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Summary 1 

 2 

Animals, wild or civilized, are permanently in interaction with their environment through 3 

a perception-action loop. Their brains are experts in transforming the continuous flow of 4 

perceived information into action ɀ continuously deciding the next action and seamlessly 5 

executing it. The present work addresses the mechanisms forming the stream from 6 

perception to action, which embody the interaction between signals driven by the 7 

environment and signals driven by the goals and expectations of the animal. In the case of 8 

the visuo-oculomotor system, which we take as a biological model, those signals converge 9 

in the intermediate layers of the Superior Colliculus (SCi), which serves as an interface 10 

spatially representing the possible eye movements. Interestingly, action execution can start 11 

while the selection is not completed, allowing us to infer the signals present in the SCi from 12 

the eye movements. In Chapter 2, using a computational model, we addressed the spatial 13 

interactions possibly occurring upstream the SCi and discuss their effects on behaviour. In 14 

Chapter 3, we inferred the presence of a spatiotopic signal in the SCi and refute current 15 

models of the visuo-oculomotor system. In Chapter 4, we introduced a new way to infer 16 

activity of the SCi, and we used it to distinguish the effects of goal-driven and expectation-17 

related signals on the SC map. In Chapter 5, modelling separately the superficial and the 18 

intermediate layers of the SC based on recent neurophysiological recordings, we explored 19 

how neural properties and connectivity affect signal interactions. Finally, we discussed how 20 

we could implement the theories developed in this thesis, how our view of the visuo-21 

oculomotor system could be refined, and whether this system could become a general 22 

model of decision making.  23 
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 A Biological Model to understand Decision-Making? 1 

 General Questions 2 

As detailed in Figure 1-1, most decisions are based on the interaction between two main 3 

sources of information: the current environment (forming exogenous stimuli) and your current 4 

state (forming endogenous stimuli). Your current state is the product of what you memorized 5 

from your past and current interactions with the environment. It defines both your current 6 

goals, and your current expectations. 7 

 8 

Figure 1-1: Simple Interaction Loop between an Animal and its Environment.  Animals need to 9 

act in a coherent manner in their environment to survive. The environment is perceived by the 10 

organism. The resulting perceptive signals participate more or less directly in the selection of action. 11 

The most direct paths between perception and action ɀ treating the perceptive signals as potential 12 

actions -- are named Bottom-up paths. These are reflexive and rather rigid. The most indirect paths 13 

ɀ treating the perceptive signals in relation to the animal´s current expectations and goals ɀ are 14 

named Top-$Ï×Î ÐÁÔÈÓȢ 4ÈÅÓÅ ÇÏÁÌÓ ÁÎÄ ÅØÐÅÃÔÁÔÉÏÎÓ ÁÒÅ ÁÄÁÐÔÅÄ ÔÈÒÏÕÇÈÏÕÔ ÔÈÅ ÁÎÉÍÁÌȭÓ 15 

interaction with the environment. It is usual to say that Bottom paths send exogenous signals 16 

(predominantly driven by the environment) while the Top-Down path represents endogenous signals 17 

(predominantly driven by internal processes).  18 

 19 
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A hunter is strongly engaged in aiming at a deer 500m away though the scope of his rifle. An 1 

unexpected flash occurs in his perÉÐÈÅÒÁÌ ÖÉÓÉÏÎȢ 4ÈÅ ÈÕÎÔÅÒ ÁÕÔÏÍÁÔÉÃÁÌÌÙ ȰÄÅÃÉÄÅÓȱ1 to shift 2 

his sight to the unexpected event: something has crashed a few kilometres from him. Now, you 3 

are speaking with a friend during a firework display, and lots of flashes occur in your peripheral 4 

vision. These flashes are expected events in the context of being around fireworks. You 5 

ÔÈÅÒÅÆÏÒÅ ȰÄÅÃÉÄÅȱ ÔÏ ÉÇÎÏÒÅ ÔÈÅÍ ÁÎÄ ÃÏÎÔÉÎÕÅ ÔÏ ÌÏÏË ÁÔ ÙÏÕÒ ÆÒÉÅÎÄ ×ÈÉÌÅ ÓÐÅÁËÉÎÇȢ )Î Á ÆÉÎÁÌ 6 

example, you are looking for a gift for your nephew. Your partner shows you two cuddly toys 7 

and asks, Ȱ×ÈÉÃÈ ÏÎÅ ×ÏÕÌÄ ÈÅ ÐÒÅÆÅÒȩȱ 9ÏÕ ÌÏÏË ÁÔ ÂÏÔÈ ÔÏÙÓ ÁÌÔÅÒÎÁÔÅÌÙ, thinËÉÎÇ Ȱ×ÈÁÔ ÄÏÅÓ 8 

ÍÙ ÎÅÐÈÅ× ÌÉËÅȩȱ !ÆÔÅÒ ÓÏÍÅ ÒÅÆÌÅÃÔÉÏÎȟ ÙÏÕ ȰÄÅÃÉÄÅȱ ÔÏ ÌÏÏË ÁÔ ÏÎÅ ÏÆ ÔÈÅÍ ÁÎÄ ÓÁÙ ȰÔÈÉÓ ÏÎÅȱȢ 9 

In the first of the situations just described, our brain needs to prioritize an exogenous event ɀ 10 

i.e., a flash -- over our endogenous goal ɀ i.e., killing a deer. In the second situation, the brain 11 

needs to do to the exact opposite: it prioritizes an endogenous goal over a multitude of flashes. 12 

In the third situation, the brain needs to compare exogenous information with endogenous 13 

information held in memory in order to prioritize one of the exogenous stimuli: it is a 14 

discrimination task. These types of decisions for an orienting response are occurring all the 15 

ÔÉÍÅȟ ÉÎ ÁÌÌ ÓÐÅÃÉÅÓȢ /ÎÅ ÃÏÕÌÄȟ ÆÏÒ ÉÎÓÔÁÎÃÅȟ ÉÍÁÇÉÎÅ Á ÆÒÏÇ ÔÈÁÔ ÉÓ ÈÕÎÔÉÎÇ ÆÌÉÅÓ ÁÎÄ ȰÄÅÃÉÄÅÓȱ ÔÏ 16 

stop his hunt in order to prioritize a leap away from a predator.  17 

These examples attempt to highlight the notion that decision-making processes are driven by 18 

the modulations (such as prioritization) and the interactions (such as comparison) between 19 

exogenous and endogenous stimuli. This is the focus of interest in the current thesis.  In 20 

ÐÁÒÔÉÃÕÌÁÒȟ ×Å ÁÉÍ ÔÏ ÐÏÓÅ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÑÕÅÓÔÉÏÎÓȡ Ȱ7ÈÁÔ ËÉÎÄ of interactions and modulations 21 

are possible? And what are the mechanisms ruling those interactions and modulations?  22 

 Introduction to the Visuo-Oculomotor System 23 

One way of approaching decision-making problems is through action selection. This approach 24 

assumes that decisions are coupled with actions and that they can be observed through the 25 

perception-action or sensori-motor loop. In fact, it has been argued that decision making can 26 

hardly be understood if not integrated into a body (embodied cognition, Adams, 2010; M. L. 27 

Anderson, 2003; Sandamirskaya, Zibner, Schneegans, & Schöner, 2013; Spencer, Perone, & 28 

Johnson, 2009). One of the most accessible and widely studied sensori-motor loops is the 29 

orienting response system. This system essentially decides where - and when - to orient the 30 

                                                           
1 .ÏÔÅ ÔÈÁÔ ÔÈÅ ÖÅÒÂ ȰÄÅÃÉÄÅȱ ÉÓ ÐÕÔ ÉÎ ÐÁÒÅÎÔÈÅÓÅÓ ÁÓ ÔÈÅ ÓÕÂÊÅÃÔ ÉÓ ÐÒÏÂÁÂÌÙ ÎÏÔ Á×ÁÒÅ ÏÆ ÍÁËÉÎÇ Á 
decision. 
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body, head, or eyes of the animal according to the current exogenous and endogenous signals 1 

that it receives. TÏ ÓÅÌÅÃÔ Ȱ×ÈÅÒÅ ÔÏ ÌÏÏË ÎÅØÔȩȱ ÓÈÁÐÅÓ ÈÏ× ÓÉÇÈÔÅÄ ÉÎÄÉÖÉÄÕÁÌÓ ÅØÔÒÁÃÔ 2 

information from the ir environment and how they interact with it. Ultimately, it bestows social 3 

or evolutionary advantages to the species. Therefore, this system undoubtedly plays an 4 

essential role in survival.  5 

The central part of the orienting response system is embodied in the optic tectum that is present 6 

in all clades of vertebrates or near-precursors (Butler & Hodos, 2005; Northcutt, 2002; 7 

Vanegas, 1984). In primates, there are cortical structures that share the work with the optic 8 

tectum (we will return  to this in the General Discussion) but it remains the predominant path 9 

to trigger orienting responses (Hanes & Wurtz, 2001) and a good model for understanding 10 

action selection. 11 

In Anuran amphibians (toads and frogs) for instance, the optic tectum is able to initiate an 12 

orienting response accompanied by a reaching response of the tongue when detecting a prey-13 

like stimulus (i.e. small stimulus) or can initiate an avoidance response - typically a leap away 14 

- when detecting a predator-like stimulus (i.e. large stimulus) (Ewert, 1970). In rodents, which 15 

are more evolved2 vertebrates than frogs and which, unlike frogs, are not predators, the optic 16 

tectum still initiates orienting responses (typically for floor level stimuli), avoidance responses 17 

(typically for overhead stimuli)ɀ and fear responses such as freezing or backward shuffling 18 

movements (Ellard & Goodale, 1986; Northmore, Levine, & Schneider, 1988). Finally, in 19 

lampreys, which can be seen as an early lineage of vertebrates (they are characterized by a 20 

primitive spine made of cartilage), it has recently been shown that the optic tectum can control 21 

eye movements, steering, and locomotion toward a goal (Saitoh, Ménard, & Grillner, 2007). 22 

This fascinating brain structure, whose organisation and role have been conserved through 23 

evolution (more details below), is also known as the Superior Colliculus in mammals.   24 

In our work, we will focus specifically on a subsystem of the orienting response system - the 25 

pathway linking visual stimuli to eye orienting response ɀ i.e. the visuo-oculomotor pathway. 26 

Eye orienting responses ɀ i.e. saccades -- to visual stimuli are of prime importance to mammals 27 

with fovea, such as primates, as they aim at rapidly aligning a target with the centre of their 28 

fovea: this retina region has the highest cone density and allows sharp colour vision of the 29 

aligned target. There are several reasons for which the visuo-oculomotor system is the system 30 

                                                           
2 )Ô ÓÅÅÍÓ ÔÈÁÔ ÔÈÅ ÔÅÒÍ ȰÌÅÓÓȾÍÏÒÅ ÅÖÏÌÖÅÄȱ ÉÓ Á ÃÏÎÔÒÏÖÅÒÓÉÁÌ ÔÅÒÍ ÉÎ ÔÈÅ ÐÁÒÌÁÎÃÅ ÏÆ ÅÖÏÌÕÔÉÏÎÁÒy 
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 species is de facto adapted to survival. 
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of choice to explore action selections in both humans and primates: 1) the ease with which its 1 

input can be controlled (i.e. requires only a monitor), 2) the simplicity with which its output 2 

can be recorded and analysed (i.e. requires only an eye tracker, eye traces require only two 3 

dimensional analysis), and 3) its relatively well studied and accessible neural pathways. It is a 4 

cost-effective and easy way to study how interactions between perceived stimuli and 5 

memorized information influence the selection of an action from the various orienting 6 

responses that are available to an organism.  7 

During the next sections, we will be presenting the visual pathways (Section 2), the selection 8 

of where-to-look-next (section 3) and its related oculomotor pathways (Section 4) in order to 9 

introduce our own understanding of the visuo-oculomotor system (Section 5). But before that, 10 

we shall finish this section with a brief description of the internal organization of the optic 11 

tectum. 12 

 Internal Organisation of the Optic Tectum  13 

Figure 1-2A is a top view of the dorsal part of the midbrain. The Superior Colliculus forms the 14 

two upper bumps (colliculus ÍÅÁÎÓ ȰÓÍÁÌÌ ÈÉÌÌȱɊ ÏÎ ÔÈÅ ÄÏÒÓÁÌ ÓÕÒÆÁÃÅ ÏÆ ÔÈÅ ÍÉÄÂÒÁÉÎȭÓ ÒÏÏÆȟ 15 

just above the Inferior Colliculus. Its surface has a rostral-caudal axis (Figure 1-2A, green axis) 16 

and a lateral-medial axis (Figure 1-2!ȟ ÒÅÄ ÁØÉÓɊȢ )Æ Á ÎÅÅÄÌÅ ÐÉÅÒÃÅÓ ÔÈÅ 3#ȭÓ ÓÕÒÆÁÃÅ 17 

orthogonally to its tangent, the tip of that needle will be moving along the dorsal-ventral axis 18 

(Figure 1-2B, blue axis), or superficial-deep axis. Possibly because it has continued to play the 19 

same kind of role throughout evolution, the SC has also kept the same general organisation ɀ 20 

although each clade has its own unique features (Butler & Hodos, 2005; Northcutt, 2002; 21 

Vanegas, 1984). In particular, we can note four features that have been strongly conserved in 22 

the optic tectum throughout the course of evolution.  23 

First, the optic tectum is a layered structure (Figure 1-2B). The different layers are distributed 24 

over the ventro-dorsal axis and principally formed by an alternation of cellular and fibre strata. 25 

The reported number of layers differs between vertebrates.  For instance, there are 4 for the 26 

Hagfish, 15 for the House sparrow or 5-7 for the Domestic cat (Northcutt, 2002). These 27 

differences can be attributed either to naming / method variations between investigators or to 28 

actual biological differences. However, it appears that there are always three major groups of 29 

layers: superficial, central and periventricular zones (Butler & Hodos, 2005). Moreover, in 30 

mammals, investigators divide the layers into only two groups: the superficial layers (SCs) and 31 
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 1 

Figure 1-2: Organisation of the Superior Colliculus. A, Top view of the Midbrain Roof. To apply a 2 

strong electrical stimulation in the SCi triggers consistent saccades: their amplitude and direction 3 

depends on the stimulation location and are given in degrees. The saccade amplitudes increase along 4 

the rostro-caudal axis ɀ in green ɀ whilst the saccade directions change along the medio-lateral axis 5 

ɀ in red. The most rostral part is sometimes called the fixation zone as its activation helps to 6 

maintain the eyes in a still position. B, Coronal section of the Superior Colliculus. Different layers of 7 

alternating cells and fibres can be observed throughout the dorso-ventral axis of the Superior 8 

Colliculus ɀ in blue. They consist of the SGS, stratum griseum superficiale, which is sometimes divided 9 

into three sublayers; the OPT, stratum opticum; the SGI, stratum griseum intermedium; the SAI, 10 

stratum album intermedium; the SGP, stratum griseum profundum. Cell layers are represented with 11 

a dotted pattern. Note that some nomenclatures also distinguish the SZ: stratum zonal, which is a 12 

very thin layer on top of the SGS and the SAI: stratum album profundum which is a thin fibre layer 13 

just below the SGP. C, Classical neural activity types observed in the Superior Colliculus. The three 14 

graphs represent the firing rate of the different neuron types during a saccade task. On the left part 15 

of the graphs, the activity of the neuron is aligned on the stimulus onset. On the right part, the 16 

activity of the neuron is aligned on the saccade onset. The different neuron types are discussed in 17 

the main text. 18 

 19 
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the intermediate/deep layers (SCi); the latter contain both central and periventricular zones 1 

(Sparks & Hartwich-Young, 1989). The SCs consist mainly of the stratum griseum superficiale 2 

(SGS, purple layer in Figure 1-2B) while the SCi consists mainly of the stratum griseum 3 

intermedium (SGI, orange layer in Figure 1-2B) and the stratum griseum profundum (SGP, grey 4 

layer in Figure 1-2B). Note that the other strata are fibre/axons strata (M. F. Huerta, 1984). 5 

Importantly , the SCs and SCi are thought to be functionally distinct. Indeed, according to their 6 

main afferent and efferent projections (see section 2.2 and 4.1), the SCs is primarily a visual 7 

treatment centre while the SCi is an interface for integrating multimodal and cognitive 8 

information into motor control (for behavioural evidence see Casagrande, Harting, Hall, 9 

Diamond, & Martin, 1972; Harting, Hall, Diamond, & Martin, 1973). Nonetheless, SCs and SCi 10 

are not independent: there are direct projections of the SCs to the SCi (Isa, Endo, & Saito, 1998; 11 

Saito & Isa, 2003, 2005) and from the SCi to SCs (Ghitani et al., 2014). 12 

Second, its efferent neurons and afferent input projections are primarily organised in a 13 

topographic manner (find more details in Appendix A, section 7) and are in register with each 14 

other. The surface of one colliculus functionally represents a map of the orienting movements 15 

that can be made toward the contralateral hemifield ( Adamuk, 1872; Apter, 1946; Ottes, Van 16 

Gisbergen, & Eggermont, 1986; D. A. Robinson, 1972). This organisation makes it easy to 17 

request, facilitate, and inhibit orienting movements for external brain regions. The ease of this 18 

is such that an experimenter can operate the orienting response system of any vertebrate (du 19 

Lac & Knudsen, 1990; Herrero, Rodriguez, Salas, & Torres, 1998; McHaffie & Stein, 1982; Saitoh 20 

et al., 2007). In monkeys, when applying sufficiently high electrical stimulation in the SCi, the 21 

amplitude and direction of the triggered orienting responses depend only on the location of 22 

this stimulation over the SCi surface (Robinson, 1972). From this, a topography of the saccadic 23 

vectors represented over the SCi map can be drawn (see Figure 1-2A, left side). In more 24 

naturalistic conditions, most of the neurons have a receptive/movement field: a neuron 25 

receiving visual input will respond preferentially ɀ but not exclusively -- to a specific stimulus 26 

position (Goldberg & Wurtz, 1972), and saccade-related neurons will spike preferentially for a 27 

specific saccade vector (Sparks, Holland, & Guthrie, 1976)3. Importantly, the topography of the 28 

saccadic vectors on the SCi map matches with the topography used for visual information on 29 

the SCs map: visual stimuli are coded at map locations that are in register with the saccadic 30 

vectors that would trigger an orienting response towards them (Schiller & Stryker, 1972). The 31 

                                                           
3 In fact, the receptive/movement field can be open-ended: a saccade-related neuron can respond 
preferentially to all saccade vectors larger than a specific one. 



