons situated along a line parallel to the stimuli

and at 2 cells from it (x = 52). When a neuron on this line reaches its thresholdgatmV, see the
dashed horizontal line), it means that a spiking cluster is creatA, B and Ccorrespond to the 3
different MHs introduced irFigure 2-20 OEAEO DAOAI AOAOO

+ AT A 1

For each MH, we plot the maximum of the membrane potential for the same sizes as shdvigire
2-3.The vertical lines at the bottom represent the input spike traiBubplot D: Initial speed
(averaged between 0 and 6 ms) of the membrane potential (in mV/s) according to stimulus size for
SA1, SA2 and SA3. The circles plotted on the curves denote that, for these stimulus sizes, the
membrane potential reached the thresholdeliore 30 ms and led to one spiking cluster on the neural
field. Subplot E: Speed of the membrane potential (in mV/s) between 30 and 90 ms when auto
inhibition prevented threshold being reached in the first rise, plotted according to stimulus size. The
circles plotted on the curves denote that, for these sizes, the membrane potential reached the

threshold sometime after 30 ms and there are two spiking clusters on the map.

We can observe in all the simulationsKigure 2-4A, B, C, &kurves) an early rise of membrane

potential. This early rise is at the origin of all single spiking clusters observed irigure 2-3.

Moreover, Figure 2-4D shows the speed of this early rise (for the ilrval between 0 and 6 ms)

i £OT 1

for all stimulus sizes. This speed increases until an optimal size (10, 12 and 8 cells for S1, S2

and S3 respectively) and then decreases to a plateau. The obtained curve is analogue to what

is found with the firing rate of neurons in surround suppression literature (Sceniak, Ringach,

Hawken, & Shapley, 1999; Schwabe et al., 200@mpty circles on the curvesndicate that the
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threshold is reached before 30 ms (i.e. a single spiking cluster is observed). Hence we can see
that close to the stimulus size corresponding to the beginning of the plateau, the initial wave of
excitation starts to fail to reach spikingthreshold. Interestingly, in those conditions (size 20
and 42 of Figure 2-4A for instance), we can observe that the early rise is transient. This
transient nature is explained further through the dynamics of excitatory and inhibibry
influences in Appendix C. Interestingly, this transient rise in the membrane potential echoes
the transience observed by Phongphanphanee et al. (2014) in the SCs as previously mentioned
(see their figure 7A, left).

The two spiking clusters for largerstimuli occurred through a late second rise in membrane
potential after 50ms (e.g. size 42 and 30 for S2 and S3). By observing the curve for size 20 in
S1 Figure 2-4A, we can see that a late rise in the membrane potential occurés@ for
intermediate sizes, but insufficiently to produce late spiking clusters (see also size 24 for S2
and sizes 16 and 38 for SA3), this corresponds to the complete activity suppression shown on
Figure 2-3. To examine this furher, Figure 2-4E plots the mean speed of the membrane
potential averaged between 30ms and 90ms to illustrate how the second rise varies over
stimulus size. The time window used catches the variation for S3 especially well showitiat

the second rise of the membrane potential, like the first, also has an optimal stimulus size after
which the rise speed decreases again and it fails to reach threshold (note that the pattern may

be compared toFigure 2-3D).

3.3 Simulation Set 2: Spatial Interactions

Figure 2-5C shows a summary of the results for these simulations. The spiking clusters
produced by the model indicate which locus has been selected as a target. Its deviation from
stimulation B is shown as a function of distance between the two loci of stimulation. Negative
values correspond to a deviation toward the locus of A. The three curves correspond to the
three different intensity of stimulation tested for the point A (1333, 2000, 400mV; B is always
stimulated with 4000mV). Filled symbols indicate that only one spiking cluster was present on

the network and open symbols that two clusters survived.

In the case of equal strength for both stimulations (green curve), for the first distaes up to

14 cells, we observed one single resulting cluster (fusion phenomenon) that was in between
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Figure 2-5: Interaction between two stimulation induced bumps according to their distances.

The magenta dt in subplot A and C represent the position of stimulation B, while the green dot
represents the stimulation A. The white dot in subplot A is the centre of gravity of the spiking cluster
the nearest from stimulation B. The plot B describes the deviatidrttat centre of gravity (white

dot) from the stimulation B (magenta dot) on the-axis. Filled dots denote there is only one spiking
cluster on the map, while the unfilled dots denote there are two spiking clusters on the map. The
simulation was run for dfferent distance between the stimulation A and B-éxis), and for different
strength of the stimulation A (curves red, blue and green).Note that the subplot A shows an average
of the firing rate over the simulation while the subplot B show an averagé¢hef membrane potential

over the simulation.
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the two stimulation loci (seeFigure 2-5A1 Attraction). That observation can be related to the
activation merging found by Vokoun et al(2014) in the SCs (see their Figure 3). Then fdwo
following distances (16 and 18 cells), a complete suppression of activity on the map was
observed (seeFigure 2-5A2 Suppression). Finally, from a distance of 20 cells up to the largest
tested distance (40 cells), two clusters are produced and the closer to the site of B is repulsed
in the opposite direction with respect to A (positive values on y axis of the panel B). The panel
A3 allows us to see that the same repulsion was observed for the cluster close to the A site. This

repulsion phenomenon decreased as the distance between the two stimulating sites increased.

When stimulation Bwas stronger than stimulation A (blue and red curves), in almost every
case only one cluster was produced: a winneiake-all mechanism occurred and selected a
locus near stimulation B. Nevertheless, a deviation toward stimulation A is still observed up to
the distance 16 cells: the spiking cluster appears in between the two stimulations. Note here
that the selected locus is closer to the strongest stimulation and that it gets closer when the
latter gets stronger. That bias toward the strongest stimulus islso observed in Vokoun et al.
(2014). For larger separation distances, the winning cluster remained localidenear site B.
This result goes in line with the results of Phongphanphanee et al. (2014): when the
stimulations are close enough, an activation is present at A and B sites while when the
stimulations are more distant, no activity is recorded close to thetimulation A (the weakest)
and a normal cluster is observed close to the stimulation B (the strongest). Nevertheless, the
winner -take-all mechanism is not perfect: the selected locus is near to B but not aligned with
it. Indeed a deviation away from stimdation A occurred, similar to what we observed with

equal strength simulations.

Figure 2-5Cshows the abrupt end of the winneftake-all phenomenon with stimulus distancé

for the condition with A=2000mV (the panels correspond to hie three blue arrows ofFigure
2-5B). In panels C1 and C2, stimulation A is on the edge of influence of stimulation B. In panel
C3 (distance = 40 cells), the activity at A escaped from the small inhibition influence of
stimulation B and two clusters emerged the system fails to select only one stimulus. That does
not happen for the condition 4000m\/1333mV at distance 40: the stimulation A is then too

weak to overcome the small inhibition influence of B.

9NotethatET OEA AOAT A 1T &£ OEEO OEAOGEO AT A A glAWHIefdE £ OOAOA
to the distance between two stimuli, i.e., the intestimulus distance.
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3.4 Simulation Set 2: Tightmpetition and addition of noise.

Our previous results for two stimulation inputs of exactly same strength show that for a given
range of distances a complete suppression of activity is observed. This corresponds to a failure
for the DNFMH model to selecbnly one target. One can suggest that this failure of the winner
take-all is due to 1) the absence of noise in ounodel or 2) the unnatural exact equality of the

two stimulations in competition.
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Figure 2-6: Interaction between two stimulations according to their distances, with noise and
tight competition (4000-3500mV). Same description as féiigure 2-5B.

We tested here if the previous results, notably the suppression, can bétained with the

addition of noise and for close competition (3500mV vs 4000mV).

Figure 2-6 shows the results of one simulation with these conditions. The results are strongly
similar to those obtained in the simulation without nase. The addition of noise, even if it helps

to get only one winner (compare distance 20 and 22 iRigure 2-6 and Figure 2-5B), does not
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prevent the case of twewinner and no-winners in the 4000mV-4000mV condition.
Interestingly, the condition 4000-3500mV (dark blue curve,Figure 2-6) shows that we can
also obtain activity suppression when the two stimulations are not exactly of the same
strength. This occurs for distance 16 and& cells, similarly to the equal strengths condition.
However, in this case, the twewinner situation is not observed directly after the suppression
phase. For some distances, the curve is similar to the one obtained in the condition 4000
2000mV. Nevertheless, finally stimulation A succeeds to give rise to a spiking cluster because
the inhibition from stimulation B gets smaller after a certain distance (se€&igure 2-2 for the
shape of a MH curve). Here, stimulation A being strong#ran in the 4000-2000mV condition,

it overcomes the inhibition of B (i.e. it results in two clusters) at a smaller distance.

4 Discussion

The aim of the present study was to get further insight into the properties- and their
consequences for saliency or tget selection-- of Dynamic Neural Fields based on a Mexican
hat kernel (DNHMHSs) in the specific case of short inhibitory influence. Indeed, this type of
lateral connection has been recently demonstrated for a classical biological example of DNF
MHs, thesuperior colliculus (SC; see Introduction). We designed a simple one layer model
implementing the most recent data concerning lateral interaction in this neural structure
(Phongphanphanee et al., 2014) and we tested its properties. We observed that cemtai
stimulus sizes could lead through centresurround interactions to a complete suppression of
the network activity, while larger sizes led to multi loci selection. This complete suppression,
which led to no target selection, also occurred when two stimuladns were presented
simultaneously within a certain range of distances. For smaller distances, the model selected a
position in-between, closer to the strongest stimulus (attraction/fusion), while for larger
distances the model selected two loci that wereleviated away from the stimuli positions
(repulsion). We discuss these results of suppression and spatial deviation (i.e.,
attraction/fusion and repulsion) obtained here in view of neurophysiological, modelling and

previous behavioural findings.
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4.1 Suppres®n phenomena: Neurophysiology results

It may seem counterintuitive to observe complete suppression on a saliency map for large
stimuli of interest. This result can nevertheless be related to previous neurophysiological,
modelling and behavioural findings in the visuoc-oculomotor system and may help to

disentangle unanswered questions.

Suppression phenomena in which larger stimuli produce lower activity than smaller ones are
well described in sensory systems and especially in the visual systefAllman, Miezin, &
McGuinness, 1985; Series, Lorenceau, & Frégnac, 2Q08lpst of the time a decrease in the
response is observed€ither a decrease in the frequency of the response or/and in the number
of spike emitted; seeHubel and Wiesel 1968, rather than a complete sppression as observed
here. Nevertheless, phenomena of total suppression have also already been reported in
physiological recordings. Goldberg and Wurt£1972) showed a complete suppression of SCs
response when increasing the size of a visual stimus (see their Figure 4). Additionally, more
recently, in a study on SCs receptive field, Wang et @d010) reported that the activity of SCs
neurons was completely suppressed for large stimuli centred otine tested neurons (see their
figure 5). Our study brings some clues concerning mechanisms underlying these suppressive
phenomena. Indeed, their neural substrates remain debatd®achdev, Krause, & Mazer, 2012)
The origin of the suppression is proposed to be due to 1) a decrease of feedforward activation
2) interactions involving local lateral connections or, finally, 3) éedback connections from
higher areas. The present study confirms, on a theoretical ground, that centre surround
interactions in a single layer based on the most up to date physiological evidence from SC is

sufficient to provide total suppression of the rsponse for a certain range of stimulus sizes.

For any given surround suppression phenomenon, the present work provides predictions to
test the hypothesis that it might be driven by short inhibitory lateral connections. First,
increasing the size of a linestimulus should lead, after the suppression phase; to the
reappearance of activation clusters on sites corresponding to extremities (sdégure 2-3).
Second, this reappearance should be observed with a significant latency incredfsa delayed
wave of inhibition is present (see Appendix B, sectioB.2). Third, when two stimulations are
tested, maximal activity suppression should also be observed for a specific distance (5agure
2-5).
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4.2 Suppression phenomena: Modelling results

Similar models with MH connections have already been suggested to reproduce surround
suppression (Sceniak et al., 1999; Schwabe et al., 2006; Spratling, 201®nly Sceniak et al.
(1999) also showed total suppression (se¢heir figure 2F). Nevertheless none of them were
constructed with spiking neurons. The patterns of activity at subthreshold level and beferthe
first spike (section 3.2) gives an insight io how the dynamicof the inhibition and excitation
can shape the suppression. In the present model, it is a delayed wave of inhibitipihe. after an
initial rise of membrane potential-- which drives the surround suppression. Note also that the
model highlights that there is an optimal size of visual stimuli for which the latency to trigger
a spiking cluster is minimized Figure 2-4D). That aspect ofhe model is in line with the work
of Marino et al.(2012) zseetheir figure 6F. Those authors were running a population ratbase
DNFMH of the SC{Trappenberg et al., 2001)and they used an arbitrary threshold to trigger
saccades. They observed a-thape relationship between the estimated reaction time and

saccadic target sizes, but did not observe a total suppression as we did.

The total suppression (absence of spike) that we observed as a result of audibition might

be due to the properties of our model. First, leaky integratand-fire spiking neurons
implement de factoa gating mechanism: neurons keeps silent if the input in too low. Second,
the strong coupling of our network allows strong seHsustained spiking clsters. The
combination of both creates a switcHike responses of our model: either a region is ON
(forming a spiking cluster), or it is OFF. That could explain the total suppression. However, it is
reasonable to question whether such a switcltike winner -take-all is biologically possible. In
fact, such switchlike responses are reported for neurons coding for competing stimuli in the
optic tectum of the barn owl(Mysore, Asadollahi, & Knudsen, 2I1) and in the SCs of the mouse
(Phongphanphanee et al., 24). Mysore et al. estimate that 48% of the neural population they
tested was exhibiting switchlike responses while the remaining 52% was exhibiting gradual
responses. From that, our model is predicting that total suppression due to a too large stimulus

are likely to happen in the switchlike population of the SCs/Optic Tectum.

4.3 Suppression phenomena: Behawal results

If the suppression phenomenon observed in our model exists in the oculomotor system, this
predicts that large stimuli will lead to fewer saccades with short latency than would small

stimuli. Ploner et al.(2004) observed this type of effect in a behavioural study: saades with
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short latency were less numerous for large targets (10°), whereas saccades with short latency
were more frequent for small target sizes (1°). More precisely concerning this latency question,
the U-shape curve for the relationship between the metorane potential evolution speed and
the size of the stimulus Figure 2-4D, see also figure 6F of Marino et al. 2012) is in line with
the relationship shown by Boch et al(1984) between express saccades latency and the size of
the target (seetheir figure 5).

The observed suppression would similarly predict that largerdistracting stimuli could
paradoxically interfere less with saccades to a nearby target than might smaller distractors.
Such a pattern was observed by Tandonnet et §012) z and to which we will return in detalil

in Appendix A Their work focused on the Global Effect, which is the tendency for saccades to
land in between to nearby visual stimuli(Findlay, 1982). Using a targetdistractor couple, they
found a Ushaped curve for such deviation while increasing the distractor size: first the
distractor is too small to have a strong influencgthen its increase in size makes its influence
grows, but from a given size its influence begin to decrease. This loss of weight for larger stimuli
could be explained by a decreased response in a saliency map such as the SCs or the LIP. Finally,
the results of Stigchel et al(2012) consisting in a smaller extent of the global effect for large
stimuli may also be explainable by a suppressn of large stimuli. Note that while Tandonnet et
al. (2012) observed the average shift of the landing positions, Stigchel et €2012) observed
the split from unimodal to bimodal distribution. All these results suggest that different degrees
of suppression are observale at the behavioural level. It remains to be investigated whether

total suppression phenomena can also be detectedor single stimulus, and for two stimuli.

4.4 Spatial Deviation: the Fusion effect

Our DNFMH demonstrates deviation of the spiking clustersrbm the initial input locations.
Such deviation can be detrimental, for instance, when the DNWH is used as a target selection
map which has to select among different points of interest sent by satellite structures. Indeed,
with such deviation, the seleatd target would not correspond to any prior points of interest.
We discuss here whether these deviations have already been observed at the

neurophysiological, modelling or behavioural level.

When the model is stimulated at two nearby locations a single dpng cluster emerges in
between them. The cluster is closer to the stronger stimulation locatiogn in proportion to its

relative strength z and it is of the same width as spiking clusters induced by a single
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stimulation. This phenomenon ofattraction (and fusion) was described for the first time by
Amari (1977) in a DNFMH based on a firing rate neuron model. The findings of the present

study extend these previous observations to a 2D spiking neuron networks.

On the behavioural side, the tendency for saccades to land in between two simultaneous and
nearby visual simuli is known as the Global Effect or saccade averagir{§indlay, 1982).
Concerning he neurophysiological approach, Glimcher and SparK4993) showed that this
fusion phenomenon could occur in the SCi when an intermediate saccade is made between two
visual stimuli presented simultaneously. Edelman and Kedl (1998) added that this could be
the case for saccades of latency in the average range while two distinct bumps of activity would
stand on the SCi for shortest latency saccades. However, whether a fusion of activity in the SCs
or the SCi can explain the Global Effect is still matter of debate. Arai et(&2894) implemented

a saccadic system model using a DNWH to simulate the SC layers. Their model took into
account the SC spatial compression and, in thdist using fusion to explain the Global Effect,
one can notice hypermetria (overshoot) of the output saccade (séeeir figure 10). Katnani and
Gandhi(2011) brought further insight for that result: when the DNFMH phenomenon of fusion

is applied in SC space (Note that the SCs and SCi are assumed to have to an equivalent mapping;
cf. Schiller and Stryker 1972) this would lead systematically to overshooting averaging
sac@des in external or retinotopic space. On the other hand, they demonstrated that a vector
averaging of two steady bumps of the SC space would lead neither to a hypor a hypermetria.
They, however, note that if the phenomenon of attraction could lead sowider bump of activity
(wider on the axis formed by the two input stimulations, leading to an elliptic shape), the

hypermetria would be corrected.

Recently, Vokoun et al. (2014) have reported in their work applying photodiode stimulations

that on a cororal slice of thesuperficial layersof the rat SCOOE | O1 OAT AT 6O OOEI 061 A
nearby sites resulted in a single, merged peatentred AAOx AAT OEA Oxi1 OEOAOO¢
that such a phenomenon could explain the Global Effect. Importantly, they obsedvéhat an

activity bump induced by the simultaneous stimulation of two loci is wider than an activity

bump induced by a single stimulation. That results interestingly echoes to a previous
behavioural study observing that larger visual stimuli can lead to avider distribution of

saccade landing positiongTandonnet & Vitu, 2013) Under the considerations of Katnhani and

Gandhi (2011) this spread of activation could correcthie hypermetria issue discussed above,

but it is important to note that a single layer bistable DNAMH model such as ours could not
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replicate such a spread of activity the fused activity has the same width as that for a single

stimulus because the stableluster size is set by the width of the MH.

4.5 Spatial Deviation: the Repulsion effect

When two clusters of activity were induced by two stimuli, they tended to deviate away from
each other (seeFigure 2-5). Here also both the earlywork of Amari (1977) and the recent
study of Almeida et al.(2015) already observed this phenomenon in 1D models. Again our
results allow to extend these findings to a 2Bituations (see also the Appendix B). To evoke
this repulsion phenomenon, Amari (1977) explains that bumps of activity tend to climb up
inhibition slopes. Then, the repulsion is reserved to MHs which have a range short enough to
Al11Tx A OOEINl Dl AGEATT OODAGAETEEEAEOQCEI T OI 1T PA 1T &£ ATT O
Concerning the behavioural level, Wang et a2012) as well as Wang and Theeuwe@014)
suggest that if this phenomenon is present in the SC, it could explain the trends of saccade
trajectories to deviate away from a distractor. Wang and Theeuwef014) also report a shift

of the landing positions away from the previous fixéion stimulus when varying its timing
which might be explain by repulsion. However, to the best of our knowledge, repulsion in the
bimodal distribution of landing positions to two simultaneously presented stimuli or in the
internal representation of stimuli position has never been observed. This may be due to the
difficulty to track back a phenomenon occurring in the SCs from behavioural data. For instance,
the strongest repulsion effect we observed occurred when there are two spiking clusters
emerging on he map. Nevertheless, if there is vector averaging downstream, at the behavioural

level only a Global effect might be observed.

Finally, at the neurophysiological level, Vokoun et a{2014) studied activations in coronal

slices of thesuperficial layers of the rat SC after concomitant stimulation of 2 two sites. They

did not observe any repulsion (nor any suppession) effect despite the exploration of

numerous distances between the two stimulated sites. Hence, even though evidences have

been found recently for a local Mexican hat kernel in the S@hongphanphanee et al., 2014)

the lack of concordance between the present study results and Vokoun et@014)8 O OAOOI 00
guestion if the SCs can be modelled with a simple DNFH (see also the end of the previous

section, 4.4). khwever, a possible alternative to explain this lack of concordance is that the

coronal slicing used by Vokoun et a(2014) may have damaged part of the lateral inhibition

system altering the MH kernel, its size and its properties. Hence, further neurophysiological
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works are required to shed more lights on 1) the link between fusion of activity in the SC layers
and Global Effect, and 2) on what extent those natural phenomena can be modelled with a
simple DNFMH.