CHAPTER ONE: GENERAL INTRODUCTION 

1-9 | P a g e 
 

other modalities (e.g. auditory, somatosensory) projecting to the SCi follow the same 1 

organizational principle; this allows coherent multimodal competition for an orienting 2 

response (Amlôt, Walker, Driver, & Spence, 2003; Frens & Van Opstal, 1998; Meredith & Stein, 3 

1986).  4 

Third, there are (except for cartilaginous fishes and some others) small piriform cells (piriform  5 

ÍÅÁÎÓ ȰÓÈÁÐÅÄ ÌÉËÅ Á ÐÅÁÒȱɊ ÉÎ ÔÈÅ ÏÐÔÉÃ ÔÅÃÔÕÍ ×ÈÉÃÈ ÏÆÔÅÎ ÈÁÖÅ ÌÏÎÇ ÃÅÎÔÒÉÆÕÇÁÌ ÄÅÎÄÒÉÔÅÓ 6 

passing through several layers of the optic tectum (Butler & Hodos, 2005). These are likely to 7 

be essential in order to combine and conduct the sensory information to the motor layers. In 8 

addition to this, neurophysiology studies on monkeys have revealed the distinction between 9 

visual, burst, and build up neurons (see Figure 1-2C), which is thought to apply to other 10 

mammals such as cats (A. Grantyn & Berthoz, 1985; Munoz & Guitton, 1986). The first type 11 

belongs to the SCs and the two other types to the SCi (Mays & Sparks, 1980; Munoz & Wurtz, 12 

1995a). Build up neurons are usually recorded at a deeper location than burst neurons, and 13 

their movement fields are larger than those of the burst neurons ɀ i.e., less selective for their 14 

preferred saccade vector. During paradigms where a monkey needs to make a saccade to a 15 

visual stimulus, the typical visual neurons emit a strong discharge locked on to the stimulus 16 

onset (Figure 1-2C, first row), while the typical burst neurons emit a strong discharge (a burst 17 

of action potentials) that is locked on to the saccade onset (Figure 1-2C, third row). On their 18 

side, the build-up neurons emit a visual discharge in response to the onset of a stimulus, and a 19 

motor discharge locked on to the onset of a saccade. If the saccades are voluntarily delayed 20 

after stimulus onset then the build-up neurons maintain a small but tonic activity between its 21 

visual and motor discharges. This activity builds up as the saccade time approaches (Figure 22 

1-2C, second row). These build up neurons appear to respond to extra-retinal information 23 

related to the expectations of the animal such as: the target location probability (Dorris & 24 

Munoz, 1998) or the predicted locations of the stimuli after a saccade (quasivisual cells, Mays 25 

& Sparks, 1980). Interestingly, there is a continuum of neural behaviours throughout the three 26 

types (McPeek & Keller, 2002a, fig. 1).  27 

We will return to the quasi-visual cells in Chapter 3, and we will describe the less-known details 28 

ÏÆ ÔÈÅ 3#ȭÓ ÏÒÇÁÎÉÓÁÔÉÏÎ ÉÎ ÔÈÅ 'ÅÎÅÒÁÌ $ÉÓÃÕÓÓÉÏÎȢ 7Å ×ÉÌÌ ÎÏ× turn  to the visual inputs that 29 

are received by the SC. 30 
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 Input Streams of the Visuo-Oculomotor system: from 1 

divergence to convergence. 2 

 Ascending Visual pathways 3 

To understand the visuo-oculomotor pathway of the orienting system, one needs to form an 4 

overview of the different visual pathways existing in the brain, identifying their connections to 5 

the optic tectum ɀ or Superior Colliculus. Here, we distinguish three streams of visual 6 

information treatment that have either developed or regressed in importance throughout 7 

evolution but still have a major impact on primate behaviour. 8 

From the retina, an anatomical and ultimately functional dichotomy is made: the visual stream 9 

is distributed between the retino-tecto-pulvinar pathway and the retino-geniculo-striate 10 

pathway (this terminology is primarily used for mammals) -- respectively represented in 11 

orange and blue in Figure 1-3. The former pathway is characterized by direct projections from 12 

the retina to one of the superficial layers of the optic tectum that, in turn, projects indirectly to 13 

some visual areas of the telencephalon4 via the Lateral Posterior ɀ pulvinar (LP/pu lvinar) 14 

complex in mammals, or via the rotundus nucleus in birds/reptiles. Ultimately, the visual areas 15 

served by the retino-tecto-pulvinar pathways are the entopallium (note that the pallium is the 16 

ancestor of the cortex) in birds/reptiles, and the extrastriate cortex (visual cortex V3, V4, V5, 17 

in light red in Figure 1-3) in mammals (Butler & Hodos, 2005, Chapter 18 for a comprehensive 18 

review across vertebrates); it also reaches the lateral intraparietal region (LIP) and the Inferior 19 

Temporal area (Michael F. Huerta & Harting, 1984). Note that although the entopallium and 20 

extrastriate cortex are not evolutionary equivalent, they share anatomical features and both 21 

play a role in motion and pattern discriminations (Lazareva, Shimizu, & Wasserman, 2012, p. 22 

476). On its side, the retino-geniculo-striate pathway is characterized by direct projections from 23 

the retina to the dorsal lateral geniculate nucleus (dLGN, sometimes called nucleus anterior) 24 

that, in turn, projects to some visual areas of the telencephalon. It  reaches the visual pallium in 25 

birds/reptiles and the primary visual cortex in mammals. Interestingly, Schneider (1969), in a 26 

seminal paper, addressed the question of why, with the same brain lesion, an animal can appear 27 

to be blind in one task and sighted in another. His work suggests that the role of the retinotectal 28 

                                                           
4 The telencephalon is part of forebrain: the dorsal telencephalon develops into the pallium in birds and 
reptiles and into the cortex in mammals; the ventral telencephalon develops into the subpallium in birds 
and reptile and into the basal ganglia ɀ mostly the striatum -- in mammals. 
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 1 

Figure 1-3: Summary of the Ascending Visual Pathways. Anatomy.  In the bottom part, in grey:  2 

the brainstem topped by the thalamus: dLGN and the LP/pulvinar complex are both in the thalamus 3 

while the SC ɀ consisting of the SCs and SCi -- is on the roof of the brainstem. In the top half, the 4 

human brain is represented. Each coloured area corresponds to a cerebral lobe: in green,  the 5 

temporal lobe; in yellow,  the parietal lobe; in dark red,  the striate visual cortex; in light red,  the 6 

extrastriate visual cortex; in blue, the frontal lobe. Arrow.  The different groups of coloured arrows 7 

represent pathways that are addressed in the main text: in blue,  the classical visual streams: the 8 

blue arrow to the inferior temporal lobe represents the What stream while the blue arrow going to 9 

the lateral intraparietal area represents the Where/How stream; in orange,  the retino-tecto-10 

pulvinar pathway which passes through the SCs and ultimately projects to different regions of the 11 

cortex; in purple,  an alternative tecto-cortical pathway which passes through the SCi; note that this 12 

pathway could send motor-related rather than visual-related feedback; in green,  the 13 

interconnections between visual streams and frontal regions. Image of the cerebrum extracted from 14 

&ÉÇÕÒÅ χςψ ÏÆ 'ÒÁÙȭÓ !ÎÁÔÏÍÙ (1918), which is in the public domain. 15 

 16 
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pathways (part of the retino-tecto-pulvinar pathways) is to locate objects for orienting response 1 

while the retino-geniculo-striate pathways are more involved in the identification of objects 2 

followed by an operant response. Finally, note here that in amniotes5, a minor stream exists 3 

from the optic tectum and the dLGN; this stream was predominant and was a substitute for the 4 

retino-geniculo-striate pathway in older vertebrates (such as teleost fishes, Ebbesson, 1980). 5 

Also, on its side, the retino-tectal pathway is less predominant in primates in comparison with 6 

other mammals (in monkeys, 20% of retinal ganglions cells project to the optic tectum, Weller 7 

& Kaas, 1989). In sum, it appears that the optic tectum was the main hub of visual streams in 8 

old vertebrates and that this function has migrated slowly to the visual cortex V1. Nevertheless, 9 

the retino-tecto-pulvinar pathway in higher mammals should not be overlooked, since clinical 10 

cases of pulvinar lesions have demonstrated that it still plays an important role in human vision 11 

(Karnath, Himmelbach, & Rorden, 2002; Zihl & Cramon, 1979). Such a lesion notably causes 12 

hemi-spatial neglect and slower orienting responses to contralateral visual stimuli. 13 

In addition to the dichotomy between the retino-tecto-pulvinar and the retino-geniculo-striate 14 

pathways -- which both ultimately project to the visual cortex -- it has been thought for some 15 

time that there are, at least in primates, two cortical visual pathways (Goodale & Milner, 1992; 16 

Livingstone & Hubel, 1988; Mishkin, Ungerleider, & Macko, 1983; Ungerleider & Haxby, 1994). 17 

The ventral stream runs from the striate cortex to the inferior temporal cortex, whilst the dorsal 18 

stream runs from the striate cortex to the posterior parietal region. The ventral stream plays a 19 

role in the identification of visual objects (also known as the what stream); the dorsal stream 20 

plays a role in the sensori-motor transformation for visually guided interaction with objects 21 

(also known as the how stream, or the where stream). The dorsal stream is also considered to 22 

operate more rapidly than the ventral stream. As seen before, the visual cortex receives its 23 

input from the dLGN. Interestingly, in mammals, three different types of retinal ganglion cells 24 

are distinguished and named after their targets in the dLGN.  In particular, the P-cells project 25 

to the Parvocellular layer of the dLGN, the M-cells to the Magnocellular layer, and the K-cells to 26 

the Koniocellular layer. Note that the role of the Koniocellular layer is not well established 27 

(Hendry & Reid, 2000 for a review); and we will not consider it further in the frame of this 28 

thesis. The P-cells are typically sensitive to contrast, colours, and fine details, while the M-cells 29 

are typically more sensitive to low contrasts and rapid changes (Derrington & Lennie, 1984; 30 

Ehud Kaplan & Shapley, 1986; E. Kaplan & Shapley, 1982; Lennie & Movshon, 2005). It was 31 

                                                           
5 Amniotes: birds, reptiles, mammals 
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initially suggested that the parvocellular layer was the major input to the ventral stream while 1 

the magnocellular layer of the dLGN was the major input to the dorsal stream (Livingstone & 2 

Hubel, 1988). This parallelism was essentially intuitive: the ventral stream would have 3 

privileged access to colour and fine detail information, which is particularly useful to identify 4 

objects, whilst the dorsal stream would have privileged access to contrast and movement 5 

information, which is sufficient and relevant for interacting with an object. However, this 6 

parallelism is not as clear as initially thought.  In particular, parvo- and magnocellular 7 

pathways often combine, such as in V1, V2 (Sawatari & Callaway, 1996; Sincich & Horton, 2005, 8 

p. 2; Vidyasagar, Kulikowski, Lipnicki, & Dreher, 2002), V4 (Ferrera, Nealey, & Maunsell, 1992) 9 

and MT (Maunsell, Nealey, & DePriest, 1990). Although the two-stream theory is very popular, 10 

it is important to note that both streams ɀ ventral and dorsal ɀ are highly interconnected and 11 

share reciprocal connections with the frontal  cortex (Andersen, Asanuma, Essick, & Siegel, 12 

1990; Blatt, Andersen, & Stoner, 1990; Merigan & Maunsell, 1993; Webster, Bachevalier, & 13 

Ungerleider, 1994) ɀ the green arrows in Figure 1-3 represent some of those interconnections.  14 

Finally, it would seem logical that the retino-tecto-pulvinar pathways has a privileged relation 15 

with the cortical dorsal stream, as they both localise objects for motor interaction. Indeed, 16 

(ÕÅÒÔÁ ÁÎÄ (ÁÒÔÉÎÇȭÓ ÒÅÖÉÅ× (1984) reveals the predominance of indirect projections of the SCi 17 

to cortical area 7 (part of parietal cortex and of the dorsal visual pathway) via 9 different relays 18 

-- Figure 1-3, purple arrows. As the SCi is involved in the motor execution of orienting 19 

responses, these pathways may send motor feedback rather than visual information.  20 

 Descending Pathways: to the Superior Colliculus 21 

In addition to the direct input from the retina (see above), the optic tectum in amniotes receives 22 

projections from the striatum (part of the basal ganglia) through two major relays: the 23 

posterior pretectal nucleus (or equivalent) and the substantia nigra pars reticulata (SNr). The 24 

latter pathway is predominant in mammals in comparison with birds and reptiles (Reiner, 25 

Medina, & Veenman, 1998, fig. 15). Note that several regions from the cortical visual streams 26 

project on the striatum (Saint-Cyr, Ungerleider, & Desimone, 1990) ɀ blue arrows in Figure 27 

1-4. Moreover, the visual pallium of birds and reptiles projects directly to the optic tectum, 28 

while several cortical areas project to the optic tectum ɀ Superior Colliculus -- of mammals. 29 

Finally, in most vertebrates, the superficial layers of the optic tectum (i.e. SCs) are reciprocally  30 
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 1 

Figure 1-4: Summary of the Descending Visuo-Oculomotor Pathways. Anatomy.  Same 2 

description as in Figure 1-3. Arrow.  The different groups of coloured arrows represent pathways 3 

that are addressed in the main text. In blue,  the striatum project inhibitory projection to the SCi, 4 

whilst receiving information from the cortex. In orange,  the SCs projects is the main source of visual 5 

information to the SCi; the visual information of the SCs can be modulated by prefrontal and motor 6 

information. In green, the SCi receives information from all cortical regions seen in Figure 1-3, and 7 

from the premotor/motor regions. Only one cortical region, the Frontal Eye Field, projects directly 8 

to the Brainstem Burst Generator, by-passing the SCi. In purple, the SCi is projecting to the 9 

Brainstem Burst Generator so that it can control eye movements. It is important to note that we 10 

represented only the FEF (Frontal Eye Field) from the prefrontal cortex and only the LIP (Lateral 11 

Intraparietal  area) from the posterior parietal cortex ɀ i.e. area 7. 12 
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and topographically connected to nucleus isthmi ɀ or parabigeminal nucleus (see Butler & 1 

Hodos, 2005, Chapter 18 for a comprehensive review of ascending projections to the optic 2 

tectum across vertebrates; see Hunt, Streit, Künzle, & Cuénod, 1977 for the isthmo-tectal loop). 3 

4ÈÅ ÍÁÍÍÁÌÓȭ ÁÆÆÅÒÅÎÔ ÃÏÎÎÅÃÔÉÏÎÓ ÁÒÅ ÔÏ ÂÅ ÄÅÓÃÒÉÂÅÄ ÉÎ ÍÏÒÅ ÄÅÔÁÉÌ ÎÅØÔȢ 4 

As described in Section 1.3, the Superior Colliculus is divided into two layers: the superficial 5 

layer (SCs) and the intermediate/deep layer (SCi). The SCs receives topographic input from the 6 

retina, the visual cortices V1, V2, V3, V4, MT (Fries, 1984; Lock, Baizer, & Bender, 2003; Tigges 7 

& Tigges, 1981), the premotor cortex (area 6) and the frontal eye field (area 8) (Fries, 1984, 8 

1985) ɀ orange arrows in Figure 1-4. The SCi receives projections from the posterior parietal 9 

cortex (area 7, convergence between vision and proprioception), part of the somatosensory 10 

cortex (area 2), and the motor, premotor, and prefrontal cortex ɀ green arrows in Figure 1-4. 11 

In fact, it can be noted that some of these areas ɀ particularly area 7, which includes LIP ɀ are 12 

part of the how/dorsal visual pathways linking vision to action seen in Section 2.1 (Figure 1-3). 13 

Furthermore, the SCi receives input from the inferior temporal gyrus (areas 20 and 21), which 14 

is part of the what/ventral  visual pathway seen in Section 2.1. Finally, the SCi receives input 15 

from the auditory cortex (area 22), the SCs (involved in visual localisation) and the inferior 16 

colliculi (involved in sound localisation). This, with its connections to the somatosensory 17 

cortex, highlights that the SCi is an interface for multiple modalities. Note, finally, that some 18 

studies report that the frontal eye field projects to the SCi and not to the SCs (Leichnetz, 19 

Spencer, Hardy, & Astruc, 1981). Rather, it appears that the frontal eye field projects to several 20 

layers of the SC (Shipp, 2004). It should be noted that most of these projections are organised 21 

in a topographic fashion, in register with each other (more details in Appendix A, section 7). 22 

To finish with non-cortical structures, the SCi notably receives input from the cerebellum via 23 

the caudal fastigial nucleus (Katoh, Arai, & Benedek, 2000; Person, Andrezik, Dormer, & 24 

Foreman, 1986), which has encouraged the development of models (Quaia, Lefèvre, & Optican, 25 

1999), and from the Locus Coeruleus (Appell & Behan, 1990; S. B. Edwards, Ginsburgh, Henkel, 26 

& Stein, 1979) which is thought to play an important role in the sleep-wake cycle, 27 

arousal/vigilance and in decision making (Aston-Jones & Bloom, 1981; Aston-Jones & Cohen, 28 

2005; Aston-Jones, Rajkowski, Kubiak, & Alexinsky, 1994; Foote, Aston-Jones, & Bloom, 1980). 29 

Indeed, this potential interaction between the SC and the Locus Coeruleus formed, in part, the 30 

basis of the work described in Chapter 4. Finally, the SNr is known to tonically inhibit the SCi 31 

(Hikosaka & Wurtz, 1983, 1985), and to release its inhibition to allow orienting responses. 32 

Interestingly, the SNr and the SCi share reciprocal and topographic connections (Peter 33 
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Redgrave et al., 2010); that presages a complex role of the SNr (to which we return in General 1 

Discussion).  Before ending this section, we should note that there are more than 40 sources of 2 

subcortical projections to the SC, which we will not overview here (for a more comprehensive 3 

list, see Edwards et al., 1979). 4 

 Distinction between Saliency map and Priority Map  5 

Wherever an orienting response is voluntary or reflexive, it is usually directed towards or away 6 

from a stimulus. Thus, selecting an orienting response usually involves selecting which 7 

stimulus most deserves to trigger an action. In their seminal theory, Koch and Ullman (1985) 8 

suggested that potential points of interest are extracted in parallel by several feature maps, 9 

each evaluating (and/or filtering) a specific feature such as colour, luminance, or direction 10 

contrast from the visual input. The points of interest obtained from all the feature maps 11 

converge to a saliency map. The saliency of a position is often defined as a normalized sum of 12 

the output of the feature maps for this position. Therefore a high degree of salience at a given 13 

position would be defined by a high average score across all the feature maps. The winning 14 

position to trigger an orienting response would be that with the highest salience on the saliency 15 

map. In this sense, a saliency map can drive or may act as an action selection map. 16 

First, the fact that 1) the SCs receives projections from multiple visual areas of the brain, 2) its 17 

responses to visual stimuli are not feature-driven (orientation, colour, luminance) but rather 18 

contrast-driven (e.g. contrast in colour, in luminance, in orientation), 3) its contrast detection 19 

covers a large range of features, and 4) it projects directly to the SCi that triggers orienting 20 

responses, leads us to assume that the SCs is an instance of a visual saliency map (it is near to 21 

the stereotype introduced by Koch and Ullman). Second, the fact that the SCi receives visual, 22 

auditory, and tactile input (see Section 2.2) in register with each other, and in a topographic 23 

organisation, suggests that the SCi is a multimodal saliency map.  In particular, it  is very likely 24 

that it gathers saliency maps from different modalities. However, the SCi also receives 25 

projections from the frontal, parietal, and temporal cortices (see section 2.2) that potentially 26 

modulate and bias the input of the saliency maps according to the current goals and the current 27 

history of the animal. Due to this possibility, more than a multimodal saliency map, the SCi has 28 

been suggested to be a priority  map (Fecteau & Munoz, 2006; Serences & Yantis, 2006; White 29 

& Munoz, 2011). However, it should be noted that the SCs itself receives projections from the 30 

frontal eye field (Fries, 1984) that render it potentially sensitive to goal-related feedback. In 31 

fact, all the cortical visual areas, and even the LGN, receive goal-related feedback that biases 32 
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their responses to visual stimulation (reviewed in Serences & Yantis, 2006 for human and 1 

monkey data). Hence, the frontier between saliency maps and priority maps may be blurred. 2 

However, given the density of projections from the frontal, parietal and temporal cortices, it 3 

appears that the SCi is more of a priority map than the SCs.  4 

In conclusion, the SC can be depicted as a unimodal saliency map (SCs) projecting to a 5 

multimodal priority map (SCi). We will return to these points in Chapters 2 and 5. The SCi is a 6 

very special priority map, as it is at the same time the main and ultimate action selection map 7 

of the orienting response system (discussed further in section 4.1). We will next try to 8 

understand how an action is selected from all the signals converging to the SCi. 9 

 Mechanisms of Action Selection of the Visuo-oculomotor 10 

System or the Art of Deciding When but not Where to go 11 

  A Model of Priority Map: Endogenous and Exogenous signals 12 

converging on a Dynamic Neural Field. 13 

Current models of action selection in the visuo-oculomotor system are based on the 14 

convergence of, and on the interaction between, endogenous and exogenous signals on a 15 

dynamic neural field ɀ i.e. a neural network organised in a 1-D line or 2-D map. This dynamic 16 

neural field, because of its inputs, is de facto a model of a priority map. Given that it is also used 17 

to trigger saccades, the analogy with the SCi is quite attractive. In Appendix B (section 8), we 18 

introduce dynamic neural fields, along with a description of how they work and how they came 19 

to figure centrally in modelling the visuo-oculomotor system. Here, we will focus on one of the 20 

modern and widely used models of the SCi.  21 

The models of Kopecz (1995) and Kopecz & Schöner (1995), based on the work of Amari 22 

(1977) caught the attention of the eye movement community by the simplicity of their 23 

approach and the intuitiveness of their inputs. First, they suggest that there are only three 24 

levels that are functionally needed to explain target selections for eye movements: 1) a transfer 25 

level, that is an input/initiation map on which potential targets are represented; 2) a planning 26 

level, that is a dynamic neural field set to drive a winner-take-all system, selecting one saccadic 27 

vector and suppressing the others; 3) a motor control plan, that is a mechanism to read out the 28 

winning position from the planning level. Second, they proposed that the input sources 29 

converging to the planning level can be reduced to two streams: the visual information from 30 
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the transfer level and the pre-information streams. The pre-information is information present 1 

in the brain before the decision making process begins, which could be acquired from previous 2 

learning or instruction. It was introduced in their model to explain that, when asking 3 

participants to saccade to a designated target, the history of the target position through the 4 

trials can bias the landing positions of eye movements (He & Kowler, 1989). In short, the 5 

planning level is a combination of an action selection map and priority map. 6 

Later, Trappenberg, Dorris, Munoz and Klein (2001) reintroduced Kopecz and SchöÎÅÒȭÓ 7 

model. First, they reduced it to its planning level ɀ i.e., a winner-take-all dynamic neural field. 8 

Second, they identified the SCi as a good biological instance of the planning level using 9 

neurophysiological recordings in monkeys. Third, they applied the model to a large set of 10 

experimental paradigms, focusing particularly on fitting reaction times ɀ i.e., focusing on when 11 

saccades go whilst ignoring where saccades go. Finally, they introduced the term exogenous 12 

ÓÉÇÎÁÌÓ ɉÒÅÐÌÁÃÉÎÇ ȰÖÉÓÕÁÌ ÉÎÆÏÒÍÁÔÉÏÎȱɊ ÔÏ ÒÅÆÅÒ ÔÏ ȰÏÎÌÙ ÍÁÒÇÉÎÁÌÌÙ ÐÒÏÃÅÓÓÅÄ ÓÅÎÓÏÒÙ ÉÎÐÕÔÓȱ 13 

and endogenous ÓÉÇÎÁÌÓ ɉÒÅÐÌÁÃÉÎÇ ȰÐÒÅ-ÉÎÆÏÒÍÁÔÉÏÎȱɊ ÔÏ ÒÅÆÅÒ ÔÏ ȰÖÏÌÕÎÔÁÒÙ ÉÎÐÕÔÓȟ ×ÈÉÃÈ ÁÒÅ 14 

dependent on task-ÒÅÌÁÔÅÄ ÉÎÓÔÒÕÃÔÉÏÎÓ ÏÒ ÅØÐÅÃÔÁÎÃÉÅÓȱ (p. 257). Note that one could question 15 

the voluntary aspect of endogenous signal. Interestingly, this is the work of Trappenberg et al. 16 

(2001) that is the most widely cited and used today. This is possibly due to the fact that it 17 

succeeds in combining the simplicity of Kopecz and 3ÃÈĘÎÅÒȭÓ model with a very 18 

experimentalist ground.  19 

Until recently, a large number of models of the visuo-oculomotor system have followed the 20 

assumptions of Trappenberg et al. (2001) and Schöner and Kopecz (1995).  In particular, they 21 

adopt the following assumptions: 1) a long range inhibition/winner-take-all mechanism to 22 

select the saccade, and 2) an activity threshold mechanism to trigger saccades (Bompas & 23 

Sumner, 2011; Marino, Trappenberg, Dorris, & Munoz, 2012; Meeter, Stigchel, & Theeuwes, 24 

2010; Satel, Fard, Wang, Trappenberg, & others, 2014; Taouali, Goffart, Alexandre, & Rougier, 25 

2015; Z. Wang & Theeuwes, 2014; Wilimzig, Schneider, & Schöner, 2006). We will see 26 

throughout the next sections that the two mechanisms are redundant. For now, we will argue 27 

that the winner-take-all mechanism is not only unnecessary, but also fails to receive strong 28 

support from the literature. 29 

 30 
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 No experimental support for a Winner-take-all Decision 1 

The first assumption of Trappenberg et al. (2001) emerged from neurophysiological data 2 

suggesting that there is global inhibition serving a winner-take-all mechanism in the SCi at 3 

saccade onset (Munoz & Istvan, 1998) along with other pharmacological evidence of 4 

horizontally spreading inhibitory neurons in the SCi (Meredith & Ramoa, 1998).  In fact, the 5 

occurrence of a winner-take-all to select only one action makes perfect sense: when one speaks 6 

about decision making, he/she often has in mind a system for choosing only one option among 7 

several. It is for precisely this reason that Schöner and colleagues introduced the planning 8 

level: in order to provide the motor control level with only one, unambiguous, target. With this 9 

approach, one could simply read the position of the unique winner on the SCi map to know 10 

where the triggered saccade is directed (as is done in Wang & Theeuwes, 2014). Interestingly, 11 

this is not what Schöner and colleagues employed (see below). One could also readily estimate 12 

the time needed to make a decision in different experimental situations by detecting when the 13 

activity on the map passed a certain threshold; this threshold would be chosen to be reachable 14 

only by the winner (as in Bompas & Sumner, 2011; Marino et al., 2012; Trappenberg et al., 15 

2001).  16 

However, Phongphanphanee et al. (2014)ȭÓ ÒÅÃÅÎÔ ÒÅÓÕÌÔÓ ɉ×ÈÉÃÈ are detailed further in 17 

Chapters 2 and 5) do not support Trappenberg et al. (2001)ȭÓ ÁÓÓÕÍÐÔÉÏÎÓȢ )Î ÐÁÒÔÉÃÕÌÁÒȟ ÔÈÅÙ 18 

did not find long-range inhibition in the SCi in their in vitro study. Furthermore, they observed 19 

that the interaction between several inputs is quite opposed to what would be expected on the 20 

basis of a winner-take-all system. Indeed, when they applied an input current simultaneously 21 

at two different locations, they observed that the resulting activity over the map is supportive 22 

of a linear combination (i.e. an addition) of two bumps of activity. Interestingly, 10 years before 23 

0ÈÏÎÇÐÈÁÎÐÈÁÎÅÅ ÅÔ ÁÌȢȭÓ ÒÅÓÕÌÔÓ ×ÅÒÅ ÐÕÂÌÉÓÈÅÄȟ !ÒÁÉ ÁÎÄ +ÅÌÌÅÒ (2004) had already 24 

constructed a model of the SCi, which dispensed with the assumptions of Trappenberg et al. 25 

(2001). Their choice was made in light of neurophysiological data that are particularly hard to 26 

access for consultation (to consult in printed books: Özen, Helms, & Hall, 2004) along with SC 27 

recording studies in monkeys (Edelman & Keller, 1998; McPeek, Han, & Keller, 2003; McPeek 28 

& Keller, 2002b; Port & Wurtz, 2003). In McPeek, Han and Keller (2003)ȭÓ ÅØÐÅÒÉÍÅÎÔȟ ÆÏÒ 29 

instance, the monkey had to make a saccade to a target that was presented among distractors. 30 

They clearly showed that when the saccade was triggered toward the target, there was some 31 

activity at the locations of the distractors. Importantly, they observed that having activity at 32 
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ÏÎÅ ÏÆ ÔÈÅ ÄÉÓÔÒÁÃÔÏÒÓȭ ÌÏÃÁÔÉÏÎÓ ×ÁÓ ÁÃÃÏÍÐÁÎÉÅÄ ÂÙ Á ÃÕÒÖÁÔÕÒÅ ÏÆ ÔÈÅ ÓÁÃÃÁÄÅ ÄÅÖÉÁÔÉÎÇ 1 

toward this distractor. A second example is the Global Effect (or saccade averaging, that we will 2 

address in detail in Section 4 and Chapter 4). Edelman and Keller (1998) found evidence to 3 

suggest that when a monkey is presented with two stimuli at the same time to initiate a saccade, 4 

there can be two bumps of activity on the SCi at saccade onset. This seems to be particularly 5 

true for saccades with very fast reaction times that will finally land in between the two stimuli 6 

(this is saccade averaging, or the Global Effect). Also worthy of note is the large and diffuse 7 

activation of the build up neuron population during saccades (R. W. Anderson, Keller, Gandhi, 8 

& Das, 1998; Sparks et al., 1976), which makes this population incompatible with a winner-9 

take-all system. 10 

It therefore appears that if there is a competition mechanism, it does not systematically lead to 11 

a winner-take-all scenario. The visuo-oculomotor system is not an ideal decision-making 12 

system that chooses exactly one option. Rather, it is able to trigger a saccade before the 13 

selection process has been completed. We will see in Section 4 that the mechanism used by 14 

default in the work of Schöner and Kopecz (1995) to transform the activity at the planning 15 

level/SCi into a command for the control level is ɀ ironically -- a viable solution for obtaining a 16 

saccade vector even when the decision of where-to-go is not complete. For now, the next 17 

section focuses on the relevance of a threshold mechanism to trigger a saccade. 18 

 A Race to Threshold for Triggering a Saccade 19 

With regard to the second assumption of Trappenberg et al. (2001), a threshold mechanism 20 

has been reported since the first electrical stimulation of the monkey SCi (D. A. Robinson, 21 

1972). There is an electrical intensity threshold under which no eye movements are triggered, 22 

whilst there is also a threshold under which saccades are triggered with a lesser eccentricity 23 

than normal. Furthermore, in more natural situations (saccade to visual stimuli), several 24 

studies have claimed that there is a fixed activity level above which saccades are triggered and 25 

cannot be withdrawn (J. W. Brown, Hanes, Schall, & Stuphorn, 2008; Hanes & Schall, 1996; M. 26 

Paré & Hanes, 2003). Further investigations have shown that even if it seems that there is a 27 

threshold effect, this threshold is not fixed ɀ rather, it varies according to the task - and is likely 28 

to be modulated by endogenous/pre-information signals (Jantz, Watanabe, Everling, & Munoz, 29 

2013).  30 
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In notorious and general decision making models such as the Drift-Diffusion model (Ratcliff & 1 

McKoon, 2008 for a review) or the Accumulator/Race model (S. D. Brown & Heathcote, 2008; 2 

Gold & Shadlen, 2007 for a review), a threshold (referred to as boundary in that literature) is 3 

used to end and complete the process of decision. For instance, in the case of a two-alternative 4 

choice, the race model would consist of two accumulators that respectively integrate incoming 5 

ȰÅÖÉÄÅÎÃÅȱ ÆÏÒ ÅÁÃÈ ÁÌÔÅÒÎÁÔÉÖÅ ÏÖÅÒ ÔÉÍÅȢ It is the first accumulator to reach a sufficient amount 6 

of evidence ɀ i.e., an arbitrary threshold -- that wins. Importantly, these more general models 7 

demand flexible thresholds to explain behavioural data. The distance of the threshold from the 8 

ÂÁÓÅÌÉÎÅ ÁÃÔÉÖÉÔÙ ÉÓ ÏÆÔÅÎ ÌÉÎËÅÄ ÔÏ ÔÈÅ ȰÃÁÕÔÉÏÕÓÎÅÓÓȱ ÏÆ ÔÈÅ ÓÕÂÊÅÃÔȾÍÏÄÅÌ ɀ which can be seen 9 

as an endogenous signal. Manipulation of the threshold plays an important role in replicating 10 

the behavioural speed/accuracy trade-off observed in two-alternative forced-choice tasks; to 11 

favour accuracy, one puts the threshold far from baseline, whilst to favour speed, one places 12 

the threshold closer to the baseline (Ratcliff & Rouder, 1998). Further, accumulator models 13 

have been shown to fit very well with FEF/LIP neuronal responses to visual input as well as 14 

the performance of the visuo-oculomotor system (Purcell et al., 2010; Schall, Purcell, Heitz, 15 

Logan, & Palmeri, 2011). Interestingly, these studies claim that two features were necessary to 16 

obtain a good fit: 1) an input gating system, such that insufficient levels of visual input are not 17 

integrated; 2) no inhibition/competition. This last point echoes our suggestion of an absence 18 

of winner-take-all mechanisms. Interestingly, the burst neurons of the SCi, because of their all-19 

or-nothing (also refer to as switch-like) response before a saccade, have been proposed as the 20 

actual threshold detectors of FEF/LIP activity, while the striatum, via the SNr, could modulate 21 

this threshold (Lo & Wang, 2006; J. Zhang & Bogacz, 2008).  22 

Although there is evidence for both the presence and functional necessity of a threshold effect 23 

in SCi and FEF, its underlying mechanism is still a matter of debate. Our opinion (we will 24 

address it  in more detail in the General Discussion) is that low activity in the SC could not 25 

trigger a saccade, but once a region of the SCi passes the threshold (i.e. the race-winner), a 26 

saccade is triggered and all activity present in the SC would drive the saccade through the 27 

Brainstem Burst Generator. We also propose that the inhibitory release from the SNr and the 28 

dynamic of the burst neurons enhance the race-winner signal, giving it an advantage over the 29 

other regions. Next, we will focus on how the activity in the SCi is transformed into a motor 30 

command. 31 

 32 
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 1 

 Output Stream of the Visuo-Oculomotor Pathways or the Art 2 

of Acting without a Clear Decision 3 

 Descending Pathway: From the Superior Colliculus to Eye Muscles 4 

As described previously, the SCs projects back to the cortical areas via the LGN and the 5 

LP/pulvinar complex and it has reciprocal connections with the parabigeminal nucleus. The 6 

SCi, on its side, has direct projections to many subcortical regions along with an abundance of 7 

indirect projections to cortical areas (Graham, 1977; J. K. Harting et al., 1973; John K. Harting, 8 

1977; for a brief review, see Michael F. Huerta & Harting, 1984). Interestingly, the SCi has 9 

reciprocal projections with the SNr (Substantia Nigra pars reticulata).  10 

Here, we will focus only on the descending projections involved in controlling orienting 11 

responses toward a stimulus - namely the projections of the SC to the Saccadic Brainstem Burst 12 

Generator via the contralateral predorsal bundle (or tecto spinal tract/crossed pathways). We 13 

will ignore its projections to the ipsilateral tectopontine pathway (or uncrossed pathway) 14 

which is thought to control defensive movement, such as orienting responses away from a 15 

stimulus (Dean, Redgrave, & Westby, 1989). It can also be noted that the FEF is the only cortical 16 

structure to send direct projections to the Brainstem Burst Generator, bypassing the SC. 17 

However, it has been shown that electrical stimulation of the FEF while the SC is deactivated is 18 

not sufficient to trigger saccades (Hanes & Wurtz, 2001). 19 

The network downstream the SC that shapes the motor signal for the extra-ocular muscles 20 

during a saccade, is routinely referred to as the Saccadic Brainstem Burst Generator (or Burst 21 

Generator). It is thought that the Burst Generator treats the vertical and horizontal components 22 

of a saccade in two different regions: the rostral interstitial nucleus of the medial longitudinal 23 

fasciculus (riMLF) for the vertical component (Büttner -Ennever & Büttner, 1978; Büttner, 24 

Büttner-Ennever, Henn, & others, 1977), and the paramedian pontine reticular formation 25 

(PPRF) for the horizontal component (Büttner -Ennever & Henn, 1976; Bernard Cohen & 26 

Komatsuzaki, 1972). In general, the horizontal component pathway appears to be more 27 

established (Scudder, Kaneko, & Fuchs, 2002; Sparks, 2002, for a review) and it consists of 28 

different groups of neurons, which are described in Figure 1-5. First, the motoneurons contact 29 

the extra-ocular muscle and produce a pulse-step signal during the saccade. This pulse-step is 30 
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similar to a linear combination of a velocity signal and a trajectory signal (Fuchs & Luschei, 1 