Interestingly, attraction and repulsion phenomena have recently been reported when using
DNFMHs to model spatial working memory tasks, and they have beeauccessfully related to

actual behavioural imprecisions (Almeida et al. 2015).

5 Conclusion

We constructed a DNAVIH integrating short range MH connections based on recent results
obtained in the superficial layers of the SC, and we tested how it performs\rery simple target
selection tasks: 1) the localization of a single stimulus of different sizes; 2) the selection and

localization of the strongest of a pair of stimulations.

Our work demonstrates that even a short range inhibition (i.e. only slightlyarger than the
excitation; ratio of 1.2) can enable a selection dynamic. However, it also highlights noticeable
phenomena emerging from the model during those tasks: suppression, mu#ipot selection,
attraction/fusion and repulsion. If the DNFMH is usedas a target selection map as it is thought
to be the case for the SCs, such attraction and repulsion would impair the spatial precision of
the selection while the suppression would delay or hinder selection. In short, those properties
suggest that the SCis an imperfect winner-take-all selection system. At the same time, those
properties constitute a collection of testable predictions to verify this point and the pertinence
of using a DNF with short range MH to model the SQs.parallel, future modelling work may
investigate whether the phenomena we observed survive more advanced implementations of
the SC dynamics. Notably, 1) when one implements the transient visual burst dynamics in SCs;
2) when one implements the SCi layer and the motor executions. This partly what will

motivate the modelling effort of Chapter 5.

Ultimately, this Chapter has introduced the basics of DNFs spatial interactions, the notions of
merging/attraction/merging effect and of repulsion effect will be re-used in Chapter 3 and
Chager 4. We would also recommend the reading of Appendix A that expla¢he interaction

of the merging effect with the auteinhibition effect inside a single DNF. We particularly
guestion whether such a configuration is sufficient to explain the result of ahdonnet et al.
(2012) z mentioned in Section 4.3.
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6 APPENDIX A: Global Effect and -fltibition in the
Superficial Layers of tI®C?

6.1 Introduction

The Global Effect (GE, or averaging effect) is probably the simplest sensongtor spatial
interaction observable inthe monkey and human. It refers to the tendency for the first landing
position of saccades to be in between two nearby visual stimuli instead of there being an

accurate saccade to one of the stimulCoren & Hoenig, 1972; Findlay, 1982)

Recently, the superficial layers of the SC have been suggesisdhe biological substrate of the
GE(Vokoun et al., 2014)z notably because the authors observed in vitro a merging effect
happening in the SCs while stimulating two regions of the SQn addition to this, early
neurophysiological exploration of the SC showed that large stimuli can induce less activity than

smaller ones in SCs neuronGoldberg & Wurtz,1972)8 4 EAOA &£ OAh 61 ET 61 AO
"T1AAOC AT A 7000U jpwxcgd O OAmALitiGnoandAGEAare OOCCA O
occurring in the SCs. Next to that we showed in this chapter that a single layer DNF model of

the SCs can replicate both niging effect and auteinhibition effect. In fact, the merging effect

of DNF have already been suggested to explain the GE elsewh@eai et al., 1994) Thus,

everything seems to fall ino place: a single DNF model can generate the GE and the auto
inhibition effects; and all that in the SCs. However, it should be recalléisat a more standard

view of the GE localize it in the SCi or downstreafEdelman & Keller, 1998; Glimcher & Sparks,

1993). From that, thereare two main hypotheses: 1) auteinhibition and the GE happens at the

same functional level; 2) the auteinhibition and the GE does not happen at the same functional

level. One way to address those hypotheses is to collect behawial data of the interactions

between autoinhibition and GE and then explore the space of lateral connections that would

allow those interactions to happen on the same single layer DNF. Our work shows that

consider that both effects happen at the samlevel would lead to elliptical lateral connections

in the SCswe then discuss why such an atypical solution favosithe second hypothesis.

In the framework of Global Effect paradigms, the metaphor of the "centre of gravity" was
introduced as the eyes ofta move closer to the largest or the brightest stimulus of the
configuration (Deubel, Wolf, & Hauske, 1984; Findlay, 1982However, based on the result of
Goldberg and Wurtz (1972) and on the predictions that can be made for large stimuli in neural

fields with lateral interactions (see above), Tandonnet et a[2012) reasoned thatthe global
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effect might be counterintuitively less powerful for a large stimulus if it loses influence due to
auto-inhibition. Consistent with this, their results showed that for small distractors, their

apparent weight increases with size
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Tandonnet et al. (2012). Mean saccade landing positions in distractor trials relative to no distractor

trials as a functio of distractor length and target eccentricity for all participants. Asterisks indicate

the statistically significant differences between neighbouring points (p < 0.05). In the behavioural

study of Tandonnet et al. (2102), the target was a circle of 0.2¥isual angle. The distractor was a

vertical line between the fixation cross and the target; its size could be 0.3°, 0.8°, 1.9° or 4° of visual

angle. The targetdistractor distance was kept at 3° of eccentricity throughout the conditions while

they testal two eccentricity of the target- 6° and 7.5°.

(from 0.3° to 0.8°), but for further size increases (from 0.8° to 4°) the weight of the distractor
seems to decrease, i.e. the eyes land closer to the target than for the 0.8° distractor size (more
details in Figure 2-7). This result could be described as a reversal pattern (or-shape) in the
Gobal Effect. Because the reveral pattern was present at short reaction times, their results

are likely to reflect an low-level interaction between Global Effect and autinhibition effect.

What is interesting with this experimental set up is that the distractor is a vertical line so that
its size varies on the vertical axis while the fixation, distractor and target are aligned on the
horizontal axis. Thus, the autanhibition effect is happening on the vertical axis while the
Global Effect between target and distractor happens on the horizontal axis. If we find that our
single DNF model needs aslliptical pattern of lateral connections to exfain the results of
Tandonnet et al. (2012), that would mean that two different radius of circular connections are
needed to explain the interaction between GE and auiahibition. Assuming circular patterns

to be more realistic, it would mean that GE anduto-inhibition occurs in two different DNFs.
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6.2 Method

6.2.1 Mapping with the SC space and eyes landing position:

We used the same 100x100 neural network used in the present Chapter. Nevertheless, here we
required a mapping between the network and collicular spacé compute landing positions
relative to the target and to account for the deformation of visual stimuli on the SC (see Figure
8 in General Introduction, Appendix, for an example). The area simulated with the modelled
map is inscribed in a square of 3.6™m of the spatial representation of the SC proposed by
Ottes et al.(1986). Its upper corner position was at 0.15 mm on the rostreaudal axis and at
1.83 mm on the medieventral axis z respectively the U and V axis in the Ottes et al. (1986)
ANOAOGEIT T 08 wAAE TAOOIT 1T &£ OEA idjickBly @AB@BYAI &AL
3#06 OEOOOASs

When the SCs model provides a single activation cluster, it was assumed that the \B&ild
trigger a saccade for that loas. The amplitude and the direction of this saccade are defined by
mapping the centre of gravity of the activation cluster back from collicular space to retinal
space. It is assumed that the model had reached a stabtats after 150 ms, thus, the centre of
gravity was computed during the last 50 ms of the 200 ms simulation. If the model gave rise to

none or more than one activation cluster, no saccade was estimated.

6.2.2 Visual stimuli presented to the model:

In order to geta better understanding of the spatial configurations tested in Tandonnet et al.
(2012), we projected that configuration from retinal space into collicular space with the
equations of Ottes et al. (1986see alsd-igure 1-8 for anillustration ). The transformation from
retinal space to collicular space brings several insights. Firstly, in the collicular space, the
target-distractor distance is large for the conditions at 6° of eccentricity (14 cells, i.e. around
vpo tiq OEAT & 0 OEA x8uvJ 1T &£# AAAAT OOEAEOU I11A
Effect occurring between the two conditions may not have the same strength: that is consistent
with what has been observed by Tandonnet et al. (2012) (sekigure 2-7). Secondly, the
collicular size of the distractor is globally larger in the conditions at 6° of eccentricity than it is
in the 7.5° of eccentricity ones. Thilly, the collicular image of the distractors were curved.
Nevertheless, the curvatue was small in these conditions, thust is assumedthat it could be

ignored and we used straight distractors.

Ultimately, we did not simulate an exact replication of Tanohnet et al. (2012). To increase the

resolution of our analysis, we used a denser range of distractor sizes: from 2 to 40 calis
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increments of 2. Furthermore, we tested only for a distance of 12 cells between the target and
the distractor -- corresponding to the 7.5° of eccentricity condition. The patterns of the
stimulation used to simulate the inputs are the same as those used for in main Chapter, except
that the maximum frequency of the distractor is at 400 Hz against 500 Hz for the target. The
weight of the distractor is fixed at 2000mV whereas the target weight was fixed at 6000mV.
That difference in weightwas chosento simulate a discrimination of the target/distractor in

favour of the targetz that is constant across the distractor sizes.

6.2.3 Parametes of the model:

The model parameters were the same as in the main Chapter (wikx1.2 and(=6.0) with few
changes for the purpose of the study. The standard deviatidix of the MH was selected so that

it replicated qualitatively the change in GE observed in Tandonnet et al. (2012) between the
two conditions varying target eccentricity (6.0° and7.5°). In particular, the deviation from the
target was smaller for the condition with the largest targetdistractor distance. Such a relation
allows for constraining the size of the MH. Preliminary tests on the global effect between a
distractor and a target (square of 2x2 cells, differing only by their intensity) showed that the
absolute deviation from the target increases with the targetistractor distance until a critical
distance and then it decreases with the distance (see main Chapter). Therefoiecan be
deduced that targetdistractor distances used by Tandonnet et al. (2012) were larger than this
critical distance Importantly, that critical distancedepends on the MH standard deviation. In
order to replicate qualitatively the change in GE obseed by Tandonnet et al. (2012), we fixed
AxE x8u AAIT 108 7TEOE OEAOh OEA 'w AEOADPPAAOGO
the SC. That extend of the GE is in line with the results of Walker et al. (1997) when they are
interpreted with the Ottes et al. (1986) equation.

The parameterAy (the standard deviation Ay of the Mexican hat on the Yaxis) is our only free
parameter so that to cover circular to elliptic pattern of lateral connections. We variefly from

a value of 3.5 very elliptic -- to 7.5z perfectly circular z in increments of 0.5 celk.
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Figure 2-8: Overview of our simulations of the global effeQubplot A: Reactivity of the distractor

alone: here, the time (in ms, see colour scale) for the distractor to reach shodd is measured

xEOET 60 OEA OAOCAO8 4EA 1 AAOGOOA EO ATTA £ O OEA A
tested in the main simulation (subplot B and C for the results).The black region denotes that
complete auteinhibition occurred, while grey deotes the occurrence of two late spiking clusters.

Subplot B: Landing position from the target: estimation of eye landing positions (in °, see colour

OAAT Aq A1 O AEAEAEAOAT O AEOOOAAOTI O OEUAO AT A - AgEAAI]
the centre of gravity of the spiking cluster during the last 50 milliseconds of simulation. A deviation

of -3.0° (deep blue) means the eyes land on the distractor, while a deviation of 0° means the eyes

land on the target (red). Positive values (magenta) indie that eyes go beyond the target
(hypermetria or repulsion). This overshoot was not observed in Tandonnet et al. (2012). As in
subplot A, grey represents areas where more than one cluster of activation appeared on the map,

while black represents areas vére there is no spiking clusterSubplot C: Average of landing

Dl OEOEI T O AOOOAO 1T OAO &I 00 - AQE Ridute 28 ATOreexcBmMdE | A UQh
i £#7 OEA OOAPIT O " AOA OOGAA O1 1T AEA TTA AOGGA I £ OEA
which uses 4 columns. Here the landing positions are plotted on tfaxig instead of using a colour

range as in subplot BFor all subplot: The magenta triangle on the bottom (in C), or the magenta

lines (in A and B) mark the distractor lengthsude ET 4 AT AT T T AO AO AI 880 DPAOAA

Figure 2-8A provides an overview of the latency of the distractor to kad to a spiking cluster
(i.e., stable bump of activity) when it is presented without the target. The coloured celhow
that the distractor is most reactive for some optimal size that changes according to the Mexican
Hat Y-width. In particular, too large or too small distractors are less reactive; large stimiul
becomeauto-inhibited. The black cells represents simulatins where the auteinhibition was

so strong that no spiking cluster was created. Finally, grey cells indicate the simulations where

the distractor led two or more spiking clustersz it was larger than the MH functional limits.

Figure 2-8B provides an overview of the GE particularly the eye endpoint relative to the
target z when both the target and distractor are presented. It can be observed that there is an

obvious correlation between the GE and the distractor reactivity descriéd in Figure 2-8A.
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Importantly we obtained a qualitative replication of the GE reversal effect observed by
Tandonnet et al. (2012) for all the values ofy that were tested (see the red to blue to red
progression of the colour oneach column) Figure 2-8C plots the results in a way that is easier
to compare to the results of Tandonnet et al. (2012) to keep that figure readable we selected
only 4 representative values of(y. It appears that increases ofy (X-axis) are accompanied by
an increase in the maximal deviation from the target (bluer colours) and also by an increase of
the size of the distractor at which the reversal happens. Because of that it appears that the
smallest values ofAy lead to a beter replication of the reversal observed by Tandonnet et al.
(2012). Thus, when using a single layer DNF model, elliptical pattern of connections appears

to be needed to describe the interactions between autmhibition and GE.

6.4 Conclusion

The models with the most elliptical MHs best match the behavioural data of Tandonnet et al. in
the sense that their reversal phase is gradugli.e. not abrupt. This appears to contrast with the

usual assumption that lateral connections are approximately circular in collidar space.

Assuming that lateral connections are approximately circular in collicular space, this result
suggests that the merging mechanism and the aufahibition mechanism observed in the SCs
(Goldberg & Wurtz, 1972; Vokoun et al., 2014jould not explain alone the interaction between
GE and auteinhibition observed by Tandonnet et al. (2012). Instead, the GE and auto
inhibition observed by Tandonnet et al. (2012) would take place at two different functional
levels. Particularly, using the DNF framework, one DNF would have a small MH to explain the
auto-inhibition while the second DNF would have a larger MH to explain the GE through
merging effect. One possibility is that the merging effect and the autohibition happen in two
different subpopulations of the SCs that have their own lateral connections. Another possibility
is that the merging effect driving the GE happens on the SCi while the atittnibition occursin

the SCs. A last possibility is that the GE happenhrough a saccadic vectoraveraging
downstream the SCi (i.e., the dynamic minivector summation, see in Genehatroduction)
while the auto-inhibition happensin the SCs. In any case, the extent of the GE and the critical

sizefor enabling auto-inhibition would be defined by two different mechanisms/populations.

A second provocative possibility is that both humas and monkeys actually have elliptical
connection patterns in the SCSince this has not been the focus of systematic investigation it

could have escaped notice. Bozis and Moschovaki®98) showed an elliptic stape of synapse
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AEOOOEAOQOOETT A&OIT A OEITCI A AAI1T EI Oé&rkgueAADPAO |
2). The construction of such bidimensiomal map of SC connections is highly useful for

modellers, and it would be interesting to reproduce theiresults in different layers and species.

7 APPENDIX B: Simulation Set 1, Generalization to 2D stimulus
shapes

Our DNFMH model of target selection map shows a phenomenon of total activity suppression
related to stimulus size for 1D stimulus. Here, we geneliae our observations to 2D stimuli by
testing the behaviour of the model when stimulated with a circle and a rectangle of varying
size. We used the reference MH (SHK= 1.2 andb = 6.0).

Figure 2-9 shows results obtained for these tests conducted with 2D shapes. Columns 1 and 3
show average firing rate over the simulation period and columns 2 and 4 contain the spikes
train of neurons on the diagonal oflie map. Similar phenomena of activity suppression to those
for the 1D stimulus are observed: spiking clusters did not emerge for size 18 for the square and
for sizes 2026 for the circle. Additionally for further increases of size, several clusters appear:
from sizes 20 (square) and 28 (circle) four spiking clusters emerged (Note that activity for the
circle segregates into 4 regions because the pitation of our map, theoretically no point on a
disk would be advantaged on a continuous competition field)Especially in the case of the
circle, these clusters tend to move as if they are repulsed from the centre (lower panel of the
column 4). This repulsion becomes weaker with size until a new spiking cluster emerges at the

centre in addition of the four on is corners (not shown).

The spike trains (columns 2 and 4) also allowus to observe a latency increase forthe
appearanceof clusterswhen increasing the size. For smaller sizes, below 18 (square) and 20
(circle), the unique cluster appears with almost no dlay with respect to the onset of the
stimulation. Conversely, when spikes appear for larger sizes, whether they finally disappear
(size of 18 for the square or of 226 for the circle) or are part of stable spiking clusters (larger
sizes), there is a shdrlatency period of approximately 10 ms before their appearance. This
latency increase is similar to the one observed when a 1D stimulus resulted in two clusters (see
above) but of lower value: the latency increase for the 1D stimulus was around 70 ms. &g,
the first burst of spikes and the following gap (just at the beginning of the stimulation; middle

and lower panels in the columns 2 and 4) can be respectively related to the initial rise of
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membrane potential and to the wave of inhibition seen with D stimuli. These differences can
be explained by the greater number of neurons interacting, which speeds and strengthens
excitatory and inhibitory influence. Hence, apart from this difference in the latency, results for

2D shapes are similar to those obtaied for the 1D stimulus (line).

0 300 600 Hz

Square Circle

Space (cells)

Space (cells)

Space (cells)
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Figure 2-9: Suppressioneffect with a square and a circular shaped stimuli. Column 1 and 3 show
the average spike frequency (firing rateh the neural map in hert. Column 2 and 4 show the spike
train of neurons according to timeThe red vertical lines at the bottom represent the input spike tre
The recorded neurons are those forming the diagonal of the neural field from the position (25, Z
the position (75, 75).

8 APPENDIX C: Simulation Set 1, Effect of Input Dynamic

To get a better view of the dynamics of inhibition and excitation, we compared these dynamics
for a sustained input at 400Hz to those for the transient input with a &issian profile as

previously used.Figure 2-10 shows the strongest subthreshold activity near the stimulus in
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these two conditions (panels A,B,C for transient input and panels D,E,F for sustained input)
obtained with parameters d S3 K= 1.2,b = 8.0). It highlights that the dynamic of the initial
transient rise in membrane potential comes from a delayed wave of inhibition (Panels B, C, E
and F). Indeed, the weight of excitation is twicéhat of inhibition, giving an initial advantage to
the excitation, which the inhibition later catches up due to its larger decay time constant. Note
that this wave of inhibition comes from remote units (see the MH ifrigure 2-2) and, so, does

not appear for small size (Paels A and D).

With the sustained input, we still observe a second rise in the membrane potential; the
inhibition curve still decreases after having overtaken the excitation. As our recording takes
place toward the extremities of the stimulus- near the potential winner loci -- this decrease of
inhibition thus comes from the decrease of activity of the middle of the stimulus (sdeigure
2-3B size 42, andrigure 2-3C size 30, 38) silently losing the compéion at sub-threshold

level.

For a stimulus size of 36, no spike cluster is observed in this sustained input condition as
opposed to the transient stimulus condition Figure 2-10C, F). As mentioned above, the second
membrane potential rise is weaker when using the sustained stimulation. Counténtuitively,
this suggests that to decrease or to stop the stimulation inputwith the transient stimulation -

- helped the membrane potential to reach the threshold. Twpossible explanations are that 1)
as the neurons are excitatory coupled, the most excited regions of the stimuli sslistain their
firing longer than the others when our input stopsand 2) the most inhibited regions lose their
only source of excitation when our input stog. To then stop or decrease the input signal can

accentuate disequilibrium in the competition and facilitate a target selection outcome.
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Figure 2-10: Excitatory and inhibitory ¢ hannels opening and membrane potential according

to time for transient stimulation (upper graphs) and sustained stimulation (Iower graphs)
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conditions. The transient input (A,B,C) is the one used in the previous simulations and corresponds

to a Gaussian (see F_s in Inputs and Methodology). The sustaipait (D,E,F) set F_s = 400 Hz, e.g.

the firing rate of the input stimulation is at 400 Hz and constant over the time. The vertical lines at

the bottom represent the input spike train. The tracked neurons all come from the row at 2 cells

from the stimulaed neurons (x=52). At eactime point, the following measures are extracted from

OEA 1 AOOI 1T OEAO EAO OEA 1 AgEI O 1 Ai AOAT A b1 OAT OEAT Al
OEA AOiI 1 O00EIT 1T &£ OEA 1T AT AOAT A bl OAT @Evolution &AO OEA OE
OAOPAAOEOAT Uh OEA 101i AAO T &£# AGAEOAOT OU 1T 0O ETEEAEOI OU
However, for the sake of comparison, the number of opened channels ge and gi are multiplied by a

scaling factor. Indeed, for any value of V: & > |EiV| where Ei and Ee are, respectively, the

inhibition and the excitation equilibrium. Thus, an excitatory gate that opens always has more effect

on V than an inhibitory gate. The scaling factors represent this difference by betbg & for ge

and O & forgi,withd o o jc.
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Chapter ThreeDeviation away from a
previously fixated location

Evidence for a spatiotopic excitatory tdpwn signal?

Abstract:

When a decision is driving a saccadic eye movement, tratése decision process can be inferred
from the movement trajectory. This opens a small window on the interactions of endogenous and
exogenous signals, which have beenmay. For eye movement, the primary site for those
interactions is normally assumedo be the superior colliculus (SC). For example, saccade
curvature away from distractor stimuli was assumed to originate from a cortical distractor
inhibition biasing activity on the SC. Recent neurophysiological work does not support this theory,
and moctllers have sought alternative explanations at a lower level: SC lateral inhibition or even
brainstem execution machinerythe SC and brainstem angsing aretinotopic representationof
visual stimuli, thus these low level mode&suld notexplainsaccadiadeviation from a spatiobpic
signal. We suggesd that doublesaccade paradigms can be used to distinguighethera signal

is retinotopic or spatiotopic, andhelp elucidatingits origin. Here, we tested whether an initial
fixation stimulus for one saccal creates deviation away in a second saccade in a spatiotopic
manner. Our results favour such a spatiotopic effect and thus suggest iadels considering
only theSC and brainsterare not sufficient to explain saccadic deviation. We discuss the umglate
that each model would need to explain our results. In particular, we propose that they receive an
excitatory and spatiotopic update, whichthrough a review of the previous literaturewe

identified as coming from the Laterdhtraparietal region (LIP).
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CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION

1 Introduction

1.1 Using Saccade Curvatures to understand Decision Making
mechanisms

In Chapter 2 we studied the interaction of retinotopic signals in the visuoculomotor pathway
by means of a model of the SCAdopting a completechange of perspective, in thgresent
Chapter we will detect the presence of retinotopic and spatiotopic signals in the visuo

oculomotor pathway by meauring the motor responses of human participants.

The selection of whereto-look-next embodies a complex decisiomaking process. Aseen in

the General Introduction, this process is based on the modulation and competition between
exogenous stimuli (i.e. external events or processes relayed by sensory structures) and
endogenous stimui (i.e. internal events or processs relayed by cognitve structures). The
study of saccade trajectories has suggested that the execution of the saccade can start before
the selection of a single goat from multiple endogenous and exogenous inputsis completed
(McPeek et al., 2003) Therefore, a trace of interaction between endogenous and exogenous
stimuli can be deduced from saccade trajectories making these valuable tools for
understanding the decisionrmaking dynamics in biological systems and for addressing how
individuals and special populations differ in terms of modulating exogenous and endegous

stimuli.

However, it may be sometimes difficult to infer whether a signal has endogenous or exogenous
origins from observing only the curvature it generated on a saccade. We propose in our study
that a two-saccade paradigm can be used as an addital tool to distinguish if a signal is coded
in a spatiotopic frame or a retinotopic frame. From this distinction, we can then identify the

origin of the signal. We will particularly focus on the origin of the signal coding fixated stimulus.

1.2 Origin of Sa@xle Curvatures

The decisionmaking involved in where-to-look-next takes place on bdimensional neural
maps that spatially code the position of the loci of interest. A good example is the Superior
Colliculus (SC, see intro). Its intermediate layer represémthe last action selection map before
saccade execution. Importantly, it receives exogenous inpugsfrom the retina and V1-- and

endogenous inputsz from the Frontal and Parietal cortex. These inputs compete and are
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selected by means of an accumulatieto-threshold system(Jantz et al., 2013and an inhibitory

system(Munoz & Istvan, 1998)

A Memory B Memory

& &
Cognition Cognition

----- Line of sight @ Distractor stimulus Superior Colliculus

Saccade trajectory () Target stimulus (Right Side)

. Experimental display & Fixation stimulus

Figure 3-1: Diagrams displaying the classical model of saccade trajectory curvatures toward

or away from a distractor (see also McSorley, Haggard, & Walker, 2004, Figure .7A4)saccade
initiation, all the activity on the colliculus is taken into account by the LothgadBurst Neurons
(LLBN) to define the saccade direction: if there is a burap activity on the distractor side, the
saccade will deviate towards it; if there is an inhibition of activity on the distractor side, the saccade
will deviate away from it. Target and Distractors indistinguishably ignite an exogenous and
excitatory signalin the SC, which is believed to be a top down inhibition from memory and cognition
structures that make deviation away possible (this in the frame of the classic theprsee the
discussion for other models). Finally, note that whilst the correction ofetlrajectory is not
addressed in this chapter, it is thought to be conducted by external structures such as the cerebellum
(Quaia et al., 1999)

When performing a saccade to a visual target, you may need to ignore one or multiple other
goatirrelevant stimuli -- i.e. distractors. Note that the target and the distractorsepresent
excitatory exogenous signals for the SC. Furthermore, when a saccade to the target is triggered,
the brainstem burst generator takes into account the activity of all the SC in order to create a
velocity signal relevant for each of the extrabcular muscles (seeseneral Introduction). Thus,
the trajectory of a saccade going to the target could either curve or deviate towards a distractor
if its excitatory signal is still present in the SC during the saccade execution (dggure 3-1A).
And indeed, saccades deviating toward a distractor are accompanied by an activity

corresponding to the distractor locus on the Superior Colliculus (SC) or on the Frontal Eye Field
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(FEF) maps within an interval of-30 to 0 ms before the saccad@ee McPeek, 2006 and McPeek
etal., 2003)

When the saccade trajectory deviateg or curves z away from a distractor, a topdown
inhibition process is considered (sed-igure 3-1B): an endgenous and inhibitory signal would
be acting on the SC from higher cogtive structures (McSorley et al., 2004)In support of this
theory, neurophysiological studies have reported saccade curvature away from a deactivated
SC locus(Aizawa & Wurtz, 1998; Quaia & Optican1998). Furthermore, Van der Stigchel
(2010), in his literature review, reports 3 arguments in favar of a top-down action on the SC
from behavioural studies: 1) prior knowledge of the target location can cause deviations away
from a distractor (R. Walker, McSorley, & Haggard, 20062) the difficulty in target/distractor
discrimination can modulate the deviation away(Ludwig & Gilchrist,2003), and 3) when using
random dot kinematograms to cue the next target location, the difficulty of the perceptual
decision (are dots moving left or right?) can modulate the deviation, that is, when the
discrimination is easy the deviation away is stroger (McSorley & McCloy, 2009)Although 3)
may be equivalent to 2), a fourth argument can be added: 4) the occurrences and the strength
of deviations away from adistractor increase with saccade latencyHermens, Sumner, &
Walker, 2010, fig. 5; McSorley2006). This could be due to a slow and delayed tegown
influence: it is often assumed that topdown pathways are slower than bottomup pathways
because they provide more refined information. Note that the spatial configuration of the
distractor, target, and fixation stimuli also affects the deviatiofMcSorley, Haggard, & Walker,
2009; Van der Stigchel, Meeter, & Theeuwes, 20QHut this cannot be attributed specifically

to a top-down inhibition mechanism.

1.3 Recent Debates Have GiveneR®s New Retinotopic Models of
Curvature Away

Although behavioural studies appear to support the topdown inhibition hypothesis, a recent
neurophysiological result obtained byWhite, Theeuwes, and Munoz (2012)as challenged this
account. In this experiment, monkeys were required to perform a simple saccadic task. In
particular, for each trial, the monkey had to stare at a fixation cross, whereupon a paired tatg
and distractor appeared (with or without an onset asynchrony). The monkey was trained to
make a saccade to the target as soon as it appeared whilst ignoring any distractor. In trials with

onset asynchrony, they expected to observe during the interval where the distractor was
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displayed alonez the trace of top-down inhibition at the distractor loci. Contrary to these

expectations, no trace of inhibition was observed in the SC.

Since this study, models have been published to explain some or all théehavioural points
listed above with an alternative mechanism to togdown inhibition. These could be at the level
of the SC, based on its local lateral interaction&. Wang et al., 2012; Z. Wang & Theeuwes,
2014) or below the SC, based on neural short term depression in the brainstem buggnerator
driving the eye muscleqKruijne, Van der Stigchel, & Meeter, 2014)he latter authors present
thetop-AT x1 ET E Endoke OrHidsd as AdBus €x machina, called upon fbaix deviation

AxAU xEAT EO T AAOOOh UA Krupd ét AEA0R] pc26@Nofeanaxl AET AA EO

those two models are based on structures that work with retinotopic coding (relativeo the

retina centre or current eye position).

1.4 Using Previous Fixation Spatiotopy to Test the Recent Models

The model of Wang and Theeuwe@014), based on theassumed lateral connections in the SC
predicts an effect of the fixation point (the stimulus on which the participant has to fixate
before the target and distractor appear) on the strength of the deviation away from the
distractor. In particular, they expected the deviation to increase when the duration of the
fixation stimulus was increased. They demonstrated the predicted effect and conclude that it

is supportive of a SC origin of the deviation away phenomena.

However, their conclusion linking the fixaton effect they observed to the SC may be somewhat
premature. The SC is a retinotopic structure, and their experiment did not address the issue of
whether the fixation effect is coded in a spatiotopic frame or a retinotopic frame. Unlike the
latter, the former frame is unaffected by eye movements, and single saccade paradigms cannot
distinguish these two frameg0. Note that a spatiotopic frame wouldalso be in contradiction
with the model developed by Kruijne et al(2014), as the brainstem burst generatoiis coding

eye movements in retinotopic coordinates. Thus, our study proposes to test both models by

10 The centre of the coordinate system of a retinotopic frame is anchored to the retina. Thus, the position
of an object in that frame is affected by eye movements. @me other hand, spatiotopic frames have a
centre of coordinate system which is anchored to something else than the eyes (head, navel, ground for
instance), and thus they are unaffected by eye movements. In order to distinguish in which frame a
stimulus is coded, two saccades are needed. A first saccade is made after the stimulus presentation so
that the memory trace of that stimulus will either move with the visual field shift (retinopic frame) or

not (spatiotopic frame). Here it is important to note that he trace will be at adifferent position in the
visual field depending on the frame in which it is coded. Then, when a second saccade is made, its
curvature is measured in order to deduce the location of the trace of the stimulus and reveal its frame.
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introducing a two-saccade paradigm that addresses the question of spatial frames. Jonikaitis
and Belopolsky (2014) have recently used a twgaccade paradigmto find evidence for
deviation away from the spatiotopic representation of aistractor. However, as we will see in
the discussion Gection 5.2), their results may be due to the interaction of two retinotopic
mechanisms. Furthermore, our work extends that of Jonikaitis and Belopolsky (2014) by
assessing deviations away from the spatiotopic representation of@eviously fixated stimulus

Z as opposed to a distractor. Finally, we open up an-ghepth discussion onthe modifications
needed for the models of both Kruijne et al. (2014) and Wang et al. (2012; 2014) to explain our

results and spatiotopic deviations.

Previous studies concerned with free viewing or visual searc(Bays & Husain, 2012; Klein &
Maclnnes, 1999; Smith & Henderson, 2011, 2011; Sogo & Takeda, 206&ye shown that
previous fixation zones may be memorize and affect future saccade plang the most famous
effect being the inhibition of return (Posner & Cohen, 1984; Sumner, 20065pecifically, the
work of Sogo and Takedg2006) demonstrates that saccades tend to deviate away from
previous fixation zones and sggest an effect of the 3 last fixation zones. This would support a
spatiotopic effect of previous fixation on the current saccade. However, in this free viewing
experiment, it is unclear whether the deviation is caused by the fixation representation or
simply by the residual activation of previous saccades. Indeed, it has been shown that previous
saccade can allow for residual activity in the motor map, which igetinotopic, and affect future
saccade plangA. J. Anderson, Yadav, & Carpenter, 2008; Z. Wang, Satel, Trappenberg, & Klein,
2011). This residual activity is also related to the welknown companion of inhibition of
return: the saccadic momentum(Klein & Maclnnes, 1999; Smith & Henderson, 2009, 2011)
The effect of a residual activity of the previous saccade on the current saccade would be simple:
it would curve the current saccade away from the preous fixation because the vector of the

previous saccade was logically pointing away from that previous fixation.

Our present work proposes to demonstrate the presence of a deviation away from the
spatiotopic representation of a previously fixated stimulus while controlling for residual
activity. Because we are using an original twsaccade paradigm, our demonstration is
composed of the following two steps: Experiment 1 shows that deviation away from the
previous fixation location can be obtained on the s®nd saccadewhilst Experiment 2 answers

the afore-mentioned question. In particular, it yields evidence for the notion that the second
OAAAAAARAS O AAOGEAOCEIT EO AAOOGAA PAOOI U AU OEA
stimulus, and partly by residual activity of previous saccades. This evidence then jarhe
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recent findings of Jonikaitis and Belopolsky(2014) on target-distractor competition (see
discussion for more detaik) to support a spatiotopic frame for deviation away phenomena. We
finally discuss how the models of Wang et a]2012; 2014) and Kruijne et al.(2014) could be
updated. We suggest primarily that an excitatory spatiotopic influence from the Lateral

Intraparietal region could serve as a satisfacty addition to both models.
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2 General Method

As mentioned at the end of the introduction, our work consists of two experiments

(Experiments 1 and 2). We will describe here the method, which was employed in all of them,
though more specific details will begiven in separate sections dedicated to each experiment
(sections3.1,4.1).

2.1 Nomenclature

In the following text, the coordinates on the screen are given in polar codinates as
(eccentricity; direction) degrees. When not specified, the origin of the coordinate system is the
centre of the screen, although some coordinates may be given relative to another stimulus
(eccentricity; direction; stimulus name). The Xaxis is dways pointing right and the Y-axis
pointing down, such that the points with a null direction angle are on the right side and points

with a positive direction angle are on the bottom side (seEigure 3-2A).

The expressions™Q"Y and™Y refer to the Fixation Cross, Stimulus 1 and Stimulus 2, respectively.
Saccade 1 and Saccade 2 will refer to the first saccade of the participant that aims towafg

and"Y z respectively. Finally,"O refers to the optiond temporal gap between'Cand Y.

Note that in the present study, onset/offset are synonyms of start/end or
appearance/disappearance. In our analysis, five different time durations will be frequently
OO0AAd 3' Abh OEA CAD AAOORADNhedBafidhOFS1 presdnt@i@O®A O Al A
3&01T 1 &E@8ph OEA OEIi A PAOOGAA OET AA &QEGAOQEI T 1 A&
DAOOAA OET AA &EQAOQGEITT 1 £F£O0AO xEAT 3AAeRRAAA ¢
Saccadel offset and Saccad2 onset (seeFigure 3-2B, C)
Note the following relationship:

w0l £ a0 @Ol € GFOQWOE 0 QB YR 0 @
Figure 3-2 gives a visual summary of the protocol events, along with the five duratien

mentioned previously. Details of the protocol are described below.
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2.2 Procedure

The procedural setup of the next three experiments will follow the same pattern of eves as
that described inFigure 3-2B. In all the experiments, here are three types of trials: control
trials, single stimulus trials, and double stimuli trials, which will be described below. The
control trials were present in case we needed a reference to compute the curvature of saccades.
The single stimulus trialswhere used to prevent the participant anticipating a second saccade.
For each experiment (unless otherwise specified) a participant would complete two
experimental sessions of approximately 1 hour, separated by at least one night. Each session
consisted d setting the chair and chinrest for the participant to sit comfortably; a 13-point
calibration of the Eyelink 2000 Eye tracker; 160 control trials; 640 trials mixing randomly
single-stimulus and double stimuli trials. A break was suggested to the partipant at every 200

trials, and a recalibration was conducted every 400 trials.

&1 O OET ci A AT A AT OA1T A OOEiI 61 E OOEAI Oh OERA DAOOEAE
of size 0.2° on the screen. The fixation cro¥scould appear at the positon (i ; 0°) or i ; 180°);
respectively, which we refer to as’O and "O. Note thatrgis a placeholder The participant was
asked to look at'Oand press the space bar of the keyboard placed in front of him to confirm
that he is fixating and ready to start the trial The space bar press triggers a timer ant©
disappears at a random time picked up from a uniform distributionY v Tt dtifp p TG .
According to the experimental details listed below, a gaj© where no stimuli are drawvn on the
screen can occur. In both single stimulus and double stimuli trials, this optional ga@ was
followed by the presentation of a circular stimulus’Y, of size 0.4° , at positioni(; 90° ) or ( ;
-90°) (i.e."Y was on the vetical central axis of the screen, either on the top or bottom part of
the screen). In the double stimuli trials, the presentation ofY was followed directly with the
presentation of Y which will be the vertical mirror image of Y --i.e, if "Yis at (i ;-90°),"Y will
be at ( ; 90°);"Y shape is identical to'Y. The participant was instructed to move his/her eyes
onto the stimuli which appear on the screen in order of appearanc®nce the sequence of

stimuli is completed, a new trial began.

With respect tothe control trials, thesewere similar to the single stimulus trials, except thatO
and"Y were shifted to the vertical line at thecentre of the screen whileFwasspecifically placed
at the mirror position of "Y. This condition collects a set of vertical saccadgke amplitude of

which is similar to those made from'Y to “Y in the double stimuli trials.
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General Protocol and Nomenclature

A - Stimuli Spatial Organization

F(left) it F(right)

B - Stimuli Time Onset-Offset

A
S2 '
S1 ‘ ‘
- 5
Fl | AGap AS1
time (a.u) g
R C - Saccade Time Onset-Offset
S2 » AFromFix.1 _
S]. T
AlnterSacc.
F
| AFromFix.2
time (a.u) i

Figure 3-2: Description and Nomination of the Different Critical T ime Spans Resent in the
Experiment (see details in the main textNote that in subplot A, only the red lines are visible to the
participants.
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A final thing to consider for the further sections is that3 and 3 are alwaysat 13.5° from
fixation & From now on, we will report3 and 3 positions relative to & as (13.5°% I k)
instead of reporting O and O. Figure 3-2.A helps to quickly understand the configuratia of
the stimuli. The experiments were programmed using python with the librarypygame(more

information at http://www.pygame.org/wiki/about ) and the library pylink provided by SR

research. The code soukreof Experiment 2 can be found at

https://github.com/Nodragem/SuppData -EyeTrackingExpSources

2.3 Data Cleaning and Extraction

The EDF files obtained from one experimental sessionitiv the Eyelink eye tracker were
translated into tables and gathered in a HDF5 file for rapid and easy access with python.
Reading and plotting of the data wereprimarily carried out by using 3 python libraries:
matplotlib, pandas numpy (respectively, refer to: Hunter, 2007; McKinney, 2010; Walt et al.,
2011).

A homemade program opened the tables for each session and detected the saccades &ohe

trial. A saccade is detected and marked if;

E the acceleration is greater than 6,000 *%
E  the absolute velocity of the eye is superior to 10°%

E the amplitude of the detected saccade is superior to 5.4°.

A trial is suspected for rejection by the progam if it complies with at least one of the following

points:

1. no saccade or fixation marks have been found,

2. the number of detected saccades does not match with the expected number of saccades
on that type of trial,

3. the reaction time or one (or more) of the intersaccadic times is too short or negative
(inferior to 80 ms),
at least one of the saccade durations is longer than 150 ms,
at least one of the saccades contains positions outside the screen or missing data,

6. the last detected saccade has no end.

Following this, the trajectories of all trials were plotted (x and y against time). In this

procedure, the experimenter checks all trials, one by one, to confirm the selection made by the
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program. Most of the trials suspected by the program were then rejectedhe reason for not
rejecting some of them could be because poisé and 5 were too strict. With respect to point

4, an oscillationartefact at the end of a saccade could lengthen its duration without affecting
its initial trajectory, where we measure the eviation. Further discussion of this type ofrtefact
can be found in Nystrom, Hooge, and Holmqvi$2013). In relation to point 5, a saccade could
be usable even with a small missing data gap. Finally, some trials have been rejected in addition
to those suspected by the progam. One reason is that a saccade inferior to 5.4f amplitude

could be made inappropriately by the participant and would not be detected by the program.
The percentage ofejected trial swill be reported for each experiment separately.

All sources are awilable at: https://github.com/Nodragem/Eyetracking -Analysis-tools.

2.4 General Deviation measure

To measure the deviation, we extracted the saccade of interest from each of #malysedtrials.
We computed the distance of the trajectory points from a straight line drawn between the start
and the end point of the saccade. A negative deviation corresponds to a deviation on the left of
the straight line. This deviation from the straight line § given as a function of time in visual
degrees (sed-igure 3-3): the time courseis aligned on the start of the saccade and we take the

deviation at 20 milliseconds to be the initial deviation.