1970; D. A. Robinson, 1970; Schiller, 1970). Second, there are Excitatory/Inhibitory Burst 2 

Neurons (EBNs/IBNs): the EBNs stay in the PPRF, while the IBNs stay in the medullary reticular 3 

formation (medRF). During a saccade, the ipsilateral EBNs discharge and excite the ipsilateral 4 

motoneurons while the ipsilateral IBNs discharge and inhibit the contralateral motoneurons, 5 

IBNs,  EBNs and nucleus prepositus hypoglossi (Strassman, Highstein, & McCrea, 1986a, 6 

1986b). Both EBNs and IBNs are discharging a velocity related signal. Third, the Long-Lead 7 

Burst neurons (LLBNs) were first found in the PPRF, and begin to fire long before the saccade. 8 

Some of these behave in a similar way to the SCi neurons, discharging for a specific saccadic 9 

vector (Hepp & Henn, 1983; Raybourn & Keller, 1977), whilst others  discharge for a specific 10 

saccade direction, similar to the EBNs. They project to the EBNs and to the omnidirectional 11 

pause neurons (OPNs, Kamogawa, Ohki, Shimazu, Suzuki, & Yamashita, 1996). Fourth, the 12 

OPNs are found in a region of the PPRF known as the raphe interpositus (RIP, Büttner-Ennever, 13 

Cohen, Pause, & Fries, 1988). They maintain a constant level of activity when the eyes are 14 

fixating and pause during a saccade (Evinger, Kaneko, & Fuchs, 1982). They inhibit both the 15 

EBNs/IBNs (Strassman, Evinger, McCrea, Baker, & Highstein, 1987). Finally, the nucleus 16 

prepositus hypoglossi (NPH) is thought to be involved in creating the trajectory signal needed 17 

by the motoneurons by integrating the velocity signal of the EBNs (Cannon & Robinson, 1987; 18 

McFarland & Fuchs, 1992). 19 

The SCi sends direct and excitatory projections to the LLBNs, EBNS, MN, and OPNs (Büttner -20 

Ennever, Horn, Henn, & Cohen, 1999; S. B. Edwards & Henkel, 1978). Interestingly, its rostral 21 

part (linked to gaze fixation) is predominantly connected to the OPNs, while its caudal part 22 

projects more connections to the LLBNs/MN. In addition to these direct projections, the SCi has 23 

reciprocal projections with the central mesencephalic reticular formation (cMRF, Chen & May, 24 

2000) that, in turn, sends projections to the OPNs. The rostral part of the SC contacts cMRF cells 25 

that excite the OPN whilst the caudal part of the SC contacts cMRF cells that inhibit the OPN. 26 

This distinction is thought to be involved in saccade triggering (N. Wang, Perkins, Zhou, 27 

Warren, & May, 2013). 28 

 29 
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 1 

Figure 1-5: Summary of the Descending Pathways From the Superior Colliculus to the Extra-2 

ocular Muscles. The circuit is detailed in the main text. Here, we highlight the excitatory (red lines, 3 

arrow head) and inhibitory (blue lines, circle head) circuit activated during a horizontal saccade to 4 

the right (relying on the pathway originating from the cSCi), followed and preceded by a fixation 5 

state (relying on the pathway originating from the rSCi). Note: cSCi, caudal part of the intermediate 6 

layers of the Superior Colliculus; rSCi, rostral part of the intermediate layers of the Superior 7 

Colliculus; cMRF, central mesencephalic reticular formation; OPN, omni-pause neurons; LLBN, long-8 

lead burst neurons; EBN, excitatory burst neurons; IBN, inhibitory burst neurons; NPH, nucleus 9 

prepositus hypoglossi; IN, intermediate neurons; MN, motoneurons. 10 

 11 

 How to Extract an Action from No Selection? The Easy Way 12 

The most straightforward (and almost correct) answer is: the centre of gravity of the SCi 13 

activity gives the saccadic vector of the current saccade ɀ note that the SC is organised as a 14 

saccadic vector map (see section 1.3). This theory ɀ saccadic vector averaging, Figure 1-6A -- 15 

was originally proposed by Sparks, Holland and Guthrie (1976) and it has generated successful 16 
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predictions in many circumstances. It is famously supported by an elegant study deactivating 1 

a small region of the SCi (C. Lee, Rohrer, & Sparks, 1988) (1988). In this study, the authors show 2 

that the subject (a monkey) can still make a precise saccade to the location coded by the small, 3 

deactivated area. The explanation of the saccadic vector averaging is that the deactivated region 4 

represents a hole in the centre of the activated region coding for this specific saccade. Because 5 

this hole is well centred, it does not affect the centre of gravity of the activated region. 6 

Moreover, the theory can explain Edelman and Keller´s (1998) Global Effect (introduced 7 

ÅÁÒÌÉÅÒɊȢ 4ÈÅÙ ÓÈÏ×ÅÄ ÔÈÁÔ ×ÈÅÎ ÐÒÅÓÅÎÔÅÄ ×ÉÔÈ Ô×Ï ÃÌÏÓÅÄ ÖÉÓÕÁÌ ÓÔÉÍÕÌÉȟ ÔÈÅ ÍÏÎËÅÙȭÓ 3# 8 

presents two corresponding bumps of activity at the onset of the saccade. In this case, the 9 

saccade lands in between the two stimuli as if there was an averaging of the saccadic vector. 10 

However, it is important to clarify that the saccadic vector map is an abstraction: the single 11 

spike of a single neuron at one location on the SC map does not trigger any saccade. When an 12 

experimenter applies electrical stimulation to the SCi at one precise location, it is a large and 13 

diffuse population of neurons in the SCi that is activated. This activation leads, somehow, to a 14 

precise saccadic vector. Thus it is the experimenter who ultimately maps the precise location of 15 

his electrode to the precise saccadic vector: he deduces a relationship but does not provide an 16 

explanation. Based on these considerations, the saccadic vector averaging theory is a circular 17 

explanation. More specifically, it explains how large and diffuse activation of the SC leads to a 18 

precise saccadic vector based on an unexplained map of saccadic vectors. In short, it explains 19 

the saccadic vector map by using the saccadic vector map. Alongside this successful but circular 20 

theory, the minivector summation theory was developed, which attempted to be pragmatic but 21 

had difficulties in replicating data.  22 

 23 
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Figure 1-6: Summary of the Different Models Suggested for Transforming SC Activity into a 1 

Saccade. A, the Saccadic Vector Averaging, see section 4.2. B, the Minivector Summation, see section 2 

4.3. C, the Dynamic Minivector Summation, see Section 4.4. 3 

 How to Extract an Action from No Selection? The Hard Way 4 

In the initial minivector summation model ɀ or linear ensemble coding model, Figure 1-6B 5 

(Van Gisbergen, Van Opstal, & Tax, 1987), the authors adopted the following assumptions. First, 6 

each neuron in the SCi codes for a minivector -- i.e. a very small vector when compared with 7 

the vectors found in the saccadic vector map. Second, and importantly, the size and direction of 8 

ÔÈÅÓÅ ÍÉÎÉÖÅÃÔÏÒÓ ÄÅÐÅÎÄ ÏÎ ÔÈÅ ÎÅÕÒÏÎÓȭ ÌÏÃÁÔÉÏÎ ÏÖÅÒ ÔÈÅ 3# ÍÁÐȢ 4ÈÉÒÄȟ ÔÈÅ ÓÁÃÃÁÄÅ-related 9 

burst of activity in the SCi has roughly the same spatial radius, the same peak, and the same 10 

duration for all saccades (i.e. the same spatio-temporal profile). Fourth, it is the summation of 11 

all the minivectors coded by each neuron of the activated population that makes the current 12 

saccadic vector. To ÓÉÍÐÌÉÆÙȟ ÁÎÙ ÓÁÃÃÁÄÅ ÉÓ ÄÒÉÖÅÎ ÂÙ Á ÖÅÒÙ ÓÉÍÉÌÁÒ ȰÃÉÒÃÌÅȱ ÏÆ ÁÃÔÉÖÁÔÅÄ 13 

neurons; it guarantees that we are summing the same amount of minivectors over space and 14 

time for any saccade. Thus, it is only the location of the circle of activated neurons that controls 15 

the saccade metric.  16 

One may now ask the question of how the minivectors are actually represented. Van Gisbergen, 17 

Van Opstal and Tax (1987) assumed that the Brainstem Burst Generator maintains a Cartesian 18 

representation of saccadic movements such that there are LLBNs specialized in each of the 19 

relative directions: left, right, up, and down. Thus, the minivectors coded by each SC neuron are 20 

simply defined by the strength of the connections that each SC neuron has with each of the 21 

LLBN directional groups. This assumption is supported by the fact that the caudal part of the 22 

SC ɀ coding for large saccades -- projects more densely to the LLBN than the rostral part of the 23 

SC ɀ coding for small saccades (S. B. Edwards & Henkel, 1978).  24 

Whilst it has a number of strengths, the model of Van Gisbergen et al. (1987) has a major flaw: 25 

it requires a fixed spatio-temporal profile of activity to work properly 6. This makes  it unable 26 

to explain the results of Lee et al. (1988) and of Edelman & Keller (1998) described previously. 27 

Furthermore, we have argued that there is no perfect winner-take-all system and no fixed 28 

spatio-temporal profile of activity in the SCi. This therefore raises the question of how the 29 

                                                           
6 Interestingly, Amari neural fields (particularly the winner-take-all setting) are ideal for creating a fixed 
spatio-ÔÅÍÐÏÒÁÌ ÐÒÏÆÉÌÅ ÏÆ ÁÃÔÉÖÉÔÙȟ ÒÅÇÁÒÄÌÅÓÓ ÏÆ ÔÈÅ ×ÉÎÎÅÒȭÓ ÌÏÃÁÔÉÏÎ (see Chapter 2). That coincidence 
is a strong call for combining this kind of neural field with the vector summation theory - precisely what 
was carried out by Schöner and Kopecz (1995). 
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minivector summation theory can be improved to accommodate all of the previously discussed 1 

findings.  This will be taken up in the next section.  2 

 How to Extract an Action from No Selection: The Modern Way 3 

Ironically, the solution is hidden in the motivation for using a fixed spatio-temporal profile. In 4 

particular, Van Gisbergen et al. (1987) adopted this approach in order to always integrate the 5 

same number of minivectors. However, when the spatial profile is obviously not fixed one 6 

needs to change the temporal profile accordingly in order to keep the number of integrated 7 

minivectors constant. Goossens and Van Opstal (2005) therefore aimed  to solve this issue with 8 

a dynamic linear ensemble coding model (see also Van Opstal & Goossens, 2008) -- Figure 1-6C. 9 

Now, in this model, the authors considered the spikes of the neurons in the SC, by assuming 10 

that it is when a neuron spikes that its minivector is added to the sum of vectors. The claim 11 

defended by Goossens and Van Opstal is that, whatever the circumstances, once the gating 12 

mechanism (discussed in Section 3.3) has opened the communication from the SCi to the 13 

Brainstem Burst Generator, the latter will not stop transforming the SCi activity into an eye 14 

movement until the overall SCi population has emitted a certain quota of spikes. They 15 

supported this claim by actually counting the number of spikes emitted by the neurons in the 16 

SCi for 1) saccades to a single visual stimulus, and 2) saccades perturbed by a blink reflex. 17 

Furthermore, their model produces normal amplitude saccades when the activated population 18 

is centred on a small deactivated region of the SCi ɀ ÒÅÐÌÉÃÁÔÉÎÇ ,ÅÅ ÅÔ ÁÌȢ ɉρωψψɊȭÓ ÅØÐÅÒÉÍÅÎÔȢ 19 

Moreover, they reported that the resulting saccades were slower due to less neurons being 20 

involved in firing. This is compatible with behavioural data (Aizawa & Wurtz, 1998; C. Lee et 21 

al., 1988; Quaia, Aizawa, Optican, & Wurtz, 1998) and with the dual-coding hypothesis 22 

suggesting that the firing rate of the SC population codes for velocity (Sparks & Mays, 1990). 23 

Finally --although they did not test this directly-- in mathematical terms, the spike quota also 24 

resolves the Global Effect/two bumps issue ɀ without the need for long-range inhibition. In 25 

fact, the quota assumption makes the vector summation theory producing exactly equivalent 26 

endpoints as the saccadic vector averaging theory.  27 

The idea behind the quota theory is that there is a system that sends inhibitory feedback to the 28 

SCi so that the quota is met. This could come from downstream feedback from the Burst 29 

Generator (Soetedjo, Kaneko, & Fuchs, 2002). Interestingly, the cerebellum has been suggested 30 

to control when/how to stop the burst of activity in the SCi (Quaia et al., 1999).  31 
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 1 

Figure 1-7: Summary of the Action Selection Processes for Saccadic Eye Movement. Endogenous 2 

signals ɀ carrying goal-related and history-related information -- and exogenous signals ɀ mainly 3 

driven by the environment ɀ converge on a neural field accumulator ɀ the SCi. On this neural field 4 

the different signals accumulate spatially and temporally. The remote signals, such as the distractor 5 

in red and the target in green here, compete in the sense that they are racing to a threshold that will 6 

trigger a saccade and that will enhance the race-winner activity. However, once the threshold is 7 

reached, it is all the activity in the SC that will be fed to the LLBN and guide the saccade. It is 8 

important to note that the bifurcation of the target and distractor signals observable on the left 9 

graph (Race to Threshold) are considered to be mainly driven by cortical structures such as FEF or 10 

LIP involved in the selection of a target from distractors.  11 

 Conclusion: Separation of When and Where to go 12 

We saw throughout this introduction that the optic tectum represents a manifold interface; it 13 

is 1) an interface between perceptive modalities, 2) an interface between cognitive and perceptive 14 

signals and finally, 3) a simple, abstract and shared interface to control the motor system 15 

downstream.  It represents a clear and ideal model of action selection (a summary can be found 16 

in Figure 1-7).  17 

Furthermore, the theoretical framework on saccade selection and execution that has unfolded 18 

throughout this introduction suggests that the decisions of when and where to go are separate 19 

ɀ which is reminiscent of the theoretical framework7 of Findlay and Walker (1999). In Findlay 20 

ÁÎÄ 7ÁÌËÅÒȭÓ ÆÒÁÍÅ×ÏÒËȟ while still using winner-take-all systems, they separated the saccade 21 

                                                           
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 winner-take-all systems and a 1 

dynamic saliency/priority map. A simple winner-take-all was used to select between the fixate 2 

state and the move state. Importantly, the saliency map was updated independently of these 3 

states. When the system switched to move state, a spatially distributed winner -take-all was 4 

used to read-out the maximum of the saliency map at that time: a saccade was triggered 5 

according to the corresponding saccadic vector. As opposed to this framework, in single 6 

winner -take-all models (Trappenberg et al., 2001, amongst others), the same winner-take-all 7 

system defines both the when-to-go and the where-to-go decisions, making them particularly 8 

coupled and synchronised.  9 

In our framework, as far as the SCi is concerned, 1) the when-to-go decision is based on a 10 

threshold effect ɀ which is similar to the fixate/move switch introduced by Findlay and Walker 11 

(1999); 2) the where-to-go decision is based on the spatial distribution of the SCi activity once 12 

the threshold is passed; 3) the SCi can always transform its current activity in to a saccade ɀ the 13 

last two points make our read-out system very similar  to that of Findlay and Walker (1999). 14 

These small tricks represent, in fact, a remarkable twist: from the perspective of the SCi, the 15 

where-to-go is always defined. However, its activity ɀ as a priority map -- depends on many 16 

other brain regions relaying endogenous and exogenous signals. From the perspective of these 17 

brain regions, the where-to-ÇÏ ÍÁÙ ÄÅÐÅÎÄ ÏÎ ÑÕÅÓÔÉÏÎÓ ÓÕÃÈ ÁÓ ȰÉÓ ÔÈÉÓ ÓÁÌÉÅÎÔȩȱȟ ȰÉÓ ÔÈÉÓ ÒÅÄ 18 

ÏÒ ÇÒÅÅÎȩȱȟ Ȱ×ÈÅÒÅ ×ÁÓ ÔÈÅ ÌÁÓÔ ÔÁÒÇÅÔȩȱȟ ȰÉÓ ÒÅÄ ÔÈÅ ÍÏÓÔ ÒÅÉÎÆÏÒÃÉÎÇ ÃÏÌÏÕÒȩȱȢ 4ÈÕÓȟ ÏÎ the one 19 

hand, there are several where-to-go decision processes that project to the SCi and these 20 

processes progress independently of the when-to-go decision. On the other hand, the final 21 

decision of where-to-go made by the SCi (i.e., the actual saccade execution) depends on the 22 

decision of when-to-go. Indeed, the SCi will execute a saccade that reflects the state of the 23 

where-to-go decision processes projecting to it at the time at which the when-to-go decision 24 

triggered the saccade. A read-out system of this sort can explain, for instance, the time course 25 

of the Global Effect over reaction times (Wilimzig et al., 2006). 26 

However, our theoretical framework distinguished itself from the framework of Findlay and 27 

Walker (1999) on some aspects, and we will highlight two of them. First, in Findlay and 28 

7ÁÌËÅÒȭÓ ÆÒÁÍÅ×ÏÒËȟ ÔÈÅ saccade triggering (when-to-go) is controlled by a one-variable fixate 29 

system, while the saccade metric (where-to-go) is controlled by a spatially distributed move 30 

system. A saccade is triggered when the activity of the fixate system falls under a specific 31 

threshold. At the time of their paper, this view was justified by neurophysiological data that 32 

suggested a separation of the Superior Colliculus into fixation and saccadic zones (Munoz & 33 
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Guitton, 1991; Munoz & Wurtz, 1993). It was also thought that the pause of the OPN  ɀ and thus 1 

triggering of the saccade -- was caused by a decrease of activity in the fixation zone (Munoz & 2 

Wurtz, 1995b, fig. 13) because it was observed that the fixation zone has excitatory projections 3 

to the OPN (Gandhi & Keller, 1997; M. Paré & Guitton, 1994). From that, Findlay and Walker 4 

separated the where and when decisions into two physical pathways. However, this view is 5 

now questioned, since 1) it was observed that the so-called fixation zone of the SC is involved 6 

in small and micro saccades (Hafed & Krauzlis, 2012), and 2) the pause of the omnipause 7 

neurons was shown to be caused by glycinergic inhibition (Kanda, Iwamoto, Yoshida, & 8 

Shimazu, 2007; see also General Discussion). In our theoretical framework, we have only a 9 

spatially distributed move system, and we assumed a threshold/gating system to trigger 10 

saccades (we will discuss the possible mechanisms underlying this gating system in the 11 

General Discussion, Section 3.2). Second, the most important difference with Findlay and 12 

7ÁÌËÅÒȭÓ ÆÒÁÍÅ×ÏÒË ÉÓ ÔÈÁÔ ÔÈÅÙ ÃÏÎÓÉÄÅÒÅÄ ÔÈÅ ÓÁÃÃÁÄÅ ÅØÅÃÕÔÉÏÎ ÔÏ ÂÅ ÍÏÓÔÌÙ ÂÁÌÌÉÓÔÉÃ ÁÎÄ 13 

they do not consider saccade curvatures: once the when-to-go is decided, the where-to-go is 14 

selected and frozen. In our framework, there is no clear sequential separation between action 15 

selection and action execution: the where-to-go decision processes and other signals projecting 16 

to the SCi continue to progress during and after execution of the movement. Due to this, 17 

saccadic eye movements and their curvature can be used to detect signals projecting to the SCi, 18 

and possibly represent a window opened on general decision making processes. 19 

 Thesis Organisation 20 

In Chapter 2, we will study the properties of a winner-take-all neural field as a model of the 21 

SCs.  In particular, we will argue that surround inhibition effects and deviation effects of visual 22 

stimuli can be expected in the SC map ɀ and that these effects may have an impact on the 23 

saccades. A study reported in the appendix will also address whether a single winner-take-all 24 

neural field can be used to model the where-to-go decision when there are interactions 25 

between the Global Effect and Surround Inhibition.  26 

In Chapter 3, we will be measuring the curvature of saccades to make inferences regarding the 27 

activity in the SCi during the saccade. By means of a differential paradigm, we will reveal that 28 

the SCi receives endogenous updates concerning the position of previously fixated stimuli. The 29 

spatial frame of this update is incompatible with recent models of saccade curvature. We 30 

discuss how those models could be modified in order to explain our results. 31 
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In Chapter 4, we will introduce a new measure ɀ the Bimodal Global Effect ɀ to examine the 1 

activity of the SCi during the saccade. This will allow us to understand what happened on the 2 

side of the stimulus that did not trigger the saccade. We use the measure to draw the spatial 3 

profile of a goal/discrimination -related signal and a history-related signal projected to the SCi.  4 

Simple architectures of DNFs can readily explain saccadic behaviours. In Chapter 5, we address 5 

whether complex neurophysiological data from the SC neurons can be connected to saccadic 6 

behaviours via these simple architectures. This opens a discussion regarding the possible 7 

neural heterogeneity in SCs and the data needed to parametrize neuronal network models. 8 

In the General Discussion, we will discuss about a possible implementation of the different 9 

concepts developed in the present thesis. We will also introduce the different aspects of the 10 

visuo-oculomotor system that deserve more attention in order to improve the current models. 11 

Finally, we conclude by considering the possibility of applying the visuo-oculomotor 12 

framework to the study of general decision-making. 13 

  14 
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 APPENDIX A: Note on Topography of Afferent Projections 1 

and Efferent Neurons in the Superior Colliculus 2 

Most of the afferent fibres to the colliculus - regardless of their origin - appear to be organised 3 

in a topographic fashion and to be in register with each other. For instance, the retina, the 4 

frontal eye field, and the visual cortices project their visually related information so that the 5 

rostral part of the SC corresponds to central vision (with a magnification of the foveal region) 6 

and the caudal part corresponds to peripheral vision (Drager & Hubel, 1976; Feldon, Feldon, & 7 

Kruger, 1970; Finlay, Schneps, Wilson, & Schneider, 1978; Sommer & Wurtz, 2000 for FEF). A 8 

similar topography is found for auditory signals: sound sources in front of the animal activate 9 

the rostral part, whilst sound sources from the side activate more caudal zones (King, 1999, fig. 10 

2). The somatosensory signals are organised such that the nose/muzzle is represented on the 11 

rostral part (with a magnification of the whisker zone, or of the nose for respectively the mouse 12 

or star-nose mole), and the rear of the animal on the caudal part (Catania & Remple, 2004; 13 

Crish, Comer, Marasco, & Catania, 2003; Drager & Hubel, 1976).  Finally, a topographic 14 

organisation of the afferent fibres is also found for the premotor and motor areas : the finger-15 

arm-shoulder representation projects to the rostral part of the SCi whilst the arm-trunk 16 

representation projects to the caudal part of the SCi (Fries, 1985).  Interestingly, around 28% 17 

of the neurons in the SCi receive multimodal input (Wallace, Wilkinson, & Stein, 1996), and 18 

these multimodal neurons are part of the tecto-reticulo-spinal pathway -- i.e. they can produce 19 

motor responses (Wallace, Meredith, & Stein, 1993). Note that the projections of the SC with 20 

the substantia nigra, the parabigeminal nucleus and the central mesencephalic reticular 21 

formation appear also to be organised in a topographic fashion (B. Cohen & Büttner-Ennever, 22 

1984; Graybiel, 1978; Hikosaka & Wurtz, 1983; P. Redgrave, Marrow, & Dean, 1992). As stated 23 

in Section 1.3, this topographic organisation is an important and robust feature of the optic 24 

tectum/SC through evolution. 25 
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 1 

Figure 1-8: Illustration of the Projection of the Visual Space of the Right Hemifield of the 2 

Retina to the Left Superior Colliculus. On the left side, we display the visual space of the right 3 

hemifield ɀ the subject is looking at Charlie Chaplin, fixating particularly on the bottom left corner 4 

ÏÆ #ÈÁÐÌÉÎȭÓ ÒÉÇÈÔ ÅÙÅȢ 4ÈÅ ×ÈÉÔÅ ÂÁÒÓ ÄÒÁ×Î ÏÎ ÔÈÅ ÖÉÓÕÁÌ ÓÐÁÃÅ ÁÒÅ ÕÓÅÄ ÁÓ ÍÁÒËÅÒÓȢ On the right 5 

side, we display the projection of the visual space of the right hemifield on the space of the left 6 

superior colliculus. The white markers correspond to the markers represented in the visual space. 7 

On both sides, blue lines denote the visual space in polar coordinates. The dark blue lines and 8 

numbers represent the eccentricity angles whilst the light blue lines and numbers indicate the 9 

directional angles. 10 

 11 

 APPENDIX B: Note on Dynamic Neural Fields and their 12 

application to the Visuo-oculomotor System 13 

The seminal idea of describing the dynamics of neural populations instead of a single neuron 14 

dates back to the 50s and 60s with the work of Beurle (1956) and Griffith (1963; 1965). It leads 15 

to the so-called Cowan-Wilson population rate model (H. R. Wilson & Cowan, 1972) 16 
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considering an homogenous population of interconnected inhibitory and excitatory neurons. 1 

For our concerns, these dynamic models describe the evolution over time of two variables: 1) 2 

the average rate of action potentials within a neural population ɀ i.e. the firing rate or 3 

population rate -- which is considered as the main output signal underlying neural interactions; 4 

and 2) the average membrane potential, which is computed as a leaky accumulation and 5 

summation of the inputs to the population. The term leaky means that the membrane potential 6 

has a tendency to return to a certain state of equilibrium. Finally, the population rate is 7 

computed as following a saturated function of the average membrane potential (the function 8 

used is often a sigmoid). By 1973, Wilson and Cowan had already begun to model spatially 9 

organised neural tissues ɀ inspired by cortical and thalamic tissue -- introducing a model that 10 

will later be called the dynamic neural field. Dynamic neural fields are continuous spaces 11 

(usually a 1D line or 2D map) where each point in space is considered a neural population that 12 

follows the Wilson-Cowan model ɀ or derivative.  13 

Following this, Amari (1977), extended the Wilson-Cowan model, by exploring and formalizing 14 

the dynamics of a neural field with short range excitatory and long range inhibitory 15 

ÃÏÎÎÅÃÔÉÏÎÓȢ .ÏÔÅ ÔÈÁÔ ȰÌÏÎÇ ÒÁÎÇÅ ÉÎÈÉÂÉÔÉÏÎȱ ÏÎÌÙ ÍÅÁÎÓ ȰÌÏÎÇÅÒ ÔÈÁÎ ÔÈÅ ÅØÃÉÔÁÔÉÏÎ ÒÁÎÇÅȱȢ 16 

The main charÁÃÔÅÒÉÓÔÉÃ ÏÆ !ÍÁÒÉȭÓ ÔÙÐÅ ÏÆ ÄÙÎÁÍÉÃ ÎÅÕÒÁÌ ÆÉÅÌÄÓ ÉÓ ÔÈÁÔ ɀ for a specific 17 

parameter region -- an input signal can initiate a self-stabilized bump of activity in the field at 18 

ÔÈÅ ÉÎÐÕÔȭÓ ÍÁØÉÍÕÍ ÐÅÁË ÌÏÃÁÔÉÏÎȢ 7ÈÅÎ ÔÈÅÒÅ ÁÒÅ ÓÅÖÅÒÁÌ ÉÎÐÕÔ ÐÅÁËÓȟ ÔÈÅÙ ÍÁÙ compete ɀ 19 

if they are within inhibition range of each other -- or merge into one central peak of activity ɀ 20 

if they are proximal from each other. If the degree of inhibition/excitation is strong enough and 21 

the inhibition range relatively long, competition may lead to a single self-stabilized bump of 22 

activity in the field ɀ i.e. we obtain a winner-take-all mechanism (see Chapter 1 for more details 23 

on dynamic neural fields). Thus winner-take-ÁÌÌ ÎÅÕÒÁÌ ÆÉÅÌÄÓ ÁÒÅ Á ÓÕÂÔÙÐÅ ÏÆ !ÍÁÒÉȭÓ ÎÅÕÒÁÌ 24 

fields. Finally, depending on the strength of the recurrent excitation, the self-stabilized bumps 25 

of activity may or may not survive the removal of the input. When they do, such bumps are 26 

referred to as self-sustained, rather than self-stabilized, bumps (see Spencer et al., 2009 for a 27 

more detailed discussion on the properties of self-sustained and self-stabilized bumps).  28 

From that, Schöner, Spencer and colleagues have elaborated a Dynamic Field Theory. In 29 

ÐÁÒÔÉÃÕÌÁÒȟ ÔÈÅÙ ÐÒÏÐÏÓÅÄ ÔÈÁÔ !ÍÁÒÉȭÓ ÍÏÄÅÌ ÉÓ Á ÃÅÎÔÒÁÌ ÁÎÄ ÕÂÉÑÕÉÔÏÕÓ ÍÅÃÈÁÎÉÓÍ ÉÎ ÔÈÅ 30 

brain that can explain a multitude of behavioural phenomena going beyond the scope of this 31 

introduction (the theory led to a recent book, Schoner, Spencer, Group DFT Research, & others, 32 

2015). Interestingly, Schöner and colleagues began to construct their theory by applying it to 33 
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the visuo-oculomotor system (Kopecz, 1995; Kopecz, Engels, & Schöner, 1993; Kopecz & 1 

Schöner, 1995). At this time, the idea of using dynamic neural fields to model the visuo-2 

oculomotor system had already been introduced by Dominey and Arbib (1992), Lefèvre and 3 

Galiana (1992) or Arai et al. (1993, 1994) although they did not use the same terminology (e.g. 4 

ȰÔ×Ï-ÄÉÍÅÎÓÉÏÎÁÌ ÎÅÕÒÁÌ ÓÕÒÆÁÃÅÓȱ ÉÎÓÔÅÁÄ ÏÆ ÎÅÕÒÁÌ ÆÉÅÌÄÓɊȢ 4ÈÅ ÕÓÅ ÏÆ ÄÙÎÁÍÉÃ ÎÅÕÒÁÌ ÆÉÅÌÄÓ 5 

was a logical step: the majority of the brain regions involved in the visuo-oculomotor system, 6 

such as the LIP, FEF, SCs, SCi, are spatially organised neural tissue i.e., saccadic vectors, visual 7 

stimuli that are represented in register with each other over the two spatial dimensions of the 8 

neural tissue surface (a saccadic vector determine an amplitude and a direction).  These 9 

pioneering researchers, by introducing a dynamic aspect to SC models, have highlighted new 10 

possibilities to explain old issues (more details to find in the discussion of Chapter 2). This 11 

approach has also allowed for a better integration of SC models with the brainstem burst 12 

generator models (situated downstream) which were, at the time, already dynamic (D. A. 13 

Robinson, 1975; see also Scudder, 1988).  14 

  15 
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Chapter Two: Limitations of Short 1 

Mexican Hat Connection for Target 2 

Selection 3 

 Activity Suppression and Deviation from Input Stimuli. 4 

Abstract8: 5 

Dynamic Neural Field models (DNF) often use a kernel of connection with short range excitation 6 

and long range inhibition. This organization has been suggested as a model for brain structures 7 

or for artificial systems involved in winner-take-all processes such as saliency localisation, 8 

perceptual decision or target/action selection. A good example of such a DNF is the superior 9 

colliculus (SC), a key structure for eye movements. Recent results suggest that the superficial 10 

layers of the SC (SCs) exhibit relatively short range inhibition with a longer time constant than 11 

excitation. The aim of the present study was to further examine the properties of a DNF with such 12 

an inhibition pattern in the context of target selection. First we tested the effects of stimulus size 13 

and shape on when and where self-maintained clusters of firing neurons appeared, using three 14 

variants of the model. In each model variant, small stimuli led to rapid formation of a spiking 15 

cluster, a range of medium sizes led to the suppression of any activity on the network and hence 16 

to no target selection, while larger sizes led to delayed selection of multiple loci. Second, we tested 17 

the model with two stimuli separated by a varying distance. Again single, none, or multiple spiking 18 

clusters could occur, depending on distance and relative stimulus strength. For short distances, 19 

activity attracted towards the strongest stimulus, reminiscent of well-known behavioural data for 20 

saccadic eye movements, while for larger distances repulsion away from the second stimulus 21 

occurred. All these properties predicted by the model suggest that the SCs, or any other neural 22 

structure thought to implement a short range MH, is an imperfect winner-take-all system. 23 

Although those properties call for systematic testing, the discussion gathers neurophysiological 24 

and behavioural data suggesting that such properties are indeed present in target selection for 25 

saccadic eye movements.  26 

                                                           
8 Note that the present Chapter is adapted from Mégardon et al. (2015). 
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 Introduction 1 

The SCi was recognised as the main action selection map of the visuo-oculomotor system in 2 

General Introduction. This Chapter will assess the spatial interactions between exogenous 3 

signals that are likely to happen even before that exogenous signals reach the SCi ɀ so that 4 

perceptive levels are already shaping decisions. It will also be the opportunity to introduce the 5 

framework of Dynamic Neural Field models and spiking neuron models that will be used 6 

through this thesis. 7 

It has been suggested for a long time that a connectivity pattern of short range excitation and 8 

long range inhibition in topographically organized visual structures could achieve saliency 9 

localization - see blob detection models for computer vision (Bretzner & Lindeberg, 1998; 10 

Kong, Akakin, & Sarma, 2013; Lowe, 1999) but also models of V1/LGN (Kang, Shelley, & 11 

Sompolinsky, 2003; Schwabe, Obermayer, Angelucci, & Bressloff, 2006; Spratling, 2010; Zeng, 12 

Li, & Li, 2011) - and target selection (Arai et al., 1994; Kopecz, 1995; Kopecz & Schöner, 1995; 13 

Trappenberg et al., 2001). This connectivity pattern is often referred as a Mexican hat (MH) or 14 

centre-surround inhibition, and was already implemented in early Dynamic Neural Field (DNF) 15 

models (e.g. Amari 1977).  Recently the relevance of such organization has also been 16 

underlined for action selection in artificial cognition (Erlhagen & Bicho, 2006; Richter, 17 

Sandamirskaya, & Schoner, 2012; Sandamirskaya, 2014); hardware implementations have 18 

emerged (Millner, Grübl, Meier, Schemmel, & Schwartz, 2010) and are suggested to be an 19 

important milestone for developing complex cognition (Indiveri, Chicca, & Douglas, 2009). 20 

Among neural structures often modelled using a DNF with MH connectivity (which we will 21 

refer to as DNF-MH), a prominent example is the superior colliculus (SC). While both SCi and 22 

SCs have been assumed to have MH connectivity, most modelling has focused on the SCi (and 23 

hence on target/action selection rather than saliency). Results of SCi studies 24 

(electrophysiology: McIlwain 1982,Munoz and Istvan 1998; and anatomy: Behan and Kime 25 

1996; Meredith and Ramoa 1998) were in favour of MH connectivity and also suggested that 26 

inhibition from a given site can concern very distant areas of the map. Hence, without more 27 

precise measures, it was assumed that the inhibitory influence was very large. Numerous 28 

models implementing long range inhibition (Arai et al., 1993; Bompas & Sumner, 2011; Kopecz, 29 

1995; Kopecz & Schöner, 1995; Marino et al., 2012; Meeter et al., 2010; Trappenberg et al., 30 

2001; Wilimzig et al., 2006) showed that it was successful for winner-take-all selection of a 31 

saccade target among several options.  32 
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However, the idea of long range inhibition in the SC has been challenged (Isa & Hall, 2009; P. 1 

Lee & Hall, 2006). Very recently, a clearer picture has been obtained. Phongphanphanee et al. 2 

(2014) using multi-electrode arrays on slice preparations of rodent SC evaluated the local 3 

connectivity in SCs and SCi. This study found MH connectivity only in SCs and that, in this case, 4 

the range of inhibition is relatively short (see below for details). In SCi, the excitation zone was 5 

at least as large as the area of inhibitory influence. The second main difference between the SCs 6 

and the SCi revealed by the study concerned the time course of their excitatory and inhibitory 7 

responses to a sustained stimulation: where the SCi was behaving as an accumulator, the SCs 8 

showed transient responses. Globally these results led the authors to conclude that the winner-9 

take-all phenomenon is observed in the SCs and that it enables saliency detection. 10 

Phongphanphanee et al. (2014) wrote "The sensory layer (SCs) is optimized to localize the 11 

single most salient stimulus" (p. 2342). The SCi, in turn, would cascade activity from the SCs 12 

and integrate it with its other inputs to perform target selection. Importantly, the saliency 13 

selected and localised by the SCs can be translated into the winner of the SCi target selection 14 

when other target candidates are negligible. As stated above, numerous models of the SC were 15 

implementing long range inhibition to perform selection. The results of Phongphanphanee et 16 

al. (2014) call for an exploration of properties of map integrating MH with short range 17 

inhibition and temporal dynamics based on the SCs. 18 

The aims of the present study were: 1) to test the capacity of such a DNF-MH with short range 19 

inhibition to perform reliable target selection and 2) to highlight its noticeable properties and 20 

its potential limitations in such a context. Importantly, those properties could represent 21 

testable predictions to address if the SCs ɀ or any brain structure ɀ performances are indeed 22 

driven by a short range MH. We implemented this type of DNF-MH in two dimensions with 23 

spiking neurons. We fed it with various types of input stimulation to assess the emergence of 24 