Note that usual measures of saccatlideviation/curvature do not consider the deviation over
time, but over space. Given the fact that we are searching for an effédwt is assumed to bea
function of time and which may only affect the start of the saccade, we considered it judicious
to 1) consider the deviation over time, 2) align our data on the saccade onset and 3) measure

the deviation at a fixed and early time from that saccade onset (at 20 ms).

Finally, in Experiment 2, we used the distance in deviation between Rnd R conditions
respectively when the Fixation is on the left or on the right. For instance, if the deviation in F
is -3° in average and it is 4.5° in &, the distance is 7.5°. We call this measure the Distance in
Initial Deviation (IDDr, seeFigure 3-4 for an example) and we used it to examine whether the

amplitude of deviations decreased in both Fixation conditions.

It is important to note that, as we always compared the conditions. and Frwith each other, it

was not necessary to use theertical saccade controls.
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Figure 3-3: Deviation measure. The plots are based on a saccade sample from participant KM in
Experiment 1.Left Subplot, the second saccade of the doukd&amuli condition has een extrated

and plotted over spaceRight Subplot, the distance from the straight line was computed for each

of the saccades. Negative values are on the left of the straight line while positive values correspond
to the right. The initial deviation tobe reported in the following sections corresponds to the
intersection with the vertical dash line drawn at 20 ms.

2.5 Statistical Methods

We chose mainly to employ the Bayes Factor framework for analysis of our data. One reason is
that classical tests cannotest for anabsenceof an effect. In the pilot experiment (Experiment

1), we werea priori interested in quantifying the evidence for anabsenceof an effect on the
initial deviation, since results of this sort would lead us to discontinue the study. Sinailly in
Experiment 2, theselection of one hypothesis (more details irsection 4.1) over another may

be based on theabsenceof an effect. Another reason of using Bayes analysis is that all the data
points of the participants (80 measures per conditions per participants) can have a weight on
the analysis. This allows us to quantify effects at the intraubject level. This is particularly
relevant for a pilot experiment such as Experiment 1, which included few participants. In
Experiment 2, we collapsed the data to their mean (1 mean per condition per participant) in
order to have a straight comparison with a Classical Method, but also because the independent
variable is the difference of curvature between two conditions (see IDRin the previous

section).
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We employed the R packagBayesFactofsee Rouder & Morey, 2012 for more details on Bayes
Factors for regression model selection; Rouder, Morey, Speckman, & Province, 2012 for more
details on Bayes Factors for ANOVA degss). Our interpretation of the Bayes Factor (BF)
testing a model 0 against a model 1 (BB was in accord with the scale proposed bRaftery
(1995, Table 6) This table is displayed belowTable 1).

Table 1: Interpretation of the Bayes Factor in Terms of Evidence.

Bayes Factor BE Pr(Hb|Data) Evidence
1-3 .50-.75 Weak
3-20 .75-.95 Positive
20-150 .95-.99 Strong
>150 >.99 Very Strong

We will nevertheless present aclassicaltwo-way analysis of ariance (ANOVA) for the main
results of our work in Experiment 2, in order to confirm thatthe outcome of both analyses
corroborate our conclusions. We used the statistical software R, specifically the function
ezANOVA() from theez package, which is specialized in withirsubject design http://cran.r -

project.org/web/packages/ez/index.html ).

3 Experiment 1

3.1 Aims and Procedural Details

In this pilot experiment, we were testing whether (and to what exten) we can detect a
deviation away from the fixation on the second saccade (Sale 2) in doublestimuli trials. We
anticipated that the effect would be observable at the single subject level due to both the
relatively simple mechanisms thought to be at play and the simplicity of the paradigm. We ran
only 4 participants for one sesgn of 800 trials eachz i.e. 320 doublestimuli trials per
participant. The Dependent Variable was the initial deviation measured, as described in Figure
2. Our Independent Variables were merely 1) the side of the fixation stimulus (Left or Right) at
the beginning of the trial in order to assess our main point; and 2) the distance between S1 and
S2 (30 and 60 directional degrees) in order to guide our choice of distance for the next
AobpAOEI AT 08 4EA CADP AOOAOEIT T AAOx Adutatiogof X1 A
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(wY) was equal to 500 ms in singlestimulus trials and distributed between 250 ms and 450

ms during double-stimuli trials (see Figure 1.B).

3.2 Results

The mean rate ofrejected trials across participants was approximately 2.7 %. A gphical
summary of the data can be found irrigure 3-4; it also illustrates the Distance in Initial

Deviation (IDD) between the conditionsk and Fr.

Inspection of Figure 3-4 reveals that the second sacae features a clear deviation away from

the initial fixation position. For instance, the 95% confidence intervals for the saccade
deviation at 20ms from saccade onset (see insets Bigure 3-4) shows that the deviations are
significantly more rightward when the fixation is on the left (see red bars in both insets).
Reciprocally, the deviations are significantly more leftward when the fixation is on the right
(see blue bars in both insets). Note also that the deviations are greatir the distance of 60
degrees between S1 and S2. These impressions of the data are confirmed by the Bayes Factor
analysis-- the model that considers an interaction between S$2 Distance and Fixation side is
classed as the best model. Thare-eminenceof the interaction model is unambiguous as it has

a BF ofp pgy @ o 1T hlwhen tested against the second best model which considers a main

effect of Fixation side (BF > 150 corresponds teery strong evidenceseeTable 1).
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S1-S2 Distance: 30° S1-S2 Distance: 60°

N B [e)]
o o o

Time From Saccade Onset (ms)

o

HFixation Right BFixation Left

-0.4 0.0 0.4 -0.4 0.0 0.4
Deviation From Mean (°) Deviation From Mean (°)

Figure 3-4: Average Saccade Curvatures due to Fixation Side across all participants according

to Fixation side (Left or Right) and Stimulus Distances (30 ° and 60°). The dotted curves
represent the average saccade matures. The saccade curvature of each participant has been
centred on the average trajectory of the participants for each stimulus distance in order to highlight
only the effect of the Fixation Sidgand so its clear interaction with Stimulus Distancisets: The
initial deviations at 20 ms, indicated with white arrows in the main plots, are represented as a bar
plot. The error bars and error contours denote the confidence interval at 95% with a withubject
correction (Cousineau, 2005based on 80 data points per participant in each condition.

4 Experiment 2

4.1 Aims and Procedural Details

The aim of this experiment was to finally specify the mechanism underlying the curvature of
the second saccade- deviating away from the previous fixation. As a reminder, two

mechanisms have been suggesteHypothesis 1, it is a memorized and spatiotopic image of F
which causes the deviationHypothesis 2, it is residual activity from Saccade 1 which deviates

Sacade 2 away from F.

Hypothesis 1 can be tested by varying the time from Fixation offset when Saccade 2 starts
(aFromFix.2), whilst Hypothesis 2 can be tested by varying the intersaccadic duration

i )T ORO3AAABQ8 /1 11A EATANcomibOUsd R podvalyOOA OE |
)1 OA 6w ihiolI8 also vary 3 & OT | &E&Bi¢gl RE@8 ¢ €3 pROABERELHBS O
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Figure 2C). Thus, varying the duration of S1 alone is not sufficient to differentiakéypothesis
1 from Hypothesis 2. On the other hand, the creation of a gap betweé&@and"Y (named Gap,
see Figure 2C) can be used as a proxy to vasy& OT | & E@8¢ xEOET OO0 OAOQOUET C 3

DAOOEAOI Aoh OEA AOOAOEIT 1T A&# OEEO GCAD |jE8B8A8 3'AD

#1171 OANOAT O1 UR OAOUET C 3' AD E @ypdthes®iljbititwokld O ODAAE
not addressHypothesis 2.

Short Gap / Short S1 Long Gap / Short S1
52, : | s2.; : :
1 1 ] 1 1 J
S1 : ; S1- : ;
1 1 1—)|(—)1
F Lt AGap AS1 F L AGap , AS1 |
time (a.u) time (a.u)
1 1 1 1 1 1
52 i AFromF'\x:.l i 52 i | AFromFix.1 : i
S1t ; s1 —
F ! : AInterSl,acc. F ! : AInterSlacc.
E AFror‘_rlFix.Z : E AFromFix.2 _E
I time (a.u) I I time (a.u) I
Short Gap / Long S1 Long Gap / Long S1
\I 1 1 4 1 1 1
1 1 1 1 1 1
S2 . ] S24 , ]
sl : : sl : :
F [2Gap st : F BGap | AST |
1 1 1 1 1 1
time (a.u) time (a.u)
| | l | | |
1 1 1 1 1 1
52 X AFromFix.1 | 52 X [ AFromFix.1 | X
S1! S1)!
F ! , AlnterSacc.! F ! | AlnterSacc.!
1 1 | 1 1 1
! AFroniFix.2 ! ! AFromFix.2 !
: | ) . I | : -
time (a.u) time (a.u)

Figure 3-5: Summary of the Various Conditions of the Paradigm. Note that for the sake of

simplicity we represent the average timing: the randomness in timing is detailed below. The distance

"Y'Y was of 60 drectional degrees. Forshort SIOOEAT Oh 33uv EO OATATI 1T U OAEAI
distribution between 250 ms and 450 ms, while fllmg Sltrials it was taken between 550 ms and

750 ms. Foshort GapOOE AT Oh 3' AP EO OAT AT I 1 U OAbevdedBArhs £O0T T A O
to 200 ms while fodlong GapOOE AT Oh 3' AP EO DPEAEAA AAOxAAT xtt 10O OI
OAOEAOQGEIT OOAA EI O 3' AP AT A 33v8 7A T E@AA Al OEA A]
participant was tested in two experimental ssions.
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CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION

In order to concurrently address both hypotheses, we propose the following. First, we assume
that Saccade lnd Saccade 2lurations and the reaction time of the participants to S1 and S2
presentations will be sufficiently constant over the conditims (i.e. same distribution). Second,
we assume that both the Fixation representation and the residual activity are transient and so

their effects onSaccade 2lecrease over time. On the basis of these assptions, a change of

200 msz forinstancezET 3' AD x1 O1 A AOAAOA A AEATCA 1T £ ¢nn

xEEAE x1 Ol A Al 01 AA EAI &)A KBS AMAbh Akdiell twg 1BVOIs E T
/Al O 3shofi Bapandlong Gap and two levels/£l O shd@t@thndlong S1 We chose the

AOOAOGEIT T 1T A& 33p AT A 3' AP Isho@d 8apGsho@ Blgieg dshortp @ OE A
> & i

Ol [ &FtEescembinationsshort Gap / long Stand long Gap / short Shive a similar,

medium 3 & OT | ,8aBd@Rhe combinationlong Gap /long SCEOAO A 111 C 3&01 1 &

paradigm details inFigure 3-5).

Hypothesis 1: Hypothesis 2: Hypothesis 1 and 2:
effect of AFromFix.2 only effect of AlnterSacc. only mutual effect of
AFromFix.2 and AlnterSacc.

N Long S1 M Short S1 N Long S1 M Short S1 N Long S1 M Short 51

IDDwr

Long Gap Short Gap Long Gap Short Gap Long Gap Short Gap

Figure 3-6: Summary of Expected Results for the two-way ANOVA according to the hypotheses.
Note that in Hypothesis 1 (left plot), the two middle bars- red and blue- are of equal height,
Furthermore, the effect of S1 duration is larger than the effect of Gap durationHypothesis 2
(middle plot), the bars sharing the samsolour are of the same height. IHypothesis 1 and 2 (right
plot), the two middle bars- red and blue- are not of equal height. Furthermore the effect of S1
duration is larger than the effect of Gap duration.

If Hypothesis 1 (inhibition from previous fixation) is e xclusively correct, the deviation of
Saccade AADAT AO TT1U 11 2&0711 &E@8¢8 7A OET Ol A
the deviation should be equal foshort Gap / long Sandlong Gap / short Stonditions. In other
words, the effect size o8 AT A 3 ' A D HppothesisfoN@siduaBsaccade activity) is
AgAl OOEOAT U AT OOAAOh OEA AAOEAOQEIT AABPATAO
AEEAAO 1 £ 33p AHygdthdsib Dand®RCafeimutaally Adréct, theAeviation will
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AAPAT A T1 3)1 OAO3AAA8 AT A 3&01T1 &E@8ch AT A xA OET O
while the deviation should be smaller for theshort Gap / long STondition than for the long
Gap/shortSIAT T AEOQGET 1T j OEA 3&O1 | &E @ 8&rg). Ioer kdidS,Abe AOO 3 ) 1 ¢

effect size of WY EO 1 AOCAO OEAT OE(dee HigdeEB-A ©Or algiaphical | £ 3' AD
representation).

To reduce the number of statistical models tested by the Bayes Analysis, the Independent

Variable we chose to work with is the Distance in Initial Deviation for Saccade 2 betweé&D

and O conditions (we will refer to it as IDDr,as in Experiment ). This change irindependent

variable also allowed us to assess the effect 861 ghort Slandlong S10 AT A IsHBrt3' AD |
Gapandlong Gap on the IDOrwith a two-way Analysis of Variance (ANOVA). However, this

also means that we work with one IDIk per participant per condition (instead of one measure

per trial as in Experiment 1). Becaus of this, and also because we have now mixed conditions

with different stimulus timings, we chose to increase the number of participantso 14 (9

males).

4.2 Results

We rejected, in total, 3 participants based on their proportion of rejected trials (proportin

greater than 40%- see Appendix6 for details on trial rejections anda sample of iltdistributions

Al O 3)1 OAO3AAA AT A 3&01 1 &E@8¢ Q8

Aclassictwex AU ! . /6! AAOAAOAA A OECIT EZEAA&NONOAEEAAD 1 A
interaction between them (for further details - Figure 3-7). In addition, we rana paired ttest

comparing the changes in IDkT AOAOOAA xEAT OAOUEIT C 3' AP AT A xEA
AEAT CA AABOOAA AU 33 pt(2HG 2.01pe D4k MHieKabtithatibith npad A A O A O h
AEEAAOO AOA OECT EEAEAAT O Altdthe@EaknathypdthpsesElad A 1 AOCAO
2 are coexisting (see sectiod.1and Figure 3-6).
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Two-Way ANOVA Summary

1.4} mmm long S1 nb. participants= 11/
B shortS1

1.2¢

1.0¢ sk

0.6}

0.4}

0.2}

0.0t

Initial Deviation Difference (Fr — F;) in °

|
o
N

Iong‘Gap short Gap

Figure 3-7: Summary of the two-way ANOVA conducted in Experiment2. Error bars display the

within -subject standard error of the mean for a 95% confidence interval. The tway ANOVA within
participants yielded a main effect ofsY, 'Opfp ™ (& oftp 8t p drw 1@ v,Tsuch that the

average IDDr was significanty higher forshort S1(M = 0.584 , SD = 0.314) than ftong S1(M =

0361h 3$ € 18¢t1uvdQ8 4EA [ AET AmphAlOp ®ams stADgx AO Al OI
8t o Y such that the average IDIR was significantly higher forshort Gap(M = 0.523, SD = 0.236)

than forlong Gap(M = 0.423 , SD = 0.238). The interaction was not significdplp m 8t ohyp

uhk Smmmp

To further confirm our finding, we ran a Bayesian analysis with the same data set. We tested

all possible models comining Participanth 3' AD AT A 33p AT A OEAEO
interactions between Participant and Dependent Variableare now tested).
Table 2: Bayes factor topdown analysis on Initial Difference in Deviation (LeRight).
Effectof Omission BF Interpretation Tag  Polarity

[ pDIFLIYp{mYt | NI 102 +5.26% weak none

[20 pDIF LIt NIAOAL 388 +4.26% positive against

3] p{mYt | NIAORA LI 529E04 +4.65% very strong in favour

4 pDIFLIYp{wm 2.37 +5.96% weak against

[5] Participan 3.53E09 +5.19% very strong in favour

6] npDI LI 0.196 +6.07% positive in favour

[ n{wm 0.248 +4.46% positive in favour
.1 OA8 4EA OUI ATl O0ddé ET AEAAOAO ET OAOCAD®OEI3TWO® "3A BDO

O 0AOOEAEDPAD 000338 QAOOEAEDPAT O O 3' ADQOAOOEAEDAT O
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Table 2 reports the effect of omitting each Dependent Variable and interactioinom the full

model (i.e. the model with all the variables). A BF inferior to one mearthat to omit the variable

is detrimental to the full model z i.e. the evidence isn favour of an effect of the variable.

Matching the BFs with the interpretation tags ofTable 1 (in italics), we can see that there is

positiveevidence infavouri £ AT AZE£ZZAAO 1T £ AT OE 3' AP AT A 33ph ATl
above ANOVA. There is alsgery strong evidence in favour of an interaction between

0AOOEAEDAT O Qosifivk dvidescd pgaidsi aA interaction between Participants and
3 ' A D gher@ddeOthe best model reported by the analysis is the following:

VO Y O 0 & 6 QO Brieh 206QEDA G2 o
Its BF against the next best and simpler modelwhich simply E CT T O AzQs approdiraately

7.23( 18 %0). This constitutespositive evidence for a cleapre-eminenceof the best model

over the other models.

Finally, considering the best model, we tested ® Y 'O @O --where O stands for the
effect size- from its posterior distribution. We extracted 10,000 points from theposterior
distribution | &£ an@ip A& 3in oAder to estimate the probability of O &Y 'O O and of
O WY OO identifying the best model. To obtain the BF of each hypothesis againsiet
best model, we multiply each of them by their prior probability, which is 0.5 (we assumed that
both are equally possible). We ged 'O and6™O against the best model. From this:

60 pH T O

60
8 60 ® WX

This BF is greater than 3 and so suggests that our datanstitute positiveevidence forg 3 3 p
€ %j 37 theRf@ct size of S1 duration is greater than the effect size of Gap dumat To
conclude, the results of the Bayesian Analysis are compatible with those of with the ANOVA
and support the idea thathypotheses 1 and 2 are mutually correct: the deviation away that

we observed is caused by both a spatiotopic influence and a retilopic residual activity.
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5 Discussion

Revealing the spatial frame of saccades is a way to put to the test recent models of saccade
curvatures (Kruijne et al., 2014; Z. Wang & Theeuwes, 201#jat are based on retinotopic brain
regions. Our work set out to demonstrate an influence of the fixation stimulus on subsequent
saccade trajectories a suggested in previous studiefSogo & Takeda, 2006; Z. Wang &
Theeuwes, 2014) The originality of our work is that, contrary to Wang and Theeuwe$2014),

we looked specifically for an influence of thepatiotopicrepresentation of the previous fixation

by using a double saccade paradigm. Furthermore, in contrast with Sogo and Tak¢2a06),

we controlled for the aftereffect of previous saccades which could have the same consequences

as theinfluence of thefixation stimulus on the ongoing saccade trajectory.

Our double saccade paradigm consisted of trials on which the participant first had to stare at a
fixation stimulus "O When"Odisappeared, the participant performed two saccades (Saccade 1
and Saccade 2) to two different locations indicated sequentially on the screen with stimiy
and Y. Our first experiment shows that the trajectory of the second saccade deviates away
from the previous fixation "O The second experiment demonstitas that both the time elapsed
from Fixation offset to Saccade 2 onset, and the intsaccadic time from Saccade 1 offset to
Saccade 2 onset are both influencing the deviation. This demonstrates that one part of the
deviation is caused by the spatiotopicepresentation of"Oand one other part is caused by the

aftereffect of thefirst saccade (residual activity).

5.1 Link with Jonikaitis and Belopolsky (2014) and with Inhibition of
Return

Interestingly, our evidence for spatiotopic influences on saccade trajectories is supped by
the recent behavioural work of Jonikaitis and Belopolsky(2014). In an experimental setup
where participants have to achieve two saccadeg as in ours- they demonstrated that the
second saccade trajectory deviates away from the spatiotopic representation of a distractor
and not from its retinotopic representation. To the best of our knowledge, only our work and
their study have yielded evidence for a spatiotopic frame of deviatio phenomena. Such
spatiotopic deviations could not be explained by the lowevel mechanisms proposed by
Kruijne et al(2014) and Wang et a(2012; 2014). However, Jonikaitis and Belopolsk{2014)

did not control for saccade reslual activity; we will discuss in the next session §.2) the

3-23|Page



CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION

possibility that the model of Kruijne et al.(2014), combined with saccade residual activity,

could explain their results.

It is also worth noting that there are enouraging links between our work and the literature on
inhibition of return during visual search (overt attention IoR). Indeed, the deviation away from

a previously fixated stimulus could be linked to overt attention IoRz i.e. saccades to a
previously fixated position take longer to trigger (Klein & Maclnnes, 1999) Further, the
deviation caused by the residual activity from a previous saccade could be linked to the
saccadic momentung i.e. saccades with a similar vector as the previous one are more probable
(A. J. Anderson et al., 2008; Smith & Henderson, 200®Both effects are usually reported
together, and our paradigm may be a solution to study them separatelfdowever, it is
important to be cautious: work has shown that deviation away phenomena andovert
attention IoR can be based on different mechanism&odijn & Theeuwes, 2004) The same
conclusion has been reehed for the priming compatibility effectz an analogue of loR- and
deviation away (Hermens et al. 2010; Sumner, 2007 for a review on the compatibility effect)
Furthermore, similar mechanisms can beseparate mechanisms. For instance, the priming
compatibility effect has been shown to be implemented separately for manual and eye
movement(Sumner et al., 2007) In parallel with this, it has been demonstrated that there is a
distinct cortical and collicular 1oR for covert attention (Sumner, Nachev, Vi@, Husain, &
Kennard, 2004) Thus, we believe that to linlovert attention IoR to our results is not trivial. At
the very least, the time course of our deviation away effect will need to be explored. At most,
different mechanisms of overt IloR may need tbe distinguished and localized before being

compared with our results.

Note that a quantitative measure of the residual effect over time would require an increase in
the precision with which deviation is measured. In this case, human participants may need
training sessions before collecting the data in order to minimize superfluous and missing

saccades, as well as any disruption induced by the introduction of a gap.

5.2 Discussionin the light of Kruijne et al. model: fatigue in the
brainstem burst generator

The model of Kruijne et al.(2014) is based on fatigue (resembling Short Term Depression,

STD}! occurring in the saccade burst generator in the brainstem. They assume one stem per

11 STD refers to a decrease on the neuronal sensitivity to its input when this one is sustained
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saccadic direction (left, right, up, down) and a fatigue meehmism in the LongLeadBurst
neurons (LLBNSs). The LLBNs are known not to be inhibited by the omnipause neurons between
saccadegScudder, Kaneko, & Fuchs, 2008ee als@eneral Introduction). In addition a visually
evoked signal on the SC can activate the LLBXRodgers, Munoz, Scott, & Paré, 2006)
Subsequently, a distractor could atvate the LLBNs and cause a sort of fatigue of those neurons,
which will modify the trajectory of the next saccade. A distractor placetb the right of the target
would fatigue the right LLBNs stem: tis imbalance wouldthen cause a saccade deviation to
the left. As the SC connections to LLBNs are heavier for eccentric positions, the fatigue caused
to the LLBNs would increase with distractor eccentricity, resulting in a stronger deviation (in
line with Van der Stigchel et al., 2007Alongthe same line ofreasoning, a long presentation of
the distractor would also increase the fatigue of the LLBNs. Their theory is rather appealing in
the way in which it explains the major phenomena that toglown inhibition control was given

credit for (see the four points mentioned in thelntroduction, Section 1.2).

In our experiment, however, their theory predicts a deviation toward the previous fixation
point, which is not what we observedFor instancef the first saccade is toward the righttheir
model suggests that the right LLBNs aréatigued for the second saccade: the second saccade
would deviate toward the left, towards the previous fixation. Furthermore, our work shows
that the saccadic curvatures can be partially explained by the time from previous elicited
saccades (the intersaccadi€ | OAOOAT 3)1 OAO3AAA8Q8 4EEGc EO
residual activity in the SC, as assumed by the work of other authgws. J. Anderson et al., 2008;
Hooge & Fens, 2000; Klein & Maclnnes, 1999; Smith & Henderson, 2009; Z. Wang et al., 2011)
Note that this saccadicresidual activity has an opposite effect to the fatigue mechanism
proposed byKruijne et al. (2014). Theyfailed to considerthis residual activity becausethey
developedtheir model to explain a single-saccade paradigm. Thie model might be revised to
treat saccadeevoked activation of LLBNs differently from stimulievoked activation of the
LLBNs. The former would produce residual activity in the S@ LLBNs, whilst the latter would
produce fatigue in the LLBNSs.

With such a revision of the model, results such as those of Jonikaitis and Belopol§k914),

which suggest deviation avay from the spatiotopic representation of a distractor-- might be

EE

OAAOGAAA O1 AT Agbpl AT AOETT ET OAOI O T A&# A OEI PI A

and brainstem fatigue. Indeed, it should be noted that the retinotopic representation is less
eccentric in their greencondition (see their figure 1.E) than in theirpurple condition. Hence, in

their greencondition, the fatigue caused by the distractor is smaller than the fatigue caused in
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the purple condition. The residual activity caused by thdirst saccade could be such that it

would overcome thegreenAT T AEQOET 1 6 0 ApupeESEORABODI 160 GBEAECOAS
Our experiment, on the contrary, does control for residual activity from previous saccades, and

still finds evidence for a deviation avay from the spatiotopic representation of a previous

fixation stimulus. Such a deviation away in a spatiotopic frame cannot be explained by Kruijne

AO A 860 iTAAIT 8 ' OAATTA OAOGEOEIT 1T A&# OEA 11T AAIT Al
would send spatiotopic signals to the SC/LLBN; or a feedback mechanisnmthat would

AOOT I AOGEAAT T U OEEAZAO OEA 3#30 OECIT Al xEAT A OAAAAA

5.3 Discussioin the lightof Wang et al. model: lateral interactions in
the SCi

The model of Wang et al(2012; 2014) is based on spatial interactions occurring between
stimuli on the Superior Colliculus (SC) map. These spatial interactions assumed that the SC is
reducible to a Dynamic Neural Field with a Mexican hat kernel. The Mexican hat kernel defines
the way that all neurons in the field connect wih neighbouring neurons. In paricular, it excites

its close neighbours, inhibits its remote neighbours, and does not connect at all with distant
neighbours. The kernel resembles a Mexican hat (MH) as shownfigure 3-8 and it defines
three interaction zonescentred around the stimulus locus: a circular attraction zone, a ring
repelling zone and a neinteraction zone beyond that ring(Amari, 1977) [note that Figure 3-8

is a onedimensional cut of the MH- thus the circle and the ring are reduced to segments].
Similar to what was observed in Chapter 2, whe two stimuli of the same strength are

presented to the neural field:

E If they are in the attraction zone of the other, they give rise to a bump of activity in
between their two loci;

E If they are in the repelling zone, the activations evoked by each stimduwepel each other,
each of them giving rise to an eccentric bump of activity;

E Ifthey are in the nainteraction zone, each stimulus gives rise to a bump of activity cenetd

on its locus.
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Figure 3-8: Mexican Hat Connection Kernel and the interaction regions assumed by Wang et
Al 8 jotuvenN oetuvyeqdd 11 AAI S8

With this simple attraction/repulsion model, Wang et al. (2012; 2014) successfully explained
the relationship between deviation and distractortarget separation observed in the previous
literature, notably based on McSorley et a(2009)6 © A A OA Adarilysis herods 12 datd A

sets.

Furthermore, as a fixated stimulus also evoked a MH activation of the SC, they considered that

the timing of the fixation stimulus could affect the trajectory of the next saccade. In their
experiments (Z. Wang & Theeuwes, 2014yhere they generated curvatures away frm a

distractor, they report that, indeed, the fixation timing (overlap vs. gap) influences the

deviation and the amplitude of the saccades. This influence is in line with a Fixatierarget

repelling effect cumulating with a TargetDistractor repelling effect. This demonstration of

their theory is elegant and Kruijne et a(2014)6 O 1 T AAT AT OI A 11 0 AAAT O1 O
stimulus effect on saccade trajectory. Indeed, the fixation zone of the SC presumably does not

activate the LLBNs andoér at least, would not activate a specific direction in the LLBNSs.

However, to place the Mexican hat kernel (which drives the attraction/repulsion) and the
fixation representation specifically in the SC without considering any external updates
prevents their model from explaining our results. Indeed, in that case, no spatiotopic
representation of the fixation is reaching the deviation mechanism (i.e., the Mexican Hat
kernel). In fact, it has already been suggested that therare several fixation inhibitory
influences coming from more than one pathwaySumner, Nachev, CastePerry, Isexman, &

Kennard, 2006) Hence, as for the model of Kruijne et d2014) a revision of their model could
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add either a satellite structure which would send spatiotopic signals to the SCor a satellite

OOOOAOOOA xEEAE sigrialheAa sadedtie®Ocurted. Alter®ativel() the Mexican

Hat kernel could beoperating directly from a spatiotopic structure.

5.4 An Excitatory Spatiotopic Signal from the LatatedparietalArea

Our suggested revisions for the two aforementioned modelsave in common the proposal of a
spatiotopic excitatory signal in the SG- as both models need an excitation of the SC to create
deviation phenomena. Itis important to mention that the traditional explanation of deviation
away phenomenaz as opposed tathe aforementioned proposition- is a top-down inhibition
influence on the SGMcSorley et al., 2004) This top-down inhibition could be spatiotopic. We

discuss next what may be inferred from the previous literature.

It should be noted that structures downstream (or pardlel to) the SC have been suggested for

driving spatiotopic updating (Bozis & Moschovakis, 1998 "1 UEO AT A -1 OAET OAEEQC
demonstrates that a simple feedback of the brainstem burst generatéo the SC (known from

Moschovakis, Karabelas, & Highstein, 1988)nakes spatiotopic updating possible. Note #t

the brainstem burst is correlated withthe velocity of the saccade Their idea was to feedback

this velocity related burst to the SC with asymmetric connections so that the activity on the SC

moves as the eyes move. This is important, since they sucde#lg implemented a simple neural

mechanism to update retinotopic representations to spatiotopic representations.

However, several pieces of evidence appear to fawoa top-down origin of the spatiotopic
representations. First, it has been shown that spaitopic representations often happen late
and gradually compared with those of the retinotopic systenfGolomb, Chun, & Mazer, 2008;
Hilchey, Klein, Satel, & Wag, 2012; Math6t & Theeuwes, 2010; Pertzov, Zohary, & Avidan,
2010). Second, human participants can voluntarily block théouild-up of a spatiotopic
representation when the task requires them to maintain only a retinotopic representation
(Golomb, Chun, & Maar, 2008, experiment 3) Third, it is known that cortical lesions can hinder
the completion of saccadic tasks requiring spatiotopic updaté®duhamel, Goldberg, Fitzgibbon,
Sirigu, & Grafman, 1992; Heide, Blankenburg, Zimmermann, & Kompf, 1999he work of
Heide et al. (1995) is of particular interest. In a doublstep task, two target stinuli were
presented one after the other, and th participant had to make a saccade to each of them in
order. The presentation of the second target stqged before the initiation of the first saccade.

The second target then hadto be memorized and its representation neeed to be

3-28|Page



CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION

spatiotopically updated an the SC to trigger the relevant saccaddote that if the second target
has been still displayedafter the end of thefirst saccade, the spatiotopic update wouldhave
not been needed.Heide et al. (1995 showed that a lesion in the Posterior Parietal Cortex
causes an increaseni errors for the second saccade suggesting that it is involved in the
spatiotopic updatethat the second saccade requirednterestingly, the dorsolateral prefrontal
cortex, which has been suggested to implement a tegown inhibition influence on the SC
(Meeter et al., 2010)does not appear to be involved in the spatiotopic coding of the second
saccade, and neither is the Frontal Eye Field (FEF, replicated in ottstudies such asRivaud,
Muiri, Gaymard, Vermersch, & PierreDeseilligny, 1994; Schiller & Chou, 1998)Finally, the
main area projecting to the SC from the Posterior Parietal Cortex is the lateral intraparietal
area (LIP,Paré & Wurtz, 1997. Note that both LIP and FEF are also strongly interconnected
(Andersen et al., 1990)

In addition, in both LIP and FERwhich are both top-down structures projecting to the S& the
neural population coding for the postsaccadic locatiorof the visual stimuli seems to be
activated before the saccad€Goldberg & Bruce, 1990; Goldberg, Colby, & Duhamel, 1990;
Kusunoki & Goldberg, 2003; Umeno & Goldberg, 199%his could correspond to an anticipated
spatiotopic update. Furthermore, neurophysiological work have demonstrated that such
predictive activations also occur in specific cells of the SCi, i.e., the quasivisual c@Mays &
Sparks, 1980; M. F. Walker, Fitzgibbon, & Goldberg, 1995)hese findings support the
possibility of a spatiotopic excitatory update of the SCi: notabligs quasivisual neurons would

reflect an anticipated spatiotopic update sent and generated bthe LIP.

5.5 Conclusion

We have demonstrated that both residual activity from previous saccades attige spatiotopic
representation of previously fixated stimuli can influence the trajectory of the current saccade.
This influence is translated into a trajectorydeviation away from the previously fixated
stimulus. These findings call for current retinotopic models on deviation to update and take
into account spatiotopic representations. In particular, we suggest that the Lateral

Intraparietal area would be a goodcandidate to provide excitatory spatiotopic signal to the SC.
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6 APPENDIX Rejection of Trials in Experiment 2

The average rejection rate of trials was very high compared to the pilot experiments (27 %)

and it justifies a posteriori our choice of increasng our sample size. This high rejection rate

could be due to the introduction of a gap or the fact that we mixed the conditions. Indeed,
DAOOEAEDAT OO0 EAOA OADPI OOAA £EET AET ¢ EO AEAELZEAO]I O O]
and they found themsdves making predictive saccades. The uncertainty of a long or short gap

may also prevent them from adopting a strategy to stabilize their eyes. It is also important to

recall from Section2.2that the trial rejection algorithm is sensitive to early and/or superfluous

saccade.

Proportion of rejected trials

0.8
0.6

0.4 =
0.2 I:Iﬂ — :I:I:
0

mmmmm Not Rejected Participants Rejected Participants

----- Threshold for Participant Rejection

Figure 3-9: Rejection of Participants based on the proportion of rejected trials for Experiment
2.

We rejected in total 3 participants based on their propdion of rejected trials (greater than
40% - seeFigure 3-9 for a summary of trial rejection), concluding that the gap héibeen too
disruptive on their performance. It is worth mentioning that a good data set for testing our

hypotheses should show:

1. ' OEI El AO AE OO0 OE-Abéd Ednmiparirig ABe cohditich A0 3 AGh A
with ™ @ or when comparing p  s@ with 9 s ,
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Chapter FourThe Bimodal Global Effect
as a new Window on Decision Making
Processes

Determinng the Spatial Profile of the Effect of Probability of Occurrence and
Top-down Discrimination.

Abstract

The Global Effect (GE) refers to thendency for saccades to first land in between two nearby
visual stimuliz forming a unimodal distribution-- instead of being an accurate saccade to one of
the stimuli z forming a bimodal distribution. Considering the motor map of the Superior
Colliculus,several mechanisms were suggested: either there are two visually related bumps of
activity that merge into one bump through lateral interactions, or there are two bumps that do
not merge and the structures downstream somehow compute a spatial averageedBasa the

latter hypothesis, we explored whether a GE is still detectable for bimodal distribution of saccades.
By proposing a simple mechanism underlying the Bimodal GE, we introduce this measure as a new

window on Decision Making processess comparedo saccade trajectories.

As a showcase of our measure, we chose to use it to examine the two major kinds of endogenous
signals at play during decisiomaking zselection history signals and goaélated signals
respectively. In particular, we selected @hfollowing two factors: 1Yhe probability of the
occurrence of two stimulbn a trial, and 2)whether the participant is required to discriminate

and aim for a targeton two stimuli trials. We measured the Bimodal GE for sevémgdr-stimulus

distancesto obtain a spatial profile of the signals.

Our work reports that Bimodal GE can be successfully used to probe both types of signals.
Interestingly, their spatial profiles differ- the effect of the probability of occurrence is symmetric
and decreases uh stimulus separation, while the effect of discriminating a target is maintained
across separations and is asymmetric, occurring only on the side of the distractés.stiggests

that the former effect changes the response property of the motor map, wtlike latter

specificallygives a boost to the target location.
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1 Introduction

1.1 Main question

Most decisionmaking processeslepends onthe execution of an action expressing the decision.

In this situation, no matter how efficient a decisioamaking system, its expression will
ultimately be limited by the mechanisms used to translate decisions into action. We saw in the
General Introduction that the SC serves as a sensonotor interface for eye movement to
which several decision processes can converge. Iméstingly, the SC appears to trigger a
saccade based on a simple threshold mechanism rather than on @mpletionof the inputting
decision processes. Thus, a saccade can serve as a window opened on the SC, and/or on a
specific decision process. For instace, in the previous chapter, wanalysedthe curvature of
saccade trajectories to address the origin of a specific signal in the SC. Saccade curvature is a
well-established tool to probe the mechanism of action selection, but it suffers from some
limitati ons. First, the underlying mechanisms are debated or not fully understooq
particularly with respect to curvatures away from a distractor (as seen in the previous
Chapter) and the correcting part of curvatureqQuaia et al., 1999; Walton, Sparks, & Gandhi,
2005). Second, they are computationally heavy to extract, stqrand handle. Third, they are
ambiguous to measure(see Ludwig & Gilchrist, 2002 for a review of differenmethods to
guantify saccade curvatures)In this chapter, we will introduce a new, lightweight, and simple

measurez the Bimodal Global Effect- to use as an alternative window on decision processes.

1.2 Origin and mechanisms of the Global Effect

Decisiors are often translated into ocular and/or hand movements landing on or pointing to a
visual item in the environment. In such a decisiommaking situation, each available decision
option is attached to a visual item and a motor response. It has been showrathvisual stimuli

not relevant to the current taskz i.e, a distractor -- can interact with the relevant visual item,
leading to inaccurate or altered expression of the decision. One famous example is that when
two close visual stimuli are presented simubneously, eye and/or hand movements directed
to one of them tend to land in between the two stimuli (saccade averagingindlay, 1982); see
(Sailer, Eggert, Ditterich, & Straube, 2@). This phenomenon, termed the Global Effect (GE) or
saccade averaging, could represent a fundamental limttan in rapid action selection:although

the decision of whereto-go may be made with precision at some higher level, the spatial
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proximity between items on the motor map can make the decision ineffective (for more studies
on the Global Effect, seeFindlay, 1982; Heeman, Theeuwes, & Van der Stigchel, 2014,
Tandonnet, Massendari, & Vitu, 2012; S. Van der Stigchel & Nijboer, 2013; Walker, Deubel,
Schneider, & Findlay, 199Y. Alternatively, for the experimenter, the GE caprovide a tool with
which to examne decision making processes. It is therefore important to understand the

mechanism underlying the GE.

It is important to note that the space of the decisiommaking depends on the space of motor
responses. In the case of eye movement, a tweboice decisiorwould be projected onto the two
dimensions of SC; each option being a bump of activiiR. W. Anderson et al., 1998)It is
thought for a long time tha the SC is involved in the GE, as saccade averaging occurs when
stimulating two coordinates in the SGD. A. Robinson, 1972)However, the actual mechanism
underlying the GE is not clear. Because the SC has local lateral connect{tszs& Hall, 2009 for

a review on lateral connections in the SCJt is often assumed that the bumps can interact. In
Dynamic Neural Field models of the saccadic system, two proximal bumps would merge into a
single bump, which would explain the GE (see Chapter 2 aAdai, Keller, & Edelman, 1994;
Kopecz & Schéner, 1995; Wilimzig, Schneider, & Schoner, 2008his merging of the two
bumps of activity has been reported to occur in both the superficial laye(Vokoun et al., 2014)
and the intermediate/deep layers (Edelman & Keller, 1998; Glimcher & Sparks, 1993)
However, the work of Edelman and Kellef1998) also reports two bumps of activity during
averaging expresssaccade, which means that the mechanism thought to underlie the Global
Effect still remains a matter of debatéGandhi & Katnani, 2011) Interestingly, the GE has been
successfully modelled without any merging mechanismi.e., conserving two bumps of activity

in the SC-- by using the vector summation theory or quaternion coding(see General
Introduction and Arai & Keller, 2005; Tweed & Vilis, 1990yan Opstal & Van Gisbergen, 1989)

In a conservative definition of the GE, the effect is considered to be present when we observe
a unimodal distribution of the landing positions in between two simultaneously presented
stimuli -- agenuine global effect(Van der Stigchel, Vries, Bethlehem, & Theeuwes, 2011L)is
considered absent, however, whea bimodal distribution is observed. The GE disappears with
stimulus separation, and theoretically there is a bifurcation of unimodal to bimodal at a certain
distance? considered to be around 2035° in visual spac€Ottes, Van Gisbergen, & Eggermont,
1984; Van der Stigchel & Nijboer, 2013; RNalker et al., 1997) However, it appears that the
presence of GE is not as simple as a clear demarcation from a unimodal to bimodal distribution.

Indeed, it has been reported that saccade endpoint still deviates toward the ceatwhen the
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distributions are bimodal(Arai, McPeek, & Keller, 2004; Van der Stigchel et al., 201%e have

chosen to call this phenomenomBimodal GE

Thus, the definition of GE we use here extends to any spatial deviation of the saccaudpeints
toward a non-target stimulus. We then distinguish unimodal GE, corresponding to the genuine
global effect, from bimodal GE. We will see in the discussion that the bimodal GE framed in the
vector summation theoryreadily allows for inferencesto be madeon the decision processes or

signals that a paradigm would isolate.