ÌÏÃÁÌÉÚÅÄ ÁÎÄ ÓÔÁÂÌÅ ÃÌÕÓÔÅÒÓ ÏÆ ÆÉÒÉÎÇ ÎÅÕÒÏÎÓ ɉÁ ȰÓÐÉËÉÎÇ ÃÌÕÓÔÅÒȱɊ ÔÈÁÔ ×ÏÕÌÄ ÒÅÐÒÅÓÅÎÔ 25 

saliency and/or target selection. We first explore the effect of stimulus size on the performance 26 

of the model. Second, we tested the model while two stimuli were presented at the same time 27 

and we measured their interaction while varying their weights and the distance between them.  28 

As a final note, although our rationale is largely based on results obtained in the SC, especially 29 

the superficial layers, our results describe a set of phenomena possible for any DNF-MH 30 

implementation and usage.  31 

 32 
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 Material and Methods 1 

 Overview of the Model 2 

The model is a simple network of neurons organized as one 2D layer of 100x100 cells (Figure 3 

2-1A) and connected according to a 2D Mexican hat kernel (Figure 2-1B). Our model is close 4 

to those of K. Arai, Keller, and Edelman 1993; Marino et al. 2012; Trappenberg et al. 2001; 5 

Wilimzig, Schneider, and Schöner 2006. Nevertheless the critical differences are that we 6 

implemented a MH with a short range of inhibition and spiking neurons (Figure 2-1C) which 7 

allow to set up different synaptic decay times for inhibition and excitation (see section 2.2). 8 

Finally, we did not implement the logarithmic compression of space that is observed in the SC 9 

to remain general.  10 

The model is implemented in Python 2.7 (http://www.python.org/ ) and using the library 11 

BRIAN, a spiking neuron network simulator (D. Goodman & Brette, 2008; D. F. Goodman & 12 

Brette, 2009). The code source for all the following simulations can be found at: 13 

https://github.com/Nodragem/SuppData -MHLimitations-Selection. We used the libraries 14 

numpy and matplotlib for our computations and figures (see respectively Walt, Colbert, and 15 

Varoquaux 2011 and Hunter 2007). 16 

http://www.python.org/
https://github.com/Nodragem/SuppData-MHLimitations-Selection
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 1 

Figure 2-1: Overview of the model. Subplot A: The model is a dynamic neural field (DNF) of 2 

100x100 cells. The red to yellow circle represents the cluster of spiking neurons after stimulation of 3 

the neurons on the green line fed by the input neuron (green circle). This cluster forms a circle 4 

centred on neuron A. Neurons A (blue-white dot) and B (red-white dot) are marked in reference to 5 

subplots B and C. Subplot B: Illustration of the reference Mexican hat kernel (K = 1.2; b = 6.0Ƞ ʎy = 6 

ʎx = 5; see main text). The graph shows the connection weight of neuron A with its neighbourhood. 7 

The X- and Y-axis represent the distance from neuron A in number of cells; The Z-axis represents the 8 

weight of connection, a positive number is excitatory while a negative number is inhibitory 9 

(arbitrary unit). Subplot C: illustration of equation 1. Each spike of neuron A (panel 1, red bars) 10 

opens excitatory channels on the membrane of neuron B that close by themselves according to time 11 

ÃÏÎÓÔÁÎÔ ʐÅ ɉÐÁÎÅÌ φȟ ÏÒÁÎÇÅ ÃÕÒÖÅɊȢ 4ÈÅÓÅ ÏÐÅÎÅÄ ÅØÃÉÔÁÔÏÒÙ ÃÈÁÎÎÅÌÓ ÒÁÉÓÅ ÔÈÅ ÍÅÍÂÒÁÎÅ ÐÏÔÅÎÔÉÁÌ 12 

of neuron B (panel 3, green curve). When a threshold (-50 mV here) is reached, a spike is triggered 13 

in the neuron B (panel 4, red bar). 14 

 15 

 16 

 17 

 18 

 19 
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 1 

The spiking neuron model (Lapicque, 1907; Brunel & van Rossum, 2007 for translation) used 2 

here is a simplification of conductance-based integrate-and-fire (Hodgkin & Huxley, 1952; 3 

Shadlen & Newsome, 1998). Activity of each neuron (unit) of this network can be described 4 

with the following equations: 5 

ừ
Ử
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Ử
Ử
Ừ
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Ử
Ử
Ử
ứ
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 6 

Equation (a)  describes the time course of the membrane potential V for all neuron n (Figure 7 

2-1C, column 3). It goes toward its equilibrium V0 ×ÉÔÈ Á ÔÉÍÅ ÃÏÎÓÔÁÎÔ ʐm when at rest while it 8 

goes toward Ve or Vi when ge or gi are different from zero. When V reaches a threshold Vt for 9 

a neuron n, a spike is emitted and V is reset to Vr for that neuron n. After it emits a spike, a 10 

neuron will be unaffected by any input during a refractory period of 1.5 ms. This refractory 11 

period limits the maximum firing rate to 600 Hz which is consistent with SC cell recordings for 12 

instance (R. W. Anderson et al., 1998; Sparks et al., 1976). 13 

 Equations (b) and (c)  describe the time course of the opening of excitatory and inhibitory 14 

gates ɀ ge and gi -- on neuron nȭÓ membrane (Figure 2-1C, column 2). By default, ge 15 

(respectively gi) goes to zero with a time constant of ʐe (respectively ʐi) ɀ the synapse decay 16 

time. For each time ὸ  -- corresponding to a spike f of a neuron Îȭ in the network -- ge 17 

(respectively gi) gets an immediate increase (from the Dirac function) which corresponds to 18 

the weight connecting n to Îȭ defined by we (respectively wi). Finally, one or more 19 

experimenter-controlled spiking neurons can be connected to the model through ge (see 20 

Figure 2-1A). Their firing rate over time is controlled by a curve Fs; in that sense, they 21 

resemble electric stimulations used in neurophysiology and do not follow a Poison process. 22 
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The connections to the network are defined within the unit interval with a matrix ws and are 1 

modulated with ɻs.  2 

The matrices of connections we and wi are of size 10000x10000 (the number of neurons in the 3 

network is 100x100 = 10000). Each row defines the connections of one neuron n with the other 4 

neurons Îȭ. The matrices wi and we are computed from a difference of Gaussians equation: 5 

Ὢὼȟώ᷄ —ȟ—ȟὑȟ‍

ρ ‍ÅØÐ
ὼ ‘

ς„

ώ ‘

ς„
‍ÅØÐ

ὼ ‘

ςὑ„

ώ ‘

ςὑ„

 6 

(2) 7 

Where the positive part of f is used to define we, while the negative part is used for wi. It is 8 

important to note that f describes a 2D Mexican hat curve (as in Figure 2-1B), and so it returns 9 

a 2D map of connections for one neuron. In order to populate we and wi with  f, we used the 10 

following relation :  11 

ὼ ‘ ὧÍÏÄρππὶÍÏÄρππ 12 

ώ ‘ 1ÕÏÔÉÅÎÔὧȟρππ1ÕÏÔÉÅÎÔὶȟρππ  13 

Where c and r denote the column and row index of the matrices, respectively. This operation 14 

simply centres and slices the map of connections returned by f for each neuron so that it can 15 

be written as a row of we (or wi).  16 

Finally, the variables ʎx/ʎy and +ʎx/+ʎy define the standard deviation of the Gaussians. Thus, 17 

K is used to set up the inhibitory/excitatory extent ratio while the parameter ɼ control s the 18 

depth of the inhibition. It can be noted that the values of f are constrained not to exceed the 19 

range -1 to 1: ɻe and ɻÉ are used to scale them to a relevant dimension for the network, its unit 20 

being millivolt. 21 

 Parameter Choice 22 

All the parameters of the model are summarized in Table 1. Parameters for which values are 23 

not given in the table have values varying in the different simulations and these values are to 24 

be found in the description of each specific simulation. The neuron parameters were taken 25 

from recent spiking neuron models of the SC (Lo, Boucher, Paré, Schall, & Wang, 2009; Morén, 26 

Shibata, & Doya, 2010, 2013) and adapted to obtain clusters that maintain a stable activity on 27 

the map for the range of stimulations we used. Concerning synaptic decay times, ʐi is longer to 28 
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ʐÅ which is coherent with the observation of Phongphanphanee et al. (2014) during a sustained 1 

stimulation of the SC (see their figure 7): indeed, Figure 2-4E of the present report shows that 2 

our model was able to reproduce a transient response of the membrane potential to a sustained 3 

input. However, to our knowledge the time constants ʐÉ and ʐÅ of actual SC neurons have never 4 

been specifically measured, which explains large differences in parameters values between the 5 

work of the two previous teams. By default, no noise will be introduced in the model. If a noise 6 

source is used, it will be stated in the text. 7 

Concerning the lateral connection parameters, we used values for K and b  that were chosen 8 

based on previous physiological or modelling studies. The parameter K, corresponding to the 9 

ratio inhibition  range/excitation  range, was set to 1.2 to limit lateral inhibitory influence to a 10 

relatively small range consistent with recent results (see Isa and Hall 2009 for a review). This 11 

ratio is similar to the value suggested by the SCs in-vitro study of Phongphanphanee et al. 12 

(2014). Indeed, they reported an EPSC half-×ÉÄÔÈ ÁÒÅÁ ÏÆ ρσπ ʈÍ2 and IPSC half-width area of 13 

ρτυ ʈÍ2 (see their figure 4D and their text page 5; ÎÏÔÅ ÁÌÓÏ ÔÈÁÔ ,ÅÅ ÁÎÄ (ÁÌÌȭÓ (2006) in vitro 14 

ÓÔÕÄÙ ÏÎ ÒÁÔ 3#É ÒÅÐÏÒÔÅÄ ÒÁÔÉÏÓ ÏÆ υππʈÍȾσππʈÍ Ѐ ρȢφ ÏÒ υππʈÍȾτππʈÍ Ѐ ρȢςυɊ. The 15 

parameter b corresponds to the strength of inhibition; it was set at 6.0 in order to set the 16 

maximum inhibition weight at roughly the half of the excitation maximum weight to fit with 17 

the results of Arai et al. (1994) (see the black curve of our Figure 2-2 -- the minimum weight 18 

of the reference MH is at -100 mV for a maximum of 200 mV). Note that we test variations in K 19 

and b values below. 20 

Lastly, our parameters are chosen for the neural field to be bistable between the all-off state 21 

and a spiking cluster state. When a bump in the membrane potential reaches the threshold, the 22 

model generates systematically a stable and well-defined group of spiking neurons around the 23 

point which passed the threshold. We name this group a "spiking cluster" to distinguish it from 24 

bumps in the membrane potential. This spiking cluster is similar to a bump of activity in a 25 

population rate model, and being stable, it survives after we stop stimulating the neural field. 26 

  27 
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Table 1: Model parameters and variables: 1 

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 1 ms 

Neuron parameters Symbol Value and unit 

membrane time constant m̱ 10 ms 

excitation time constant e̱ 3 ms 

inhibition time constant i̱ 10 ms 

potential threshold Vt -50 mV 

reset potential Vr -80 mV 

resting potential V0 -70 mV 

Nernst potential of excitation ions Ve 0 mV 

Nernst potential of inhibition ions Vi -80 mV 

Neuron variables Symbol Unit 

membrane potential V 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 ɼ no unit 

inhibition/excitation extent ratio K no unit 

standard deviation on Y-axis ỳ cells 

standard deviation on X-axis x̀ cells 

centre position on X-axis ɾx cells 

center position on Y-axis ɾy cells 

matrix of positive connections We no unit 

weight factor for positive connection ɮe 200 mV 

matrix of negative connections Wi no unit 

weight factor for negative connection ɮi 200 mV 

External stimulus parameters Symbol Unit 

spikes train Fs no unit 

matrix of connections with the model Ws no unit 

weight factor ɮs mV 

 2 
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 Simulation Set 1: Size Variation of a Single Stimulus 1 

In a first set of simulations we want to characterize the response of the selection map to stimuli 2 

of different sizes. We iterate the exploration for three different instances of the MH to test for 3 

the effect of slight variations in the inhibition strength and extent. 4 

A range of stimulus lines of varying size (see below) was tested with the model. We ran three 5 

different sub-simulations (S1, S2, S3): one testing the reference MH (see section 2.2) and two 6 

testing variations of it in order to make sure that the results are robust to moderate changes in 7 

the connectivity profile. More specifically, the first sub-simulation (S1) implemented the 8 

reference MH (K = 1.2 and b = 6.0; see Model parameters). The second sub-simulation (S2) was 9 

conducted to test a larger extent of inhibition. K was fixed to 2.0, which covers the upper end 10 

suggested by data of Phongphanphanee et al. (2014). In order to only address the extent of 11 

inhibition, b  was set to 1.43 with an optimization algorithm to keep the minimum of MH 12 

function (depth of the inhibition) similar to S1. The third sub-simulation (S3) was conducted 13 

with K = 1.2 and b  = 8.0 to observe the effect of a stronger inhibition while keeping its extent 14 

constant. For the whole set of simulations in this part, sx and sy were fixed to 5 neurons, this 15 

was chosen to get relatively small MH lateral connections compared to the dimension of the 16 

model map. Given that the determinant factor is the relative size of the stimuli compared to the 17 

-(ȭÓ ÓÉÚÅȟ ÈÁÖÉÎÇ ÓÍÁÌÌ ÃÏÎÎÅÃÔÉÏÎÓ ÁÌÌÏ×ÅÄ ÕÓ ÔÏ ÉÎÃÒÅÁÓÅ ÔÈÅ ÒÁÎÇÅ ÏÆ ÔÅÓÔÅÄ ÓÔÉÍÕÌÕÓ ÓÉÚÅÓȢ 18 

The map was stimulated with line-shaped stimuli with twenty sizes (2 neurons up to 42 19 

neurons in steps of 2 neurons along the Y-axis). These line-shaped stimuli were defined by Is  20 

=  ɻÓ * ws * Fs as explained in the equation (1.b). The maximum size of 42 neurons represents 21 

less than 50% of the Y-axis size of the model map in order to limit border effects (map size = 22 

100x100 neurons, see table 1). The firing rate pattern over time of the external input, Fs, was 23 

a Gaussian centred on 25 ms with a standard deviation of 80 ms and a maximum frequency of 24 

400 Hz. The strength of the stimulus was ɻÓ = 4000mV. Finally, the duration of each simulation 25 

was 200 ms. 26 

The results will be split in two parts. The first part focuses on the spatial pattern of spikes 27 

obtained on the map while the second part focus the temporal pattern happening before the 28 

spikes, at subthreshold level. Further explorations are presented in Appendix B where we 29 

extend our results to 2D shapes and Appendix C where we investigate whether our results are 30 

similar when using a sustained input (section 8). In Appendix A, we used our model in 31 
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combination with behavioural data to address a recent hypothesis linking the SCs to saccadic 1 

behaviours.  2 

 3 

Figure 2-2: The three Mexican hats tested in Simulation 1.  They correspond to the connection of 4 

a neuron n with its neighbourhood (i.e. ɻÅȢ×Å Ͻ ɻÉȢ×ÉɊȢ 4ÈÅÙ ÁÒÅ ÏÎly plotted on the X-axis and for 5 

one direction. 6 

 7 

 Simulation Set 2: Interaction of Two Stimuli 8 

Our first set of simulations addresses the effect of stimulus size in a simple DNF-MH used as a 9 

target selection map. However, such a map is prone to receive many candidate points of 10 

interest from satellite structures feeding it. Our second set of simulations tests the behaviour 11 

of our DNF-MH model when stimulated at two points with varying the distance and relative 12 

strength. In a comparison of our model with the SCs, this simulation is analogous to the in-vitro 13 

experiments conducted by Phongphanphanee et al. (2014) and by Vokoun et al. (2014) in 14 

which these two teams stimulated two points in the SCs varying the distance and the strength 15 

of stimulations injected in each point. 16 

Two stimulation points, A and B, of size 2x2, are considered. Stimulation A is kept at a fixed 17 

location (x= 31; y= 51), while stimulation B is tested for distances from 2 to 40 cells with a step 18 

of 2. Stimulation A and B both have the same firing rate pattern as used in simulation 1. While 19 

the stimulation B is always connected with a weight of 4000 mV to the model, stimulation A is 20 

tested for 3 different weights: 1333 mV, 2000 mV and 4000 mV. We used the reference MH 21 
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ÃÏÎÆÉÇÕÒÁÔÉÏÎ ɉ+ Ѐ ρȢςȠ  ɼ Ѐ φȢπɊ ÂÕÔ ÉÎ Á ÌÁÒÇÅÒ ÉÍÐÌÅÍÅÎÔÁÔÉÏÎ ɉʎØ Ѐ ʎÙ Ѐ ψȢυ ÃÅÌÌÓȟ ÃÏÍÐÁÒÅÄ 1 

to 5 cells in Simulation 1, to increase the MH size and hence virtually increase the granularity 2 

of our probing). The result we report here is the position of the spiking cluster nearest to 3 

stimulation B on the map. Its localization is defined by the centre of gravity of its spike count 4 

over all the simulation. To control that border effects was not at the origin of the following 5 

observations, a control condition was run that tested the spiking cluster position for the 6 

different location of the stimulation B alone. The spiking cluster positions were then well 7 

aligned with the stimulation B and suggest there is not border effect at those locations.  8 

The results for the simulation set 2 will be split in two parts. The first part presents the results 9 

without including noise in the model. The second part tests if the results obtained for the 10 

condition 4000mV-4000mV are robust to the addition of noise in the model and if they extend 11 

to a slight inequality in A and B intensity (3500mV-4000mV). Precisely, the noise was added to 12 

the membrane potential and was following a normal distribution of standard deviation 4 mV.  13 

 Results 14 

 Simulation Set 1: Spatial Patterns 15 

Figure 2-3 shows membrane potential and firing rate for all neurons of the neural field for a 16 

subset of stimulus sizes for the 3 MH variants (S1, S2, S3, depicted in Figure 2-2). These values 17 

of membrane potential and firing rate were averaged over all the simulation time (200ms). The 18 

represented line sizes illustrate the different activity patterns that we observed. Panel D shows 19 

the number of spiking clusters (see parameter section for definition) as a function of the 20 

stimulus size for the three MH variants, as further explained below. 21 

For the first MH (S1, K = 1.2 and b = 6.0, Figure 2-3A and black line in 3D), a unique circular 22 

spiking cluster located on the centre of the stimulus line was observed from the smallest size 23 

up to the size of 18. Despite the transient nature of the stimulation, the spike cluster persists 24 

during the whole duration of the simulation. On the contrary, from size 20 to the largest tested 25 

size (size 42), no spiking clusters appeared on the firing rate map: a complete activity 26 

suppression was observed. It can be noticed that on the membrane potential map, the activity 27 

appears equally spread for size 20 while the activity is stronger on the extremities for size 42. 28 