1.3 Aims and Hypotheses

Decisionrmaking involves both exogenous signalg e.g., from stimulus properties-- and
endogenous signalge.g., from internal processes. It is known that proptes of the stimuli can
influence the Global Effect; endpoints of saccades tend to go closer to the lar@geéndlay, 1982),
or more salient stimuli (Deubel et al., 1984) Yet, little is known regarding which of the
endogenousignals can modulate the GEnd the properties of such modulations. Endogenous
signals can be divided into two types goaltrelated and history-related - as suggested recently
by Awh, Belopolsky and Theeuwe§2012). We decidé to explore the effects of both kinds of
signals with the Bimodal GE. This also permits the possibilitgf demonstrating that the Global

Effect can be influenced by both kinds of endogenous signals.

The results of Ottes et al. (1984) and Walker et al. (1997) are classical references on the Global

Effect and yet, a possible discrepancy can be found when coammg them. In the former study

(their figure 6D), it appears that a bimodal Global Effect is still present for a stimulus distariée

of 90° (directional angle) while in the latter study their figure 6B and 7B), the measured Global

Effect is very small atdistance 45° and absent at distance 90°. As the measures reported by

both research groups are different, it is difficult to quantitatively judge this possible
discrepancy without replicating their experiments. Interestingly, there are two main
differencesbetweentheir methods. Before describing these differences, it is important to note

that both studies intermixed trials with two stimuli with trials with one stimulus. The first

difference is thetype of stimulus pair/yf OOAO AO Al 830 Q@IGOGAIWIIOGAA OxI
OPAAELEEA EI OOOBAOGEI 1 O xEEI A 7TAIEAO AO Ai8gdo ¢

participant to ignore the distractor and aim for the target. The second difference concertise

2y 0 OEI 01 A AA OAAAI T AA OEAO o&niasidéiantedas Aka® tofed iAA6 OA £
Chapter 2
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frequency of occurrence of the stimulus pattesAO A1 88 0 OOOAU OOGAA A 11 x £
xEEI 00 7A1 EAO AO Ai 860 AipiTUAA A EEGCE AZ£EOANOGAT AU |
two factors as starting points to explore which endogenous signal could modulate the GE as 1)

they are respectivelylinked to goatrelated and history-related signals, 2) they are keys factors

in designing GE experiments, and 3) they give us scope for assessing the possible discrepancy

between the two aforementioned studies.

The important difference when using a targt/distractor pair compared to using two identical
stimuli is that, in the former case, a discrimination has to be intentionally made to select the
instructed target, and thus involves a topdown process. A second experiment bttes, Van
Gisbergen, & Eggermont, (198preported no difference from their initial results when using a
target-distractor couple. Although their conclusion is not based on any strong statistical
method, it has been acknowledged for a long tienthat GE is immune to togdown influences.
Nevertheless, recent results have demonstrated that this is not the ca@&itsebaomo & Bedell,
2000; Heeman et al., 2014; Hermens, Ghose, & Wagemans, 20TIB8e work ofHeeman et al.
(2014), in particular, shows that to give the mere instruction to aim for one of the stimuli of a
discriminable pair modifies the GE; to be more specificthe unimodal distribution of landing
positions is shifted toward the targeted stimulus. Given that this study was carried out with
only one stimulus distance, we thought it necessary to extend their workiiorder to examine
the spatial profile of this top down influence that modulates the strength of the GBEs we will
seein the discussion the spatial pattern of GE modulation willalso help us to distinguish

between different sorts of mechanisms.

The othe key factor we tested is the probability of stimulus occurrence. It is important to
distinguish the probability of occurrence from spatial probability. The latter gives an advantage
to frequently aimed positions and biases the GE toward that positiatiie & Kowler, 1989) The
spatial probability of targets has been shown to be coded in $Basso & Wurtz, 1998)and may
originate from FEF(C-L. Liu et al., 2011) With regard to the mere probability of stimulus
occurrence there is, to our knowlelge, no behavioral work addressing its effect on GE.
Interestingly, it has been shown that the probability of both target occurrenc@littner & Wolf,
1992) and distractor occurrence(Goldstein & Beck, 2013has an effet on saccade reaction
times. Furthermore, some studies have suggested that the Locus Coerulegsi.e. the
norepinephrine system z responds to the relevance, novelty, and infrequency of stimuli
(Alexinsky, Aston* T T AOh 2AEET xOEEh O 2A0AUh pwwnn O0O0AOOAEI
Privitera, Renninger, Carney, Klein, & Aguilar, 2010)ith more or less habituation (Aston-
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Jones et al., 1994; Vankov, Herdinvielle, & Sara, 1995) Interestingly, the norepinephrine
system is thought to modify the responsiveness of neurons in diffuse parts of the brain involved
in decision making or in perception through coarse projectins (Aston-Jones & Chen, 2005;
Hurley, Devilbiss, & Waterhouse, 2004)Such an effect of norepinephrine has been observed in
SC neurons(Mooney, BennettClarke, Chiaia, Sahibzada, & Rhoa]el990; Tan, Mooney, &
Rhoades, 1999; Y. Zhang, Mooney, & Rhoades, 1988) some studies have demonstrated
direct projections of the Locus Coeruleus to the S@rce, BennettClarke, & Rhoades, 1994; S.
B. Edwards et al., 1979; Mooney et al., 1990)aken together, these findings encouragtesting
of the hypothesis that the frequency of occurrence of the stimulus pair can modulate the
strength of the GE. If this is indeed the case, it would support the notion that this signal is sent
to the SC.

To summarize, we hypothesized that the typand the frequency of occurrence of the stimulus
pair can modify the strength of the GE, and we assumed that they respectively control a goal
related and a history related signal. Our paradigm consisted of four conditions: two factors
(Pair-Type; PairFrequency) of two levels (respectively T-Same/T-Different; F20/F-80). These
conditions were arranged across 8 stimulus directional distances in a classical Global Effect
paradigm. We will show thatPair-Frequencyand Pair-Typeare both able to exert an effecton
GE. Interestingly, our measurement highlights a distinctpatial pattern of the GE modulation
across stimulus distancegor each effect. Based on the vector summation theory, we will argue
that an easy correspondence can be made between the pattern@E modulation and the shape
of the goalrelated or history-related signal sent to the SC. Thus, we conclude that the bimodal

GE represents an interesting tool for exploring decisioimaking processes.

2 Methodology

2.1 Participants

Four naive individuals and theauthor (25-27 years old; 3 male [BD, GM, RI] and 2 fem&l€V,
AN]) participated in the experiment. All had normal visual acuity. BD and GM are occasional
smokers. No participants reported drug or alcohol dependencies or sleeping disorders. Ethical

approval was obtained through the local ethics committee.
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2.2 Apparatus

Participants performed the experiment in a quiet dark room. They sat at a distance of 72 cm
from a display monitor with a 100 Hz refreshing rate. Its dimensions were 36.60 cm in width
and 29.30 en in height for a density d pixels approximately 35 pixels per centimete. The
monitor was covered with a red filter. A measure of luminance homogeneity was made to check
if any unusual behaviar might be expected (sedrigure 4-1). For instance, note the drop of
luminance on the bottom left. This might have led to lower reaction times of the participant
when stimuli were displayed in this part of the screen, which could also have had the effect of

biasing decisions if one of the ptions was located in that corner.

Eye movements were recorded with an Eyelink 2000 system (Tower mount system; SR

Research Ltd., Canada), an infrared viddmased eye tracker that has a spatial resolution of

0.01° (average accuracy measured by constructotypically between 0.25° and 0.5°). It was

OOAA AO A OEIi A OAOI 1 OOEIT 1T &£ pnnnm (U xEEI A OEA b/
pad. Only the left eye was recorded.

The experiment was programmed withpygame a python library that provides graphicand

input management, andpylink, the official Eyelink library for python. The code can be found at:

https://github.com/Nodragem/Chapter -GlobalEffectExperimentl

800 1000 1200

Figure 4-1: Luminance homogeneity of the monitor display. The luminance is expressed as a
percentage and is relative to the central luminance o® w8 . The graph interpolates measures
taken at 9 positions.
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2.3 Stimui and Procedure

The participants were required to undertake 8 sessions of 1600 trials each (8x60min); each
session being separated at least by one night. A break was offered every 200 trials while a break
and a calibration on 13 points were imposed at evg 400 trials. Each session tested only one
of the 4 following conditions: F-20/T -Same F-20/T -Different, —-80/T -Same F-80/T -Different.

Trials in any of these conditions followed the same template: the participant started by staring
at a white fixation cross of 0.4° on a black background at the centre of the screen. After a
random interval of 500-1000ms, the fixation cross disappeared and a target elemer81
(luminance: T® '@ ) was presented at an eccentricity of 13.5° of visual angles (sBe&gure
4-2A and B) while its direction could have been any one of the 32 directions tested. We tested
8 directions per quadrant (given in directional angles, seEigure 4-2A): from +5.625° to +45°
by step of 5625° for the top right quadrant; the vertical mirror images of these directions are
tested in the top left quadrant; and the horizontal mirror images of the top quadrant directions
are tested in the bottom quadrants (seé-igure 4-2A). For a certain percentage of the trials, an
additional stimulus S2is simultaneously displayed at the horizontal mirror image of the target.
For instance, if Slis presented at-45°, the additional stimuli S2will be displayed at 45° of
angular direction (and 13.5 of eccentricity). We refer to thosérials as double-stimulus trials.
The stimulus S1was displayed for 800ms while theS2was displayed for 700ms. Following

this, the screen was cleared and a new trial began.

We tested 4 condiions. In F-20/T-Same and F-80/T-Same the additional stimulus S2 was
identical to the stimulus Slbut 12.5% brighter. All the participants reported not having noticed
this difference in luminance. For these conditions, the participants were simply askéd move
their eye to any presented stimulus as quickly and precisely as possible. They did not receive
further instructions for the case of doublestimulus trials, as in the study byOttes et al. (1984)

In F-20/T-Different and F-80/T -Different conditions, the additional stimulus S2 was of a
different shape toS1and was also 12.5% brighter. For these conditionsye defined S2 as a
distractor and S1 as the target. fie participants were instructed to ignore the distractor and to
move their eyes to the target as quickly and precisely as possible. Finally,F#80/T -Different
and F-80/T -Sameconditions, the additional stimuluswas presented 80% of the time, while its

frequency was set up at 20% foF-20/T -Differentand F-20/T -Sameconditions.

For all the participants, the distractor and the target of-Differentconditions could either be a

circle or a diagonaicross of 0.8°. e circle stimulus was defined as the target for BD and AN,
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Eccentricity: 13.5°
(Visual Angle)

+
Fixation

Fixation Visual angle

T/S1
D/S2

time (ms)

Figure 4-2: Summary of the Paradigm. A: This graph locates the possible position of the stimulus

I'T OEA 111 EOI 080 AE O Bakddl reddabdity,iwe onfy showdtheichsg whie e O E A
target is a circle and the additional stimulus is a diagonaloss (Condition IDifferent). Further,

the target is only on the top part of the screen in this example: a reflection on tagiz of this fgure

would show the possible remaining stimulus configuratior®. This plot displays what we refer to

as visual angle; i.e. the angle formed between two positions on the screen and the recorded
DAOOEAEDPAT 060 AUA8 .1 OA OEthobs afegidhlinrdviahan@eE Ay AT A
stimulus distances are given in directional anglé:A pair of stimulizS1 and S2, or T and Dappear

on the screen simultaneously after the offset of the fixation cross F. The duration of F is randomly

distributed between 500 and 1000 ms.
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while the diagonatcross was the target for GM, KM, and RI. The distractor logically inherited
the remaining shape: it was a circle if the target was a diagonafoss and vice versa.
Hence, theF-20/T-Samecondition is similar to that employed in the paradigm ofOttes et al.
(1984) while the F-80/T -Different condition is close to that used in the work ofValker et al.
(1997). For all the participants, the sessions were ordered as followbs:20/T-Same F-20/T -
Different, --80/T -Same F-80/T -Different, F-80/T -Different, --80/T -Same F-20/T - Different, F-
20/T-Same While we would usually counterbalance the order across participants, here we
thought it was useful to keep this order. First, the two £20 blocks were separated by four 80
blocks in arder to diminish any habituation to the low frequency condition. This choice was
prompted by our hypothesis concerning the role of the Locus Coeruleus, which is subject to
habituation (see Introduction). Second, this arrangement enables a fairer comparisavith the
procedure used byOttes et al., (1984) Indeed, theF-20/T -Samecondition needs to appear first
in order to maintain the effect of surprise thatis likely to have occurred in the work of Ottes et
al. (1984): the participants were not told that there would be trials with two stimuli. The
palindrome order within participant was used to minimize any linear training effects. We also

checked that our results hold when order effects are taken into account.

3 Data Analysis

All the analyses were conducted witlscipy(McKinney, 2010, the scientific package for python
(e.g. www.python.org), and withipython 2.0(Perez & Granger, 2007)

3.1 Saccade Detection and Cleaning

A custom algorithm detected saccade end points for each trial aging the first data point at
which the eyes had a velocity below 10°% an acceleration below 6.000°% and a shift from
the fixation above 1.0°. The algorithm found potential saccade initiation by looking for the last
data points at which the eyedad a velocity below 30°.4, an acceleration below 6000°:8 and
a shift from fixation below 0.3°. The difference in criteria for saccade end and start points were
implemented to deal with anartefact that can ocur at the end of saccadegseeNystrém et al.,
2013, for more information of this post-saccadic oscillation artefact. Our algorithm tends to
catch the landing position of the saccade after this afact, which is exactly what we require.
The algorithm also detected trials containing moe than one saccade, and these were deleted

from the analysis here.
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A second algorithm was run across the results of the first algorithm and highlighted suspect
trials according to the following rules: 1) there were missing values or gaze positions outside
the monitor (40 pixels of tolerance) during the saccade, 2) either no start or no end of the
saccade was detected, 3) the time between the target onset and the detected start of the
saccadegi.e. the reaction time- was less than 80ms, 4) the saccade duran was longer than
the reaction time, and 5) the position shift from the fixation was less than 7.5°. After the list of
suspects had been created, the experimenter undertook a visual check of all the trials for
approval of this list. Most of the amendmets to the list either involved excusing a suspect trial
that presented a position outside the monitor display, or rejecting a trial that presented a blink.
The trials with gaze positions outside the monitor display were kept if explicable in terms of

an ohvious drift of the fixation point in the recording system.

After cleaning, the loss rates were 1.7%, 4.5%, 1.5%, 3.4% and 2.2% for AN, BD, KM, GM and

RI, respectively.

3.2 Landing Positions

We assumed that, for all the trials that passed the cleaning step, therticipants were properly
fixating on the initial cross. Hence, our coordinate system is centred on the gaze position at the
start of the saccade. The landing positions correspond to the endpoint positions of the first

saccade produced after the onset @he stimuli.

For each of the 8 stimulus distances that we tested, there were 4 possible target positions (one
per quadrant); for the analysis, the data were mirrored and combined so that we considered

only one target position per stimulus distance.
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Figure 4-3: Presentation of the Distance from the Closest Distractor on Target Side. The
transformation that the DFCA makes on the landing positions can be observed by comparing the top
plot and the bottom plot(see sectior8.3 for further details). The DFCA on target side is no more
than the landing positions on target side in doubkimulus trials cented on the mean of the landing
positions in singlestimulus trials. The dashednes represent the medians of the distributions. The
data are from all the participants.

3.3 Measure of the Global Effect: the Distarfcem the Closest
Attractor

We are interested in testing the effect oPair-Frequency(i.e., F20 / F-80) and Pair-Type(i.e.,
T-same / T-Different) on the Global Effect (GE). Here, we use a general definition of the GE

rather than the restricted definition requiring a unimodal distribution (see Introduction).

Previous measures in the literature often assume a unimodal distriliion of the landing
positions and measure the GE from the mean landing position of saccad€asteau & Vitu,
2012; Heeman et al., 2014; R. Walker et al., 199'Here, however, we wanto quantify GE in

bimodal distributions. Moreover, we would like to address the possible asymmetry in GE
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between the two modes. Indeed, in our different conditions, the levels-Different and T-Same
manipulate the symmetry of the stimulus pair, and this cold affect the symmetry of the GE.
For these reasons, our new GE measure divides the landipositions into two groups: those
directed towards the target, andthose directed towards the distractor. We also computd a
control position for each group from te singlestimulus trials z this estimates the mean of the
landing positions in the case where the target or the distractor is presented alone. We then
examined the deviation of each group from their control. The controls were computed across
the four screen quadrants (we mirrored the data and collapsed them to one quadrantand are
distance specific (i.e one control per distance), participant specific, and block specific (to
correct for calibration discrepancies). As we collapsed the four quadrants intane, we had the
same control for the target side and distractor side: we only changed its sign. We named the
measure the Distance From the Closest Attractor (DFCA&)the attractors being the control

positions. For the landing positioni and on the yaxis, this is defined mathematically, by:
0066 | E® od® s
Where C1 and C2 are the control position.

Figure 4-3 shows the DFCA for saccades directed toward the target. Note that another major
difference with the usual measure of the Bis that we get one measure per trial, which allowed

us to use more powerful statistic tools (thus increasing the statistical power).

3.4 Statistical analysis

The statistical analysis of this data set was challenging for the following reasons: 1) we wanted
to use all the data points in the statistical analysis in order to detect small effects, 2) the DFCA
violates the assumptions of normality, and 3) Participants need to be treated as a random
AEEAAO8 ' OOAT AAOA ' . /6! xI Ol thto AdirmeaA andthis iO E A
not appropriate considering the fact that we ran only 5 participants. Furthermore, it would not
make use of the statistical power permitted by ger trial measure of the GE. Concerning the
violation of normality, it appears tobe a false problem in our case: it is not the distribution of
the participant means which is not normal but the DFCA distribution within a participant.
Furthermore, we are, in fact, interested in how much the outliers (the centric saccades) shift
the meanof the DFCA distributionz because these saccades are the most representative of the
GE. Consequently, using a statistical model that assumes a normal distribution is not a problem

as long ast is sensitivao outliers. Finally, we choose to report two stistical tests: 1) a multiple
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comparison approach using a notparametric MannWhitney U-tests along with a within-
participant correction; and 2) a parametric Bayesian topdown test of the possible mixed linear

models considering the participant as a randm effect

3.4.1 Running ManfWhitney Utests:

To test statistically the difference in DFCA across conditions and distances, the saccades of all
the participants were gathered (as invan der Stigchel & Nijboer, 2018 Figure 4-3 shows an
example of the resuling DFCA distributions This led to an average of 389 trials for each
distance in each condition for theconditions (T-Same | F20) and (T-Different | F20) and an
average of 1,543 trials foithe conditions (T-Same | FB0) and (T-Different | F80). Given that the
distributions of DFCA were suspected to be nenormal we decided to use the nofparametric
independent 2-group Mann-Whitney U-test to test for mean differences (thevilcox.test(x,

y, paired=FALSE) in R). The R code sources and data are available at:

https://github.com/Nodragem/C hapter-GlobalEffectStatistic. In order to focus on differences

within participants, and because the ktest does not apply this by itself, we applied a within

subject correction (Cousineau, 2005) to our data set. This means that we cengéd the data of

each participant on the same mean. The condition effects (difference between conditions) are
reported with the Hodgesg, AET AT1 AOOEI AOGT O j (,3Qq8 )OO EO OEA |
between the N measures in one condition and the M msares in another condition (N x M
combinations). A nonDbAOAT AOOEA mn8wuv AT T AZEAAT AA ET OAOOAI
estimates. Finally, the Common Language Effect Size (CLE&&)Graw & Wong, 1992; Vargha &

Delaney, 2000)from the R packageorddomis reported. Indeed, the CLES simply estimates the
probability that a DFCA randomly picked from one distribution is higher than a DFCA randomly

picked from another distribution -- also known as the Probability of Superiority Gererally

speaking, a CLES of 0% (or 100%) would mean that the first distribution is lower (or higher)

and does not overlap with the second distribution. When the CLES is at 50% the medians of

both distributions are aligned.

Using the DFCA, wéirst addressedthe effect of Pair-Type. We ran one Utest for each of the
eight stimulus distances testing for an effect oPair-Type (level T-Different against level T-

Samg. Thereafter, the same procedure was peated to test the effect oPair-Frequencyacross
stimulus distances (level-20 against levelF-80). It should be noted that the pvalues for a set

I £ OAOOO xAOA AT OOAAOAA AAAT OAET C O1T "11 £ZAOOITE
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3.4.2 Bayesian Mixed Models: T®own analysis.

Although the Utest procedure tried to correct for within-participant variance, the fact that we
gathered the data of all the participants into one distribution could be considered as
problematic. In order to address this concern and to doubleheck our results using an
alternative method, we conducted a Bayesia Mixed Models topdown analysis with
participants as a random factor(Rouder & Morey, 2012) using the Bayes Factor package in R,

available at: http://bayesfactorpcl.r-forge.r-project.org/).

Top-down analyses are based on a reference model, often referred to the full model. In a
preliminary step, the test estimates how good the full model is in explaining the data. In a
second step, it estimates how good each model that omits onand only one- variable of the

full model is in explaining the data. In the Bges Factor framework, we are given the weight of
evidence for each omitting model against the full model. This tells us how much each variable
plays a role in explaining the data. The weight of evidence provided is the Bayes Factor (BF).
Bayes Factors areodds which tell us if the data that we observed are more likely to happen
either when the omitting model is assumed to be true or when the full model is assumed to be
true. When the BF is smaller than 1 ifavours the full model z and so supports a role othe
omitted variable - when it is higher than 1 itfavoursthe omitting model z and so gives support

for the claim that the omitted variable has no role.

Our interpretation of the BF, in the case where it tests a model 0 against a model 1 {BFwill

follow the scale proposed byRaftery, 1995). A reproduction of this table can be found below.

Table 3: Interpretation of the Bayes Factor in Terms of Evidence.

Bayes Factor BF Pr(modet|Data) Evidence
1-3 .50-.75 Weak
3-20 .75.95 Positive
20-150 .95-.99 Strong
>150 >.99 Very strong
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4 Results: Distance From @ssAttractor

Observation ofFFigure 4-4 reveals that the DFCA initially increases anthen decreases with
the stimulus distances, which is how the GE is expected to fluctuate when the landing pasit
is not normed by the stimulusdistance. It is important to recall that the DFCA divides the
landing positions into two groups: 1) the points closer to the target/S1 and 2) the points closer
to the distractor/S2. From this, we computed their distance from the corresponding control. It
is important to note that the proportion of landing positions between the two aforementioned
groups was reasonably balanced in all conditions and participants; see Appendix Bgure

4-15. We propose an overview of the data at pacipant level in Appendix B.

0 LI\ : : : : : : { Control
|
e Target
0.5/ F g, s
1 o +"‘
Tf? L[~~‘ o"‘
< g 1.5] Conditions
O > +-4 F-20 T-different
U—E 2 F-20 T-same
- E +— F-80 T-different
E F-80 T-same
1 Control
Distractor

Stimulus Distances
(directional degrees)

Figure 4-4: Overview of the Distance From the Closest Attractor (DFCA) over stimulus
distances and between conditions. The figure shows the mean of the distributions with the
parametric 95% confidence intervals; thapper part displays the curves for the DFCA on the target
side, and thdower part displays the curves for the DFCA on the distractor side.

4-17|Page



CHAPTER FOUR: FREQUENCY, INSTRUCTION AND BIMODAL GLOBAL EFFECT

4.1 MannWhitney Utests: Asymmetric Effect of Pdiype and
Symmetric Effeatf PairFrequency

Table4 and Table5 report the results of the Utests for Pair-Typeon the target and distractor
sides, respectively.Table 6 and Table 7 report the results of the Utests for Pair-Frequency
again on the target side and distractor side. Finallysigure 4-4 provides a summary of all the

tables.

Figure 4-5A shows that the Utests yieldedsignificant effects ofPair-Frequencyboth on the S1
side and the S2 siddn particular, Figure 4-5A suggests a symmetric increase of the GE when
double-stimulus trials are rare (F20). For both the S1 and S2 side, the increaseGE observed
in F-20 tends to increae progressively with thestimulus distance, up to distance 45°, upon
which it decreases. Finally, the effect of-E0 on the S2 side tends to deease more rapidly with
the stimulus distance in comparison with the Slige. This small asymmetry could be attributed
to the slight difference in luminance between stimulus S1 and S2 (We shall recall that in the
Condition T-Same S2 is similar to S1, but slightly brighter so that it matches the distractor
luminance that is usel in the T-Different conditions).

Interestingly, for the factor Pair-Type described in Figure 4-5B, the U-tests revealed 1)a
significant effect for all distances but one (56.25°) on the distractor sidand 2) a significant
effect on the DFCA only at one distance (45°) on the target sideurthermore,the effed on the
distractor side is an increase in GE&s opposed tothe effect on the target side which is a
decrease in GE(Figure 4-5B, or Tables 7, 8) Specifically, our results suggest that the
distribution of DFCA on the distractor side shifts toward the centre iT-Different conditions
and that the effect size is rather regular over stimulus distances with a decrease around
distance 56.25°. On itside the significant effect at distance 45° on the target side shifts the
distribution toward the target. However, Figure 4-4 suggests that the specific effect at distance
45° has opposite directions in F80 conditions and F20 conditions. This discrepancy makes
this effect difficult to interpret and suggests an interaction between Frequency and Type. In
summary, we observe an asymmetric increase in the GE when the participant is asked to aim
towards a target and avoid a distracto(T-Different), whilst saccades directed to the distractor

tend to be shifted toward the centre.
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Effect of Instruction
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Figure 4-5: Summary of the Mann-Whitney U-tests. Each plot shows the difference in DFCA between the two @oorts, which we name the GE
modulation: a positive number means that there is a larger GE H2@than in F80 conditions (insubplot A) or a larger GE in IDifferent than in
T-Same conditions (irsubplot B). Note that a larger GE means a deviation of @ing position towards thecentre. Each plots sbws the Hodgez
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stars represent the level of significance as in Table 5 and Tablke:&Ve ignored the factor Pa-Type, mixing the conditions-Bame and IDifferent.
Note that we refer to S1 and S2 as the two stimuli presented simultaneously; S2 corresponds to the slightly brighter oiS&ameTconditions and
to the distractor in T-Different conditions.B: We ignaed the factor PairFrequency, mixing the conditions-E0 and F80. Note that the stars
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Table4: Target Side ktests ove distances for a distractor type effect (Bame against IDifferent):

Distance U-stat p-value n.Td n.Ts CLES I [ n 95% ClI

11.25 433851 1.00E+00981 915 51.67% -0.040 -0.102 0.022
225 460714 1.00E+00997 909 49.16% 0.028 -0.059 0.115
33.75 458158 1.00E+00 983 930 49.88% 0.005 -0.101 0.110
45 412946 ** 2.78E03 998 914 54.73% -0.219 -0.338 -0.099
56.25 432647 2.55E01 1063 863 52.84% -0.119 -0.230 -0.011
67.5 479230 1.00E+001065 925 51.35% -0.056 -0.161 0.049
78.75 430544 1.00E+001035 858 51.82% -0.062 -0.168 0.045
920 451448 1.00E+001007 881 49.11% 0.037 -0.070 0.143

Note. Refer to Table 2 note.

Table 5: Distractor Side, ttests over distances for a distractor type effect-8ame against T
Different):

Distance U-stat p-value n.F8 n.F2 CLES I [ n 95% ClI

11.25 452304 ** 5.10E03 970 1023 54.42% -0.118 -0.185 -0.050
22.5 423556 *** 5.45E06 950 1024 56.46% -0.205 -0.285  -0.125
33.75 413434 3.81E07 948 1017 57.12% -0.275 -0.373 -0.177
45 451307 * 3.88E02 953 1022 53.66% -0.166 -0.282  -0.051
56.25 442758 8.91E01 877 1054 52.10% -0.091 -0.204 0.021
67.5 397084 * 3.35E02 869 990 53.84% -0.157 -0.266  -0.050
78.75 415780 *** 7.91E06 904 1055 56.40% -0.265 -0.372  -0.159
90 406350 *** 2.51E06 915 1026 56.72% -0.284 -0.394  -0.176

Note. Refer to Table 2 note.

Table6: Target Side, Hests over distances for a distractor frequency effectZb against F80):

Distance U-stat p-value n.F8 n.F2 CLES I [ n 95% ClI

11.25 225235 2.52E05 1550 346 58.00% -0.192 -0.273 -0.111
22.5 259148 ** 1.35E03 1516 390 56.17% -0.202 -0.309  -0.097
33.75 252640 . 5.10E02 1555 358 54.62% -0.193 -0.332  -0.055
45 228095 x* 3.26E05 1566 346 57.90% -0.384 -0.549 -0.219
56.25 245242 ** 7.39E04 1565 361 56.59% -0.297 -0.449  -0.148
67.5 279013 6.15E01 1625 365 52.96% -0.126 -0.268  0.014
78.75 267306 1.00E+001536 357 51.25% -0.051 -0.186  0.085
90 287083 1.00E+001525 363 48.14% 0.074 -0.059  0.207

Note. Refeto Table 2 note.

Table7: Distractor Side, ktests over distances for a distractor frequency effectZB against F80):

Distance U-stat p-value n.F8 n.F2 CLES I [ n 95% ClI

11.25 376754 ** 4.34E03 1556 437 44.59% 0.142 0.062 0.222
22.5 344744 ** 4.80E03 1582 392 44.41% 0.176 0.076 0.275
33.75 360737 * 1.44E02 1538 427 45.07% 0.198 0.074 0.320
45 387352 x* 1.15E05 1537 438 42.46% 0.356 0.210 0.503
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56.25 323915 1.00E+001517 414 48.42% 0.069 -0.069 0.208
67.5 299833 1.00E+001451 408 49.35% 0.027 -0.105 0.158
78.75 302211 1.29E01 1532 427 53.80% -0.154 -0.281 -0.028
90 295816 1.00E+001540 401 52.10% -0.090 -0.226 0.047

Note. Refer to Table 2 note.

4.2 Topdown Bayesian Analysis: Evidengaiast Interaction between
PairType and Paifrequency

The result of the comparisons between omitting the model against the full model can be seen
in Table 8. In addition to the main effecs, the topdown analysis tested for an interaction of
Pair-Frequencyand Pair-Type with the DFCASide (i.e., S1/S2 or Target/Distractor sides).
Furthermore, we chose to test for an interaction effect betweeRair-Frequencyand Pair-Type
and betweenPair-Frequencyand Distanceas the possibility of such interactions was raised in

the previous sections.

This analysis(seeTable 8) suggested a main effect dbistance Pair-Typeand Pair-Frequency
It also supports an interaction of Pair-Frequencywith Distanceand no interaction between
Pair-Typeand Distance Moreover, very strong evidence was found for an interaction dPair-
Typewith DFCASide This corroborates that the GE increases only on the distractor side when
the distractor has to be discriminated and avoidedz i.e., te effect of Pair-Type on GE is
asymmetric. Interestingly, the evidence for an interaction between DFCAide and Pair-
Frequencyis weak; there is not enough evidence to conclude either against or in fawoof the

interaction (i.e., whether the effect is symmetrior not).

We thought that this uncertainty could be caused by an interaction wittDistance In the
previous section, theeffectof Pair-Frequencyappeared to decrease more rapidly over distances
on the distractor side (Figure 4-4C). We therefore ran an alternative full model taking into
account the interaction DistancePairFrequencySide The topdown analysis yielded strong
evidence (BF=24.1+ 27.%) against such an interactionConsideringthat the analysis wasstill

in favour of an interaction DistancePairFrequency(BF= 0.058+7.6%) this result suggests that

the effect ofPair-Frequencyis symmetric (i.e., no effect oS5ide.

Finally, returning to the main analysis Table8), there is strong evidence against an interaction
between Pair-Frequencyand Pair-Type It can also be noted that there is strong evidence

against a participant effect, due to the withirparticipant correction applied previously.
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Table 8: Bayes factor topdown analysis on DFCA.

Omitted Effect BF Interpretation Tag Polarity
[1] PairFrequency:PairType 72.1 +35.79%  strong against
[2] Distance:PairType 15.2 +25.57%  positive against
[3] PairFrequency:Side 1.2 +7.76% weak against
[4] Distance:PairFrequency 0.0799 +7.57% positive in favaur
[5] Side:PairType 1.00E15 +6.67% very strong in favaur
[6] Participant 9.25E+6 +7.22% very strong against
[7] Distance 1.0E18 +9.92% very strong in favaur
[8] PairFregency 8.21E12 +6.95% very strong in favaur
[9] Side 15.9 +8.05% positive against
[10] PairType 0.00220 +13.03% very strong in favaur

.1 OA8 4EA OUI ATl 0Odo EI AEAAOAO EIT OAOAAOEI T8 ! CAET OO

PairFrequency + Distance + aicipant + PairType:Side + PairFrequency:Distance +
Side:PairFrequency + PairType:PairFrequency

We shall recall that we used a particular ordering of our condition blocks. We thought there
was perhaps a surprise effect inthe paradigm employed byOttes et al. (1984) as the
participants were not told that there would be doublestimulus trials. A Wilcoxon ranksum
test conducted on the DFCA between the first block and the second block Bf20/T-same
yielded a significant difference (W= 12E+7, p=0.002) wi a small effect size{0.04°) compared
to the effects observed inFigure 4-5 (from 0.2° to 0.4°). Thus, it appears that any surprise
effect across participants was small or did not last long enough within the first block to prade

a large overall effect. Finally, it is important to test whether the effects that we reported in the
results section can beexplained by an ordering effect. We ran a Toplown Bayesian Analysis
with a full model taking in account the effect of blocks imddition to the effectsfound earlier
(labelled in favourin Table 8). Even though there is strong evidence for an effect of block, the

effects previously reported are maintained (seeTable 9).

Table9: Bayes factor topdown analysis on DFCA, Ordering Effect (i.e., effect of Block).

Omitted Effect BF Interpretation Tag  Polarity
[1]  DistancePairFrequency 0.00281  +4.74%  very strong in favaur
(2] Side:PairType 9.23E16  +14.2% vetry strong in favaur
(3] Block 0.0276 1+3.96% strong in favaur
(4] Distance 3.58E100 +4.41% very strong in favaur
(3] PaifFrequeny 9.62E13 +3.99% very strong in favaur
(6] PaiType 0.00139  +27.26% very strong in favaur

.1 6A8 4EA OUI AiedactidhdAgainstidén&nfinatorA DFCE ~ PairType + PairFrequence
+ Distance + Block + Participant + PairType:Side + PairFrequence:Distance
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5 Discussion

In the present study, we examined whether the strength of the Global Effect (GE) and spatial
profile can be modulated and controlled by endogenous signals that are supposedly external
to the SC. Confirmation of this possibility would then promote the GE to the rank of a tool that
permits the assessment of signals involved in decisiemaking processes. In partular, we
tested for the two main categories of endogenous signagsgoaktrelated and history-related z
by means of the following two factors in our paradigm: 1) the requirementor not to
discriminate and aim for a target during the twestimulus trials (Pair-Type T-Different | T-
Same); and 2) the frequency of occurrence of the twatimulus trials (Pair-Frequency 20 | -
80). Our paradigm was based on a simple saccattetarget task in which trials could involve
the presentation of either a single stimulis or a pair of stimuli, with eight possible stimulus
distances. We first introduced a new measurgthe Distance From the Closest Attractor, which
guantifies the GE for bimodal distributions of landing positions for each stimulus sid&ext,
using a norrparametric test, we highlighted an effect of the aforementioned factors on the GE.
The GE increased on bothktimulus sideszi.e. symmetly - when the doublestimulus situations
were rare (F20) compared to when they were frequent (F80). This effect ofPair-Frequency
decreasal with stimulus distances. On the other hand, only the GE on the distractor side
increasedz i.e. asymmetry- when the participant had to discriminate and aim for a target
among two dissimilar stimuli (T-Different) compared to when the paticipant was making a
free choice toward one of two similar stimuli (FSame). This effect oPair-Typewas stable for
almost all of the tested stimulus distances. ThuRair-Frequencyand Pair-Type draw two
clearly distinguishable patterns in terms of modilating the GE. We will next discuss the

possible mechanisms that could be responsible for such a difference.

5.1 The Global effect: more thame mechanism?

The Global Effect (GE) has been defined on many occasions over the years. It has been proposed
that the genuine GHnvolves the observation of a unimodal distribution instead of a bimodal
distribution when comparing with single target controls (Van der Stigchel & Nijboer, 2013) A
more general definition is that the GE is an increase of centripetal saccade endpoints compared
to a single target control condition. In the latter definition, one can still observe GE in bimodal
distributions, and instances of this version of the GE have been observed in the pgstai et al.,

2004; Van der Stigchel et al., 2011)he purpose of the work presented here was to
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Competition
Merging/Attraction Vector Averaging Competition + Vector Averaging

B\ AN '\
@ ¥

Fixation Fixation Fixation

Figure 4-6: Summary of Different Mechanisms at Play during Saccadic Action Selection. We
suggested that the combination of competition and vector averaging (or vector summation) leads
to what we call the bimodal Global Effect (schema on the right), see text for details. In thedgof

the bottom row, we represent the spatial configuration of different stimuli (D: distractor; T: target)
on the monitor screen; the green arrow represented the average saccadic vector while the green
dots draw the distribution of the saccade endpomt

guantitatively report this effect. However, such a GE raises some issues when it comes to
determining its underlying mechanism. There are two common accounts that have been

proposed to explain the GE (see next page).

The first common account of the GEseeFigure 4-6, first column) is based on the hypothesis
that the Superior Colliculus (SC) behaves as a dynamic neural field with shoainge excitation
and long range inhibition. A strict and hard bifurcation from unimodal to modal distribution

is easily reproducibleevenwith a simple noisefree dynamic neural field model (see Chapter
2). A mergingmechanism allows the bumps ofctivity induced by two close stimulations to
merge into a single bump of activity(Amari, 1977). However, such a merging mechanism
cannot explain the observation thatsaccade endpoints deviate toward the cent for bimodal

distributions. In other word s, it cannot explain the bimodal GE.

A second common account of the GE (s€&gure 4-6, second column) is based on the vector
averaging (which we argued to be explainable with the vector summation theory in General
Introduction) that occurs downstream the SC. This populatioitoding mechanism does not
merge close activity; it simply triggers the saccade that corresponds to the ceatof gravity of

the SC activation. When the GE occurs for express saccades, we can observe two bumps of

activity in the SC(Edelman & Keller, 1998) a situaton whereby only a populatiorcoding
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mechanism could explain the GE. However, this mechanism fails to explain the transition from
unimodal to bimodal distributions of landing positions; on its own, for a specific pair of stimuli,
it would always produce certired unimodal distributions. In other words, it would be unable to

explain a bimodal GE.

Thus both common accourg of the GE failedto explain the bimodal GE. Before suggesting a
solution, we need to highlight another important mechanism (se€igure 4-6, third column) at
play in neural field models of the SC, which is not directly linked to GE, that is, the
race/competition mechanism. When two remote stimuli are presented to the neural field, each
induces a bump of activity. Thisg the first bump, which reaches an arbitrary threshold that
wins and triggers an eye movement to the corresponding stimulus. Additionally, loaginge
inhibition (if present) can prematurely bias the race to threshold: if one of the racers gains
enough of a advantage over the other, this other will begin to decreasgand may be doomed

to lose. This competition is noisy, and can be lost by even the strongest stimulus. These

occasions would occur at a rate inversely proportional to its contrast with the wead stimulus.

The solution we suggest to explain the bimodal GE is a combination of tteece/competition
mechanism and of the vector averaging (seBigure 4-6, last column). When the winning
stimulus reaches the threshold to triggr a saccade, the losing stimulus has raised a certain
amount of activity in the SC. As seen in Chapter8hich concernedsaccade curvatures, the
execution of the saccade can start before the selection of a single goal has been completed
(McPeek et al., 2003)The bumps of activity induced by both the winning and losing stimuli is
unselectively taken into account by the downstream vector averaging mechanism. As a result,
there can be a centripetaldeviation from the winning stimulus that is proportional to the

performance of the losing stimulus on that trial.

It should be noted that the genuine GE is expected to decrease with stimulus distances, a
relationship that we have also found when measurinthe bimodal GE (se&igure 4-4A). In our
frame of explanation, this decrease in GE with stimulus distance may be caused either by: 1) a
stronger mutual inhibition between the two stimuli whilst their distance increases z
decreasing the activity of the loser-- or 2) a spatial release of the inhibition that the substantia
nigra pars reticulata (SNr) applies in the SC. This disinhibition zone would be ceetl on the
race-winner so that the activity of the loser decreases as it movesirther away from the
winner. Indeed, the SNr is known to release its otherwise tonic inhibition of the SC during

saccade execution. Furthermore, it is known to project topographically to the §8ikosaka &
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Wurtz, 1983) and to have large receptive fieldg i.e., low spatial resolution(Basso & Wurtz,
2002; Handel & Glimcher, 1999)

Finally, if an external structure/top -down process were to modulate the proposed GE
mechanisms, it could do so by either 1) selectively helping or penalizing competitors or 2)
modifying the race/competition mechanisms such as the threshold or the weight of lateral
inhibition. Note that a third way would be to hinder the downstream averaging mechanism but

we did not need to turn to this possibility to interpret our results.