This sub-threshold activity distribution suggests that the extremities could win the 29 

competition if the spiking threshold was decreased. 30 
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 1 

Figure 2-3: Overview of the spiking clusters spatial distribution during S1, S2 and S3  2 

(respectively subplot A, B and C). The results are shown for the most informative stimulus sizes, 3 

which are different according to the set of simulations and are indicated on each column of the 4 

graphs. Subplot A, B, C: On each picture, the top part shows average membrane potential during 5 

the simulation; the lower part shows average firing rate during the simulation. Subplot D 6 

summarizes the result: the number of spike clusters is computed as the sum of spikes on the map 7 

divided by the sum of spikes occurring for the first distractor size (each first distractor size gave rise 8 

to one spike cluster that is used as reference). 9 

 10 

In the second sub-simulation (S2, K = 2.0 and b = 1.43, Figure 2-3B and red line in D), we 11 

observed similar results but the spiking cluster for small line sizes was larger and the complete 12 

activity suppression starts at a larger stimulus size. These two observations are to be related 13 

to the slightly larger excitation influence in S2 with respect to S1 (Figure 2-2). The main 14 

difference with S1 appears at size 42: the activity on the extremities was strong enough to give 15 

rise to two spiking clusters. Those two spiking clusters have a weaker average firing rate than 16 

the one observed for previous sizes. Below (section 3.2), we show this is due to a larger latency 17 

before the first spike rather than a lower firing rate once initiated. 18 
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In the third sub-simulation (S3, K = 1.2 and b = 8.0, Figure 2-3C and green line in D), similar 1 

results as in S2 and S1 are found but with a smaller radius of the spiking cluster for small line 2 

sizes and a suppression that starts at a smaller stimulus size (size 16). Here, two spiking 3 

clusters were observed, as in S2, for stimulus size 30 to 36. However, S3 differs from S2 as a 4 

complete suppression was again observed for larger sizes than 36. When present, the two 5 

spiking clusters were on average weaker than the unique spiking cluster observed for smaller 6 

sizes. Once more, below (section 3.2), we explain that this is due to a larger latency before that 7 

the spiking clusters arise. 8 

Thus complete activity suppression occurred for at least one range of sizes for each set of 9 

simulations. The stimulus size for which it appears is positively correlated with the size of the 10 

positive area of the MH used for these simulations. 11 

Lastly, note that the stimuli tested were spatially homogenous: each point of the stimulus gave 12 

the same input to the map. This type of stimulation may favour complete suppression, and if 13 

noise were present in the network, it is conceivable that it could randomly favour the selection 14 

of a spiking cluster and hence eliminate the phenomenon of complete suppression. To test this 15 

hypothesis we added normally distributed noise in the membrane potential of all the units of 16 

the 2D network, using K = 1.2 and b = 6.0 (S1). The standard deviation of the noise was of 4mV, 17 

which corresponds to a fifth of the distance between the resting potential and the threshold. 18 

The results were similar to those presented above. Hence, even with noise in the network, the 19 

phenomenon of complete suppression could be observed. 20 

 Simulation Set 1: Temporal Dynamics 21 

In simulations S2 and S3 larger stimuli could lead to two spiking clusters, which show a lower 22 

firing rate average than for the unique cluster appearing for smaller sizes. Figure 2-4A, B, C 23 

shows the evolution of the membrane potential for neurons just next to the stimulus line (see 24 

caption for more details) for the same sizes addressed in Figure 2-3A, B and C. It can be 25 

observed that the threshold to the first spike is reached much later for sizes giving rise to two 26 

spiking clusters (size 42 in SA2 and size 30 in SA3) when compared to sizes leading to one 27 

spiking cluster. In addition we have estimated the firing rate of the spiking clusters for the last 28 

50 ms of each simulation: their firing rate does not change between stimulus size (550-600Hz 29 

for S2, 350-400Hz for S3,). Hence the change in firing rate average observed in S2 and S3 was 30 

the result of the change in latency for the membrane potential to reach the threshold. 31 
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 1 

Figure 2-4: Overview of the membrane potential dynamics during SA1, SA2 and SA3. Subplot 2 

A-C: Effect of the stimulation on the neighbourhood according to time. We report the membrane 3 

potential of the most excited neuron among the neurons situated along a line parallel to the stimuli 4 

and at 2 cells from it (x = 52). When a neuron on this line reaches its threshold (at -50 mV, see the 5 

dashed horizontal line), it means that a spiking cluster is created. A, B and C correspond to the 3 6 

different MHs introduced in Figure 2-2Ƞ ÔÈÅÉÒ ÐÁÒÁÍÅÔÅÒÓ + ÁÎÄ ɼ ɉÆÒÏÍ ÅÑÕÁÔÉÏÎ φɊ ÁÒÅ ÉÎÄÉÃÁÔÅÄȢ 7 

For each MH, we plot the maximum of the membrane potential for the same sizes as shown in Figure 8 

2-3.The vertical lines at the bottom represent the input spike train. Subplot D:  Initial speed 9 

(averaged between 0 and 6 ms) of the membrane potential (in mV/s) according to stimulus size for 10 

SA1, SA2 and SA3. The circles plotted on the curves denote that, for these stimulus sizes, the 11 

membrane potential reached the threshold before 30 ms and led to one spiking cluster on the neural 12 

field. Subplot E: Speed of the membrane potential (in mV/s) between 30 and 90 ms when auto-13 

inhibition prevented threshold being reached in the first rise, plotted according to stimulus size. The 14 

circles plotted on the curves denote that, for these sizes, the membrane potential reached the 15 

threshold sometime after 30 ms and there are two spiking clusters on the map. 16 

 17 

We can observe in all the simulations (Figure 2-4A, B, C, all curves) an early rise of membrane 18 

potential. This early rise is at the origin of all single spiking clusters observed in Figure 2-3. 19 

Moreover, Figure 2-4D shows the speed of this early rise (for the interval between 0 and 6 ms) 20 

for all stimulus sizes. This speed increases until an optimal size (10, 12 and 8 cells for S1, S2 21 

and S3 respectively) and then decreases to a plateau. The obtained curve is analogue to what 22 

is found with the firing rate of neurons in surround suppression literature (Sceniak, Ringach, 23 

Hawken, & Shapley, 1999; Schwabe et al., 2006). Empty circles on the curves indicate that the 24 
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threshold is reached before 30 ms (i.e. a single spiking cluster is observed). Hence we can see 1 

that close to the stimulus size corresponding to the beginning of the plateau, the initial wave of 2 

excitation starts to fail to reach spiking threshold. Interestingly, in those conditions (size 20 3 

and 42 of Figure 2-4A for instance), we can observe that the early rise is transient. This 4 

transient nature is explained further through the dynamics of excitatory and inhibitory 5 

influences in Appendix C. Interestingly, this transient rise in the membrane potential echoes 6 

the transience observed by Phongphanphanee et al. (2014) in the SCs as previously mentioned 7 

(see their figure 7A, left).  8 

The two spiking clusters for larger stimuli occurred through a late second rise in membrane 9 

potential after 50ms (e.g. size 42 and 30 for S2 and S3). By observing the curve for size 20 in 10 

S1 Figure 2-4A, we can see that a late rise in the membrane potential occurs also for 11 

intermediate sizes, but insufficiently to produce late spiking clusters (see also size 24 for S2 12 

and sizes 16 and 38 for SA3), this corresponds to the complete activity suppression shown on 13 

Figure 2-3. To examine this further, Figure 2-4E plots the mean speed of the membrane 14 

potential averaged between 30ms and 90ms to illustrate how the second rise varies over 15 

stimulus size. The time window used catches the variation for S3 especially well showing that 16 

the second rise of the membrane potential, like the first, also has an optimal stimulus size after 17 

which the rise speed decreases again and it fails to reach threshold (note that the pattern may 18 

be compared to Figure 2-3D). 19 

 20 

 Simulation Set 2: Spatial Interactions 21 

Figure 2-5C shows a summary of the results for these simulations. The spiking clusters 22 

produced by the model indicate which locus has been selected as a target. Its deviation from 23 

stimulation B is shown as a function of distance between the two loci of stimulation. Negative 24 

values correspond to a deviation toward the locus of A.  The three curves correspond to the 25 

three different intensity of stimulation tested for the point A (1333, 2000, 4000mV; B is always 26 

stimulated with 4000mV). Filled symbols indicate that only one spiking cluster was present on 27 

the network and open symbols that two clusters survived. 28 

In the case of equal strength for both stimulations (green curve), for the first distances up to 29 

14 cells, we observed one single resulting cluster (fusion phenomenon) that was in between  30 
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 1 

Figure 2-5: Interaction between two stimulation induced bumps according to their distances.  2 

The magenta dot in subplot A and C represent the position of stimulation B, while the green dot 3 

represents the stimulation A. The white dot in subplot A is the centre of gravity of the spiking cluster 4 

the nearest from stimulation B. The plot B describes the deviation of that centre of gravity (white 5 

dot) from the stimulation B (magenta dot) on the x-axis. Filled dots denote there is only one spiking 6 

cluster on the map, while the unfilled dots denote there are two spiking clusters on the map. The 7 

simulation was run for different distance between the stimulation A and B (x-axis), and for different 8 

strength of the stimulation A (curves red, blue and green).Note that the subplot A shows an average 9 

of the firing rate over the simulation while the subplot B show an average of the membrane potential 10 

over the simulation. 11 
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the two stimulation loci (see Figure 2-5A1 Attraction). That observation can be related to the 1 

activation merging found by Vokoun et al. (2014) in the SCs (see their Figure 3). Then for two 2 

following distances (16 and 18 cells), a complete suppression of activity on the map was 3 

observed (see Figure 2-5A2 Suppression). Finally, from a distance of 20 cells up to the largest 4 

tested distance (40 cells), two clusters are produced and the closer to the site of B is repulsed 5 

in the opposite direction with respect to A (positive values on y axis of the panel B). The panel 6 

A3 allows us to see that the same repulsion was observed for the cluster close to the A site. This 7 

repulsion phenomenon decreased as the distance between the two stimulating sites increased. 8 

When stimulation B was stronger than stimulation A (blue and red curves), in almost every 9 

case only one cluster was produced: a winner-take-all mechanism occurred and selected a 10 

locus near stimulation B. Nevertheless, a deviation toward stimulation A is still observed up to 11 

the distance 16 cells: the spiking cluster appears in between the two stimulations. Note here 12 

that the selected locus is closer to the strongest stimulation and that it gets closer when the 13 

latter gets stronger. That bias toward the strongest stimulus is also observed in Vokoun et al. 14 

(2014). For larger separation distances, the winning cluster remained localized near site B. 15 

This result goes in line with the results of Phongphanphanee et al. (2014): when the 16 

stimulations are close enough, an activation is present at A and B sites while when the 17 

stimulations are more distant, no activity is recorded close to the stimulation A (the weakest) 18 

and a normal cluster is observed close to the stimulation B (the strongest). Nevertheless, the 19 

winner -take-all mechanism is not perfect: the selected locus is near to B but not aligned with 20 

it. Indeed a deviation away from stimulation A occurred, similar to what we observed with 21 

equal strength simulations. 22 

Figure 2-5C shows the abrupt end of the winner-take-all phenomenon with stimulus distance9 23 

for the condition with A=2000mV (the panels correspond to the three blue arrows of Figure 24 

2-5B). In panels C1 and C2, stimulation A is on the edge of influence of stimulation B. In panel 25 

C3 (distance = 40 cells), the activity at A escaped from the small inhibition influence of 26 

stimulation B and two clusters emerged ɀ the system fails to select only one stimulus. That does 27 

not happen for the condition 4000mV-1333mV at distance 40: the stimulation A is then too 28 

weak to overcome the small inhibition influence of B.  29 

                                                           
9 Note that, ÉÎ ÔÈÅ ÆÒÁÍÅ ÏÆ ÔÈÉÓ ÔÈÅÓÉÓ ÁÎÄ ÅØÃÅÐÔ ÉÆ ÓÔÁÔÅÄ ÏÔÈÅÒ×ÉÓÅȟ ȰÓÔÉÍÕÌÕÓ ÄÉÓÔÁÎÃÅȱ ×ill always refer 
to the distance between two stimuli, i.e., the inter-stimulus distance. 
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 Simulation Set 2: Tight competition and addition of noise. 1 

Our previous results for two stimulation inputs of exactly same strength show that for a given 2 

range of distances a complete suppression of activity is observed. This corresponds to a failure 3 

for the DNF-MH model to select only one target.  One can suggest that this failure of the winner-4 

take-all is due to 1) the absence of noise in our model or 2) the unnatural exact equality of the 5 

two stimulations in competition.  6 

 7 

Figure 2-6: Interaction between two stimulations according to their distances, with noise and 8 

tight competition  (4000-3500mV). Same description as for Figure 2-5B. 9 

 10 

We tested here if the previous results, notably the suppression, can be obtained with the 11 

addition of noise and for close competition (3500mV vs 4000mV). 12 

Figure 2-6 shows the results of one simulation with these conditions. The results are strongly 13 

similar to those obtained in the simulation without noise. The addition of noise, even if it helps 14 

to get only one winner (compare distance 20 and 22 in Figure 2-6 and Figure 2-5B), does not 15 
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prevent the case of two-winner and no-winners in the 4000mV-4000mV condition. 1 

Interestingly, the condition 4000-3500mV (dark blue curve, Figure 2-6) shows that we can 2 

also obtain activity suppression when the two stimulations are not exactly of the same 3 

strength. This occurs for distance 16 and 18 cells, similarly to the equal strengths condition. 4 

However, in this case, the two-winner situation is not observed directly after the suppression 5 

phase. For some distances, the curve is similar to the one obtained in the condition 4000-6 

2000mV. Nevertheless, finally stimulation A succeeds to give rise to a spiking cluster because 7 

the inhibition from stimulation B gets smaller after a certain distance (see Figure 2-2 for the 8 

shape of a MH curve). Here, stimulation A being stronger than in the 4000-2000mV condition, 9 

it overcomes the inhibition of B (i.e. it results in two clusters) at a smaller distance. 10 

 Discussion 11 

The aim of the present study was to get further insight into the properties -- and their 12 

consequences for saliency or target selection -- of Dynamic Neural Fields based on a Mexican 13 

hat kernel (DNH-MHs) in the specific case of short inhibitory influence. Indeed, this type of 14 

lateral connection has been recently demonstrated for a classical biological example of DNF-15 

MHs, the superior colliculus (SC; see Introduction). We designed a simple one layer model 16 

implementing the most recent data concerning lateral interaction in this neural structure 17 

(Phongphanphanee et al., 2014) and we tested its properties. We observed that certain 18 

stimulus sizes could lead through centre-surround interactions to a complete suppression of 19 

the network activity, while larger sizes led to multi loci selection. This complete suppression, 20 

which led to no target selection, also occurred when two stimulations were presented 21 

simultaneously within a certain range of distances. For smaller distances, the model selected a 22 

position in-between, closer to the strongest stimulus (attraction/fusion), while for larger 23 

distances the model selected two loci that were deviated away from the stimuli positions 24 

(repulsion). We discuss these results of suppression and spatial deviation (i.e., 25 

attraction/fusion and repulsion) obtained here in view of neurophysiological, modelling and 26 

previous behavioural findings. 27 

  28 
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 Suppression phenomena: Neurophysiology results  1 

It may seem counterintuitive to observe complete suppression on a saliency map for large 2 

stimuli of interest. This result can nevertheless be related to previous neurophysiological, 3 

modelling and behavioural findings in the visuo-oculomotor system and may help to 4 

disentangle unanswered questions. 5 

Suppression phenomena in which larger stimuli produce lower activity than smaller ones are 6 

well described in sensory systems and especially in the visual system (Allman, Miezin, & 7 

McGuinness, 1985; Series, Lorenceau, & Frégnac, 2003). Most of the time a decrease in the 8 

response is observed (either a decrease in the frequency of the response or/and in the number 9 

of spike emitted; see Hubel and Wiesel 1968), rather than a complete suppression as observed 10 

here. Nevertheless, phenomena of total suppression have also already been reported in 11 

physiological recordings. Goldberg and Wurtz (1972) showed a complete suppression of SCs 12 

response when increasing the size of a visual stimulus (see their Figure 4). Additionally, more 13 

recently, in a study on SCs receptive field, Wang et al. (2010) reported that the activity of SCs 14 

neurons was completely suppressed for large stimuli centred on the tested neurons (see their 15 

figure 5). Our study brings some clues concerning mechanisms underlying these suppressive 16 

phenomena. Indeed, their neural substrates remain debated (Sachdev, Krause, & Mazer, 2012). 17 

The origin of the suppression is proposed to be due to 1) a decrease of feedforward activation 18 

2) interactions involving local lateral connections or, finally, 3) feedback connections from 19 

higher areas. The present study confirms, on a theoretical ground, that centre surround 20 

interactions in a single layer based on the most up to date physiological evidence from SC is 21 

sufficient to provide total suppression of the response for a certain range of stimulus sizes. 22 

For any given surround suppression phenomenon, the present work provides predictions to 23 

test the hypothesis that it might be driven by short inhibitory lateral connections. First, 24 

increasing the size of a line stimulus should lead, after the suppression phase; to the 25 

reappearance of activation clusters on sites corresponding to extremities (see Figure 2-3). 26 

Second, this reappearance should be observed with a significant latency increase if a delayed 27 

wave of inhibition is present (see Appendix B, section 3.2). Third, when two stimulations are 28 

tested, maximal activity suppression should also be observed for a specific distance (see Figure 29 

2-5). 30 

 31 
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 Suppression phenomena: Modelling results  1 

Similar models with MH connections have already been suggested to reproduce surround 2 

suppression (Sceniak et al., 1999; Schwabe et al., 2006; Spratling, 2010). Only Sceniak et al. 3 

(1999) also showed total suppression (see their figure 2F). Nevertheless none of them were 4 

constructed with spiking neurons. The patterns of activity at subthreshold level and before the 5 

first spike (section 3.2) gives an insight into how the dynamic of the inhibition and excitation 6 

can shape the suppression. In the present model, it is a delayed wave of inhibition ɀ i.e. after an 7 

initial rise of membrane potential-- which drives the surround suppression.  Note also that the 8 

model highlights that there is an optimal size of visual stimuli for which the latency to trigger 9 

a spiking cluster is minimized (Figure 2-4D). That aspect of the model is in line with the work 10 

of Marino et al. (2012) ɀsee their figure 6F. Those authors were running a population rate base 11 