5.2 Modulation of the Global Effect by Target Aiming Instruction

5.2.1 Link to previous literature

While recording saccade endpoints, Heeman et §2014) measured a shift in the mean of their
distribution toward the target when the participants were instructed to aim for a specific
stimulus from the presented pair. Their observation was made in a genuine Global Effeéte.
unimodal distribution. They showed that this shift is observed for fast reaction time saccades.
This suggests that the process of target discrimination has an early influence on the decision
making processes. The authors concluded that GE is not immune to tdpwn processesz
indeed,target discrimination is considered to happen in cortical structures which project onto
the SC (see Introductioh. Note that a close replication of their analysis, method, and results
can be found in Appendix\, section6.2. Our work brings to light a new piece of information for
understanding the top-down modulation observed by Heeman et al. (2014). Using a measure
of GE on bimodal distributions, we succeeded in highlighting that it is primarily the endpoints
of the saccade diread toward the distractor that are subject to a deviation. Moreover, this
deviation is centripetal z i.e. toward the cente - (when comparing T-Different with T-Samg
and is stable across stimulus distances. Note here that this centripetal deviation awagtn the
distractor is consistent with the deviation toward the target that was observed by Heeman et
al. (2014).

In addition, it should be noted that a very similar experiment to the one reported here has been
conducted using monkeys. In particular, the ults of a studyby Chou, Sommer, and Schiller
(1999), appear to run counter to those reported here: they found that there is a weaker GE
when the monkey is instructed to aim for a specific target compared to when he is nofT{
Different against T-Same in our experiment). A starting point for explaining this discrepancy

could be that they worked with stimuli differing in colour, while we worked with stimuli that
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differed in terms of shape. Such a difference in the modality of the discrimination can influence
the GE: it has been reported that distractor/target pairs defined by colar generate a weaker
GE(Findlay & Gilchrist,1997). Thus, the possibility of an interaction between the instruction
conditions and the modality of the discrimination should not be ignored. A further explanation
comes from the fact that Chou et al. were qualitatively judging whether the landing paisin
distributions were unimodal to infer the presence of the GE. It is possible that our DFCA
measurez which is quantitative - would detect a deviation on the distractor side. Although the
authors do not specify this notion, their figure 12, bottom right points toward this possibility

if the top right stimulus is the target.

5.2.2 Revealed Mechanisms: Facilitation of the Target stimulus

We canreadily explain our results with the bimodal GE mechanism presented abov&dction
5.1). Figure 4-7 summatrizes the activity pattern that we assumed to be present in the neural
field during the conditions T-Different and T-Same, when the distractor wins and when the
target wins. In order to have a good understanding dfigure 4-7, it is important to note that:

1) the GE measured on the target side comes exclusively from situations where the target wins
and so 2) the GE measured on the target side gives us an idea of the-gubshold activity in

the distractor sidez and viceversa.

For now, let us consider the purple curve irFigure 4-4B on the target side, which shows the
difference in GE between the condition ‘Different and the condition T-Same. For the sake of
simplicity, let us momentarily assume that this purple curve is straight and at zero. This means
there is no change in GE observed on the target sidbetactivity of the loserz i.e. the distractor

- was the same in conditions Different and T-Same. Thiss represented with our model in
Figure 4-7 (Onthe® 4 A O C Ardw, thé&blu©imps are the sam This suggests that there
is no additional external signal penalizing or helping the distractor in IDifferent when
compared with T-Same. Having established the general pattern, it should be noted that the
purple curvein Figure 4-4Bis not perfectly flat, and is significantly below zero at Distance 45.
This means there is an inhibition at the distractor locaon, which decreases the GE on the
target side. The fact that this occurs only for a specific range of targeistractor distances
suggests that there is a ring of inhibition around the target. This could possibly be related to
Mexican hat shaped lateralconnections or it could be an artefact from interindividual

differences (wereturn to this issue in Appendix B, section’.2).
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On the other hand using the same reasoninglet us consider the purple curve on the distractor
side in Figure 4-4B. Thiscurve indicates that there is globally a positive change in the GE for
all distances when comparing IDifferent with T-Same. The fadhat there is a positive change
in the GE on the distractor side meanshat the activity of the loserz i.e., the target- was
stronger in T-Different than T-Same (this is represented ifFigure 4-7, on the@istractor winsé
row, the red curves are different). In particular, the target was aided byraexternal signal in
condition T-Different. Again, it should be noted that the purple curvén Figure 4-4B is not
entirely straight on the distractor side; there is a noticeable decrease at Distance 56.125, which
could be taken toindicate a ring of inhibition around the distractor. This, again, could possibly
be related to Mexican hat shaped lateral connections or it could be an artefast inter-

individual differences (further details in Appendix B, sectiorv.2).

T-Same T-Different

P\

s

Target P

_ S\
wins %

Distractor /\ P /\ /*\
wins /@ %

Figure 4-7: Effect of Instructions (i.e. PairType: T-Same or T-Different) on the Bimodal Global
Effect. Target is in red and distractor is in blue. Our results (deigure 4-4B purple curves) reported

an increase in the bimodal Global Effect only on the distractor side when using a couple
target/distractor instead of two undistinguishable stimuli. When the distractor was selected to
trigger a saccade (bottom row), therevas still some activity on the target side (red curve) creating

a centripetal deviation of the landing positiong i.e. the Global Effect. The increase in the Global
Effect on the distractor side means that the activity on the target side was larger ie ThDifferent
than in the T-Same condition. This suggests that the target location is receiving help in the T
Different condition.
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In the T-Different condition, instructions were given to the participants to aim for a target
stimulus and ignore the distactor. It is assumed that in this situation, topdown mechanisms
are attempting to discriminate the target(lpata, Gee, Goldberg, & Bisley, 2006; Schall & Hanes,
1993; Schall, Hanes, Thompson, & King, 1995; N. W. D. Thomas & Paré, 2007; Wardak, Olivier,
& Duhamel, 2002)while the visual bottom-up signals of the stimuli compete on the SC. It has
been a matter of debates to whether the discrimination system inhibits the distractor location

or helps the target location in the S@McSorley et al., 2004) Here, our work yields evidence
supporting the presence of an excitatory signal sent on the location of the target stimulus, with
no evidence supporting the possibility of inhibition of the distractor. It is important to note
that the excitatory boost given to the target could not be inferred from anaging the difference

in saccadic reaction times between Different and T-Same when he target wins. Indeed, the
task of discriminating between a target and a distractor makes the reaction time slower for

most participants (seeFigure 4-8) so that it hides any excitatory effects.

60
50
40
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20
10

0

Reaction Time Difference(ms)

-10
AN BD KM GM RI

Participants

Figure 4-8: Differences in Reaction Times between conditions (T-Different z T-Same). We plot
the median estimate of the difference and its 95% of confidence intervals from a Wilcoxon rank sum
test with continuity correction.

Finally, as nentioned earlier, the bimodal GE decreases with stimulus distance (s&&gure
4-4A, any curves) an effect that could be caused either by mutual inhibition or spatial
disinhibition of the SNr (see section5.1). The fact that the effect of IDifferent does not
decrease with stimulus distances suggests that its mechanism is not interacting with the
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target discrimination (Schall & Hanes, 1993)and has direct projections to the brainstem
saccade burst generator, bypassing the SC to control sacca¢feshiller & Chou, 1998; Schiller

& Sandell, 1983; Schiller, True, & Conway, 1980)n the eventuality that there is muual
inhibition occurring in the SC, and that a boost to the target is provided by the FEF, it follows
that at least part of this enhancing effect is not altered by mutual inhibition. With regard to
spatial disinhibition from the SN, it is possible that bth its inhibitory signal and the excitatory
signal of the FEF are linearly summed in the SCi, leading to no interaction. Indeed, such linear

summation of signals in the SCi have already been reportédhongphanphanee et al., 2014)

5.3 Modulation of the Global Effect by Frequency of Choice
Occurrence

5.3.1 Link to prewus literature

Previous studies have shown that the probability of a stimulus appearing at a specific location
can influence the GEHe & Kowler, 1989) This stimulus location probability has been shown
to influence the preparatory signal in the SC. It increases the preparation signal at the most
probable locations (Dorris & Munoz, 1998)which is in line with the work of He and Kowler
(1989). Our work goes further and suggests that a probability of occurrence, which, unlike
location probabilities, has no spatial dimension, can influence the GE. To the best of our
knowledge, the effect of the freqency of occurrence of doublestimulus trials had never been

addressed prior to the present study.

5.3.2 Revealed Mechanism: a Global Modulation of the Competition

As there is no spatial dimension attached to a frequency of occurrence, our hypothesis is that
the factorPair-Frequency (F20 / F-80), which controls the frequency of doublestimulus trials,

will have an unselective effect on the entire selection map (i.e. the SC). This would be consistent
with there being a global projection of the Locus Coeruleuwtthe SC(Arce et al., 1994; S. B.
Edwards et al., 1979; Mooney et al.,, 1990Wwhich is known to respond to frequency of

occurrence and uncertainty(Duzel & GuitarteMasip, 2013)

Let us considerthe orange curves ofFigure 4-5B. These curves show the difference in the GE
in condition F-20 (low frequency of two-stimulus trials) and condition F80 (high frequency of
two-stimulus trials). We can readily observe an increasi the GE in the F20 conditions, for
the shortest stimulus distance, on both stimulus sides (target and distractor, top and bottom

plot). Within the framework of the GE mechanism introduced earlier, the fact that the GE
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increases on both side means thatwhichever wins the competition, the loser was more active
in F-20 than in F80 conditions (this is represented inFigure 4-9). This unselective effect

(occurring regardless of the winner) is in line with our aforementioned hypothesis.

F-80 F-20

Whoever | ~_ /\ O\ /\

wins % /A

space space

Figure 4-9: Whichever wins the competition, the loser receives more activation in condition
F-20. This increases the bimodal GE on both stimulus sides (see the orange curves, target and
distractor side inFigure 4-4B).

In addition, it can be observed that the effect of-B0 decreases with the stimulus distance. As
mentioned earlier, the bimodal GE also decreases with stimulus distance (degure 4-5A, any
curves). This was explained by means of either an increasing mutual inhibition with stimulus
distance or spatial disinhibition from the SNr. The fact that the effect of-EO decreases with
stimulus distance suggests that its mechanism is interactinpositively with mutual inhibition
and/or spatial disinhibition. This means that the effect of R20 is directly affecting the property
of the neurons that are involved in mutual inhibition and/or spatial disinhibition. This would
be consistent with the icea tha an external structure, e.gthe Locus Coeruleus, is affecting the

responsiveness of SC neuronseethe adaptive gain theory Aston-Jones & Coher2005).

Finally, note that the effects on reaction time distributions were not consistenaicrossall the
participants. However, a pattern that we observed for three of the five participants is discussed

further in Appendix 7.1.

5.4 On Ottes et al. (1984), Walker et(@P97), and Ordering Effect

It appears that our experiment has yielded a number of interesting findings, along with the
tools for understanding and interpreting these results. However, we conclude with one of our

initial aims which was to test if there is an actual difference in the GE when comparing the
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results of Otteset al. (1984), which encouraged our use of condition-B0 / T-Same, ad the
results of Walker et al. (1997), which prompted us to use condition 480 / T -Different.
Importantly, their results can be compared onlyfor a stimulus distance of 90°. The hypothesis
was that rarity and/or lack of instructions would increase the GE. First, we found that rarity
can increase the Global Effect on both target ardistractor sides. However, given that rarity
had no significant effect at the distancef 90°, this does not support aifference between the
results of Ottes et al. (1984) and Walker et al. (1997). Second, we detected that the presence of
instructions (T-Different) increased the GE, but only on the distractor siddJnfortunately,
Walker et al. (1997) could not detect this asymmetric effect in their study because this was not
possible with their measures.To conclude, he measure of GE and general paradignised by
both Ottes et al. (1984) and Walker et al. (1997) were quite different, making it difficult to
assess an effect of frequency (Pakrequency) and instructions (PairType). Based on a novel
definition of GE, our work has yielded evidence and detaibf these effects, whilst suggesting a

possible mechanism to interpret them.

5.5 Conclusion:

The present work has generated a novel way to assess decision processes and signals occurring
in an action selection map such as the SC. In particular, we have exsad a different aspect of
the Global Effect, which we have termed the bimodal Global Effect (GEjlike the traditionally
defined Global Effect (R. Walker et al., 1997) the bimodal GE can be observed for distant
stimuli and for bimodal distributions. We provide a measure to quantify the bimodal GE and
we also suggest a biologically coherémechanism to account for the phenomenon. We suggest
that the mechanism underlying the bimodal GE differs from the merging mechanism that has
sometimes been proposed to explain the traditional Global Effect (se&ection 5.1).
Furthermore, using this novel aspect of the GE, our work provides a deeper understanding of
how frequency of choice and active discrimination modulate decisiemaking. Indeed, the
specified mechanism of the bimodal GE is shown to be of great use in intezpng the
modulations that occur on the side of the stimulus that loses the race to trigger a saccade. In
combination with the reaction time distributions, which allow us to interpret what happened

on the race winner side, the bimodal GE may become a povitdrtool for specifying the precise
spatio-temporal patterns of endogenougexogenoussignals on an action selection map. It can
be noted that additional future directions and guidelines concerning inteindividual

differences can be found in the conclling remarks of Appendix B.

4-32|Page



CHAPTER FOUR: FREQUENCY, INSTRUCTION AND BIMODAL GLOBAL EFFECT

6 APPENDIX Replication of Previous Studies

6.1 A Replicaion of Goldstein and Beck (2013): Reaction Time and
Distractor Presentation Frequency

One of the expected effestof manipulating the frequency of distractor presentation (two
stimuli trials) is to affect the saccade reaction times (RT) as observed by Goldstein and Beck
(2013). The Figure 4-10 shows the distribution of RT observed for each participant and
conditions. The effect observed by Goldstein and Be¢R013) was an ircrease of 60ms of the
RT mean in the low frequency condition while they used a couple target/distractag i.e. this
should correspond to our F20 / Different condition. In our data, the RT of BD and Rl seems to
not have been affected by the conditions, whieas AN, KMand GM show a clear effect of
Frequency which interacts with the type of doublestimulus (T-Same or FDifferent). F20
makes the responses faster in-Different whereas it makes them slower in ¥Same. Thus, the
effect of F20 we found in T-Different is totally opposite to the effect found by Goldstein and
Beck(2013). Nevertheless, this can be explained by the fact that in their paradigm the target
position was quite predictable which reduced the neeébr discrimination . From this, their task

may be clser to our T-Same condition-- the results of whichare in the same directionastheirs.
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Figure 4-10: Distribution of Reaction Time per condition and per participant. We show the
kernel density estimationcurves of reaction time distributionsNote that what we are concerned
about here is the relative position of the solid lines (conditior2B) compared to the position of the
dashed lines (condition $80). For KM, AN, and GM, the conditiof2B give riseto quicker reaction
times than condition F80 (the positive slope of solid lines are on the left on the dashed lines) in the
condition T-Different, while we observed the exact opposite in the conditioct®dme. For RI, the
pattern in T-Different is the sameas in -Same and they correspond to the pattern of KM, AN, GM in
T-Same. This suggests that Rl was not able to do the discrimination taskDifferent, and answer

as if he was in ISame condition (see also Figure 1). Finally, BD shows no obvious patmrmaybe

a pattern opposed to KM, AN, GM inDifferent. Note also that BD has very impressively short
reaction times. One may think he has issues in discriminating the target as Rl but Figure | tells us
that he was actually successful in discriminatirtpe target and avoiding the distractor.

6.2 ReplicangHeeman et al. (2014): Effect of the Additional Stimulus
Type on the Global effect.

Here we will focus on the effect of th€air-Typeon the Global Effect as in the work dHeeman
et al., 2014) In their work, they proposed to test the effectof the instructions on the Global
Effect. Their paradigm was split imo three blocked conditions which is echoedin our

paradigm:

o Double No instruction: the participants are presented with a pair of stimuli (green
and red) and are told to make saccadesntthe presented stimuli; no target was

specified.This is similar to our TSame levetf the factor Pair-Type.

o Double Instruction: the participants are presented with a pair of stimuli and are told
to make their saccades to the red target and ignore the ggn distractor. This is similar

to our T-Different levelof the factorPair-Type.

0 Single: the participants are presented with a single stimulus, and are told to make their
saccade to that stimulusThis is similar to our trials with one stimuludNote that our
paradigm differs from theirs by mixing single stimulus trials with doublestimulus

trials.

They tested on only one stimuli distance at which the Global Effect is strong. Specifically, their

tests have been done for a stimuli distance where the landinpostions are shaping a centred

unimodal distribution. They find a deviation of the distribution toward the target when for the

AT 1 AEOEIT OET OOOOAOEITO6 AT I PAOAA OI OEA AlTAEC
saccade latencies. This means théofpal effect, which is thought to be a lowevel phenomenon,

can be affected by topdown structures atan early stage.
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To fit with the experiment of Heeman et al. (2014), we take tn account only our data for the
two smallest tested distances (11.25 ° an@2.5°). We proceed to a similar transformation of
our landing positions data as Heeman et al. (2014). Namely, we normed our data with the
absolute mean of landing positions in the single stimulus trials note that Heeman et al. (2014)
instead normed their data according to the stimulus position. Then, if the index is equal to 1 or
-1, the eyes have landed where they would have for a single stimulus. In the leVdDifferent,
the index -1 correspond to the distractor stimulus while the index 1 correspondo the target

stimulus.

While Heeman et al. (2014) have chosen to test if the mean of their distributions are different
from zero (the perfect averaging); we have chosen to test for an effect of the facteair-Type
with non-paired t-tests betweenT-Sameand T-Differenttrials within participants. Our method
has the following advantages: 1) it addresses more directly the effect Bhir-Type 2) it gives
more power by using all the landing positions recorded for each participants, 3) it addresses
inter-individual differences. Furthermore, testingT-Sameagainst T-Different controls for the
bias in brightness we have between the stimuli in our paradigm (the brightness bias may
deviate distributions toward -1 as for KM, sedrigure 4-11; for details on the paradigm see
Section 2.3).
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Figure 4-11 : Summary of the non-paired t -test within participants.

The results of the ttests are reported grahically in Figure 4-11 and the statistics are gathered

in Table10. After Bonferroni correction, only AN and BD show a significant effect Bhir-Type

In line with Heeman et al. (2014), those two partipants show a deviation of their landing

positions toward the distractor when we used a couple targetlistractor compared to when we

used a couple of undistinguishable stimuli. The deviation from zero observed in Heeman et al.

(2014) is reported to be around 0.3 i.e. 15% of the targetdistractor distance. The deviation

we observed however, is around 0.061-- i.e. 3% of the targetdistractor distance. Note that,

although our normalization methods are slightly differentz see above- this difference could

not explain such a difference in effect siz& 1T O ET OOAT AAh
Heeman et al. (2014, p.32) is 0.306/0.21 = 1.457; while for BD, it would be 0.0708/0.1765 =

0.4011.

OEA #1 EAI
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Table10: Summary of the notpaired t-test for eachof the participants. The pvalues are corrected
with the Bonferroni method.

Name p-value t-value FD M(T-Diff.) M(T-Same) SD(¥Same) SD(Diff.)
AN *** 1 .17E04 4.243 1518.585 0.0412 -0.0100 0.218 0.257
BD *** 3.63E14 7.860 1512.353 0.0464 -0.0244 0.164 0.189
GM 1.000 -0.504 1440515 -0.0152 -0.0108 0.196 0.144
KM 1.000 -0.862 1502.761 -0.0244 -0.0139 0.221 0.253
RI 0.904 -1.339 1539.935 -0.0206 -0.0053 0.214 0.237

***: p <.001, M: Mean, SD: standard deviation, FD: Freedom Degre#f.TT-Different.

Finally, we also testd if Pair-Frequencyhas an effect on the Global Effect. Using the same
method as above, only GMppearedto show a significant effect of Frequency (p = 0.00821,
t=3.166, FD=495.202).

To double-check our results, we used the Bayes Factor packa@ee Rouder, Morey, Speckman,
& Province, 2012) which is based on multilevel models allowing to use all the trials of the
participants to increase power. We tested all possible interactions betweeRarticipant, Pair-

Frequency, and PaiType The favoured model was considering an effect of:
Participant + StimulusType + Participant:PairType

This model was preferred with a BF of 12.978 +4.54% agjast the best model considering

PairFrequency(in addition) and preferred with a BF of 46,256.68 +2.82% against the best
model ignoring Participant:PairType interaction. In short, the Bayes Factor model ranking
reflects exactly the previous result: theres no effect of PaiFrequency, and there is an effect

of Pair-Type depending on the participants.

7 APPENDIX BVithin Participant Analysis

7.1 Reaction Time Analysis

To get a better understanding of the mechanisms underlying the effect of conditior20, we
examined the reaction times (RT) in more detail. Wedecided to particularly focus on a very
clear pattern shown by three participants. The reader needs to keep in mind that, as theaee
only 3/5 participants who display this pattern, it may not be a typicalcase.Nevertheless we
thought it was an interesting and clear enough pattern to bavorthy of OEA OAAAAO08 O AOOAT C

Figure 4-12 shows the three participants overall RT while plots for all the participants are
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