DNF-MH of the SCi (Trappenberg et al., 2001) and they used an arbitrary threshold to trigger 12 

saccades. They observed a U-shape relationship between the estimated reaction time and 13 

saccadic target sizes, but did not observe a total suppression as we did.  14 

The total suppression (absence of spike) that we observed as a result of auto-inhibition migh t 15 

be due to the properties of our model. First, leaky integrate-and-fire spiking neurons 16 

implement de facto a gating mechanism: neurons keeps silent if the input in too low. Second, 17 

the strong coupling of our network allows strong self-sustained spiking clusters. The 18 

combination of both creates a switch-like responses of our model: either a region is ON 19 

(forming a spiking cluster), or it is OFF. That could explain the total suppression. However, it is 20 

reasonable to question whether such a switch-like winner -take-all is biologically possible. In 21 

fact, such switch-like responses are reported for neurons coding for competing stimuli in the 22 

optic tectum of the barn owl (Mysore, Asadollahi, & Knudsen, 2011) and in the SCs of the mouse 23 

(Phongphanphanee et al., 2014). Mysore et al. estimate that 48% of the neural population they 24 

tested was exhibiting switch-like responses while the remaining 52% was exhibiting gradual 25 

responses. From that, our model is predicting that total suppression due to a too large stimulus 26 

are likely to happen in the switch-like population of the SCs/Optic Tectum. 27 

 Suppression phenomena: Behavioural results  28 

If the suppression phenomenon observed in our model exists in the oculomotor system, this 29 

predicts that large stimuli will lead to fewer saccades with short latency than would small 30 

stimuli. Ploner et al. (2004) observed this type of effect in a behavioural study: saccades with 31 



CHAPTER TWO: LIMITATION OF SHORT MEXICAN HAT FOR TARGET SELECTION 

2-24 | P a g e 
 

short latency were less numerous for large targets (10°), whereas saccades with short latency 1 

were more frequent for small target sizes (1°). More precisely concerning this latency question, 2 

the U-shape curve for the relationship between the membrane potential evolution speed and 3 

the size of the stimulus (Figure 2-4D, see also figure 6F of Marino et al. 2012) is in line with 4 

the relationship shown by Boch et al. (1984) between express saccades latency and the size of 5 

the target (see their figure 5). 6 

The observed suppression would similarly predict that larger distracting stimuli could 7 

paradoxically interfere less with saccades to a nearby target than might smaller distractors. 8 

Such a pattern was observed by Tandonnet et al. (2012) ɀ and to which we will return in detail 9 

in Appendix A. Their work focused on the Global Effect, which is the tendency for saccades to 10 

land in between to nearby visual stimuli (Findlay, 1982). Using a target-distractor couple, they 11 

found a U-shaped curve for such deviation while increasing the distractor size: first the 12 

distractor is too small to have a strong influence, then its increase in size makes its influence 13 

grows, but from a given size its influence begin to decrease. This loss of weight for larger stimuli 14 

could be explained by a decreased response in a saliency map such as the SCs or the LIP. Finally, 15 

the results of Stigchel et al. (2012) consisting in a smaller extent of the global effect for large 16 

stimuli may also be explainable by a suppression of large stimuli. Note that while Tandonnet et 17 

al. (2012) observed the average shift of the landing positions, Stigchel et al. (2012) observed 18 

the split from unimodal to bimodal distribution. All these results suggest that different degrees 19 

of suppression are observable at the behavioural level. It remains to be investigated whether 20 

total suppression phenomena can also be detected ɀ for single stimulus, and for two stimuli. 21 

 Spatial Deviation: the Fusion effect 22 

Our DNF-MH demonstrates deviation of the spiking clusters from the initial input locations. 23 

Such deviation can be detrimental, for instance, when the DNF-MH is used as a target selection 24 

map which has to select among different points of interest sent by satellite structures. Indeed, 25 

with such deviation, the selected target would not correspond to any prior points of interest. 26 

We discuss here whether these deviations have already been observed at the 27 

neurophysiological, modelling or behavioural level. 28 

When the model is stimulated at two nearby locations a single spiking cluster emerges in-29 

between them. The cluster is closer to the stronger stimulation location ɀ in proportion to its 30 

relative strength ɀ and it is of the same width as spiking clusters induced by a single 31 



CHAPTER TWO: LIMITATION OF SHORT MEXICAN HAT FOR TARGET SELECTION 

2-25 | P a g e 
 

stimulation.  This phenomenon of attraction (and fusion) was described for the first time by 1 

Amari (1977) in a DNF-MH based on a firing rate neuron model. The findings of the present 2 

study extend these previous observations to a 2D spiking neuron networks. 3 

On the behavioural side, the tendency for saccades to land in between two simultaneous and 4 

nearby visual stimuli is known as the Global Effect or saccade averaging (Findlay, 1982). 5 

Concerning the neurophysiological approach, Glimcher and Sparks (1993) showed that this 6 

fusion phenomenon could occur in the SCi when an intermediate saccade is made between two 7 

visual stimuli presented simultaneously. Edelman and Keller (1998) added that this could be 8 

the case for saccades of latency in the average range while two distinct bumps of activity would 9 

stand on the SCi for shortest latency saccades. However, whether a fusion of activity in the SCs 10 

or the SCi can explain the Global Effect is still matter of debate. Arai et al. (1994) implemented 11 

a saccadic system model using a DNF-MH to simulate the SC layers. Their model took into 12 

account the SC spatial compression and, in their test using fusion to explain the Global Effect, 13 

one can notice hypermetria (overshoot) of the output saccade (see their figure 10). Katnani and 14 

Gandhi (2011) brought further insight for that result: when the DNF-MH phenomenon of fusion 15 

is applied in SC space (Note that the SCs and SCi are assumed to have to an equivalent mapping; 16 

cf. Schiller and Stryker 1972), this would lead systematically to overshooting averaging 17 

saccades in external or retinotopic space. On the other hand, they demonstrated that a vector 18 

averaging of two steady bumps of the SC space would lead neither to a hypo- nor a hypermetria. 19 

They, however, note that if the phenomenon of attraction could lead to a wider bump of activity 20 

(wider on the axis formed by the two input stimulations, leading to an elliptic shape), the 21 

hypermetria would be corrected. 22 

Recently, Vokoun et al. (2014) have reported in their work applying photodiode stimulations 23 

that on a coronal slice of the superficial layers of the rat SC- ȰÓÉÍÕÌÔÁÎÅÏÕÓ ÓÔÉÍÕÌÁÔÉÏÎ ÏÆ Ô×Ï 24 

nearby sites resulted in a single, merged peak centred ÂÅÔ×ÅÅÎ ÔÈÅ Ô×Ï ÓÉÔÅÓȱȢ 4ÈÅÙ ÓÕÇÇÅÓÔ 25 

that such a phenomenon could explain the Global Effect. Importantly, they observed that an 26 

activity bump induced by the simultaneous stimulation of two loci is wider than an activity 27 

bump induced by a single stimulation. That results interestingly echoes to a previous 28 

behavioural study observing that larger visual stimuli can lead to a wider distribution of 29 

saccade landing positions (Tandonnet & Vitu, 2013). Under the considerations of Katnani and 30 

Gandhi (2011) this spread of activation could correct the hypermetria issue discussed above, 31 

but it is important to note that a single layer bistable DNF-MH model such as ours could not 32 
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replicate such a spread of activity - the fused activity has the same width as that for a single 1 

stimulus because the stable cluster size is set by the width of the MH. 2 

 Spatial Deviation: the Repulsion effect 3 

When two clusters of activity were induced by two stimuli, they tended to deviate away from 4 

each other (see Figure 2-5). Here also both the early work of Amari (1977) and the recent 5 

study of Almeida et al. (2015) already observed this phenomenon in 1D models. Again our 6 

results allow to extend these findings to a 2D situations (see also the Appendix B). To evoke 7 

this repulsion phenomenon, Amari (1977) explains that bumps of activity tend to climb up 8 

inhibition slopes. Then, the repulsion is reserved to MHs which have a range short enough to 9 

ÁÌÌÏ× Á ÓÔÉÍÕÌÁÔÉÏÎ ÔÏ ȰÃÌÉÍÂȱ ÔÈÅ ÏÕÔÅÒ ÉÎÈÉÂÉÔÉÏÎ ÓÌÏÐÅ ÏÆ ÁÎÏÔÈÅÒȢ 10 

Concerning the behavioural level, Wang et al. (2012) as well as Wang and Theeuwes (2014) 11 

suggest that if this phenomenon is present in the SC, it could explain the trends of saccade 12 

trajectories to deviate away from a distractor. Wang and Theeuwes (2014) also report a shift 13 

of the landing positions away from the previous fixation stimulus when varying its timing 14 

which might be explain by repulsion. However, to the best of our knowledge, repulsion in the 15 

bimodal distribution of landing positions to two simultaneously presented stimuli or in the 16 

internal representation of stimuli position has never been observed. This may be due to the 17 

difficulty to track back a phenomenon occurring in the SCs from behavioural data. For instance, 18 

the strongest repulsion effect we observed occurred when there are two spiking clusters 19 

emerging on the map. Nevertheless, if there is vector averaging downstream, at the behavioural 20 

level only a Global effect might be observed. 21 

Finally, at the neurophysiological level, Vokoun et al. (2014) studied activations in coronal 22 

slices of the superficial layers of the rat SC after concomitant stimulation of 2 two sites. They 23 

did not observe any repulsion (nor any suppression) effect despite the exploration of 24 

numerous distances between the two stimulated sites. Hence, even though evidences have 25 

been found recently for a local Mexican hat kernel in the SCs (Phongphanphanee et al., 2014), 26 

the lack of concordance between the present study results and Vokoun et al. (2014)ȭÓ ÒÅÓÕÌÔÓ 27 

question if the SCs can be modelled with a simple DNF-MH (see also the end of the previous 28 

section, 4.4). However, a possible alternative to explain this lack of concordance is that the 29 

coronal slicing used by Vokoun et al. (2014) may have damaged part of the lateral inhibition 30 

system altering the MH kernel, its size and its properties. Hence, further neurophysiological 31 
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works are required to shed more lights on 1) the link between fusion of activity in the SC layers 1 

and Global Effect, and 2) on what extent those natural phenomena can be modelled with a 2 

simple DNF-MH. 3 

Interestingly, attraction and repulsion phenomena have recently been reported when using 4 

DNF-MHs to model spatial working memory tasks, and they have been successfully related to 5 

actual behavioural imprecisions (Almeida et al. 2015).  6 

 Conclusion 7 

We constructed a DNF-MH integrating short range MH connections based on recent results 8 

obtained in the superficial layers of the SC, and we tested how it performs in very simple target 9 

selection tasks: 1) the localization of a single stimulus of different sizes; 2) the selection and 10 

localization of the strongest of a pair of stimulations.  11 

Our work demonstrates that even a short range inhibition (i.e. only slightly larger than the 12 

excitation; ratio of 1.2) can enable a selection dynamic. However, it also highlights noticeable 13 

phenomena emerging from the model during those tasks: suppression, multi-spot selection, 14 

attraction/fusion and repulsion. If the DNF-MH is used as a target selection map as it is thought 15 

to be the case for the SCs, such attraction and repulsion would impair the spatial precision of 16 

the selection while the suppression would delay or hinder selection. In short, those properties 17 

suggest that the SCs is an imperfect winner-take-all selection system. At the same time, those 18 

properties constitute a collection of testable predictions to verify this point and the pertinence 19 

of using a DNF with short range MH to model the SCs. In parallel, future modelling work may 20 

investigate whether the phenomena we observed survive more advanced implementations of 21 

the SC dynamics. Notably, 1) when one implements the transient visual burst dynamics in SCs; 22 

2) when one implements the SCi layer and the motor executions. This is partly what will 23 

motivate the modelling effort of Chapter 5. 24 

Ultimately, this Chapter has introduced the basics of DNFs spatial interactions, the notions of 25 

merging/attraction/merging effect and of repulsion effect will be re-used in Chapter 3 and 26 

Chapter 4. We would also recommend the reading of Appendix A that explores the interaction 27 

of the merging effect with the auto-inhibition effect inside a single DNF. We particularly 28 

question whether such a configuration is sufficient to explain the result of Tandonnet et al. 29 

(2012) ɀ mentioned in Section 4.3. 30 
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 APPENDIX A: Global Effect and Auto-inhibition in the 1 

Superficial Layers of the SC? 2 

 Introduction 3 

The Global Effect (GE, or averaging effect) is probably the simplest sensory-motor spatial 4 

interaction observable in the monkey and human. It refers to the tendency for the first landing 5 

position of saccades to be in between two nearby visual stimuli instead of there being an 6 

accurate saccade to one of the stimuli (Coren & Hoenig, 1972; Findlay, 1982). 7 

Recently, the superficial layers of the SC have been suggested as the biological substrate of the 8 

GE (Vokoun et al., 2014) ɀ notably because the authors observed in vitro a merging effect 9 

happening in the SCs while stimulating two regions of the SCi. In addition to this, early 10 

neurophysiological exploration of the SC showed that large stimuli can induce less activity than 11 

smaller ones in SCs neurons (Goldberg & Wurtz, 1972)Ȣ 4ÈÅÒÅÆÏÒÅȟ 6ÏËÏÕÎ ÅÔ ÁÌȢ ɉςπρτɊȭÓ ÁÎÄ 12 

'ÏÌÂÅÒÇ ÁÎÄ 7ÕÒÔÚ ɉρωχςɊȭÓ ÒÅÓÕÌÔÓ ÁÒÅ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ ÂÏÔÈ ÁÕÔÏ-inhibition and GE are 13 

occurring in the SCs. Next to that we showed in this chapter that a single layer DNF model of 14 

the SCs can replicate both merging effect and auto-inhibition effect. In fact, the merging effect 15 

of DNF have already been suggested to explain the GE elsewhere (Arai et al., 1994).  Thus, 16 

everything seems to fall into place: a single DNF model can generate the GE and the auto-17 

inhibition effects; and all that in the SCs. However, it should be recalled that a more standard 18 

view of the GE localize it in the SCi or downstream (Edelman & Keller, 1998; Glimcher & Sparks, 19 

1993). From that, there are two main hypotheses: 1) auto-inhibition and the GE happens at the 20 

same functional level; 2) the auto-inhibition and the GE does not happen at the same functional 21 

level. One way to address those hypotheses is to collect behavioural data of the interactions 22 

between auto-inhibition and GE and then explore the space of lateral connections that would 23 

allow those interactions to happen on the same single layer DNF. Our work shows that to 24 

consider that both effects happen at the same level would lead to elliptical lateral connections 25 

in the SCs; we then discuss why such an atypical solution favours the second hypothesis. 26 

In the framework of Global Effect paradigms, the metaphor of the "centre of gravity" was 27 

introduced as the eyes often move closer to the largest or the brightest stimulus of the 28 

configuration (Deubel, Wolf, & Hauske, 1984; Findlay, 1982). However, based on the result of 29 

Goldberg and Wurtz (1972) and on the predictions that can be made for large stimuli in neural 30 

fields with lateral interactions (see above), Tandonnet et al. (2012) reasoned that the global 31 
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effect might be counter-intuitively less powerful for a large stimulus if it loses influence due to 1 

auto-inhibition. Consistent with this, their results showed that for small distractors, their 2 

apparent weight increases with size 3 

 4 

 5 

Figure 2-7: 2ÅÖÅÒÓÁÌ ÐÁÔÔÅÒÎ ÉÎ ÇÌÏÂÁÌ ÅÆÆÅÃÔ ×ÈÉÌÅ ÔÈÅ ÄÉÓÔÒÁÃÔÏÒȭÓ ÌÅÎÇÔÈ ÉÎÃÒÅÁÓÅÓ ÏÂÓÅÒÖÅÄ ÂÙ 6 

Tandonnet et al. (2012). Mean saccade landing positions in distractor trials relative to no distractor 7 

trials as a function of distractor length and target eccentricity for all participants. Asterisks indicate 8 

the statistically significant differences between neighbouring points (p < 0.05). In the behavioural 9 

study of Tandonnet et al. (2102), the target was a circle of 0.2° of visual angle. The distractor was a 10 

vertical line between the fixation cross and the target; its size could be 0.3°, 0.8°, 1.9° or 4° of visual 11 

angle. The target-distractor distance was kept at 3° of eccentricity throughout the conditions while 12 

they tested two eccentricity of the target -- 6° and 7.5°. 13 

(from 0.3° to 0.8°), but for further size increases (from 0.8° to 4°) the weight of the distractor 14 

seems to decrease, i.e. the eyes land closer to the target than for the 0.8° distractor size (more 15 

details in Figure 2-7). This result could be described as a reversal pattern (or U-shape) in the 16 

Global Effect. Because the reversal pattern was present at short reaction times, their results 17 

are likely to reflect an low-level interaction between Global Effect and auto-inhibition effect. 18 

What is interesting with this experimental set up is that the distractor is a vertical line so that 19 

its size varies on the vertical axis while the fixation, distractor and target are aligned on the 20 

horizontal axis. Thus, the auto-inhibition effect is happening on the vertical axis while the 21 

Global Effect between target and distractor happens on the horizontal axis. If we find that our 22 

single DNF model needs an elliptical pattern of lateral connections to explain the results of 23 

Tandonnet et al. (2012), that would mean that two different radius of circular connections are 24 

needed to explain the interaction between GE and auto-inhibition. Assuming circular patterns 25 

to be more realistic, it would mean that GE and auto-inhibition occurs in two different DNFs. 26 
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 Method 1 

 Mapping with the SC space and eyes landing position: 2 

We used the same 100x100 neural network used in the present Chapter. Nevertheless, here we 3 

required a mapping between the network and collicular space to compute landing positions 4 

relative to the target and to account for the deformation of visual stimuli on the SC (see Figure 5 

8 in General Introduction, Appendix, for an example). The area simulated with the modelled 6 

map is inscribed in a square of 3.67 mm of the spatial representation of the SC proposed by 7 

Ottes et al. (1986). Its upper corner position was at 0.15 mm on the rostro-caudal axis and at 8 

1.83 mm on the medio-ventral axis ɀ respectively the U and V axis in the Ottes et al. (1986) 9 

ÅÑÕÁÔÉÏÎÓȢ %ÁÃÈ ÎÅÕÒÏÎ ÏÆ ÔÈÅ ÍÏÄÅÌ ÒÅÐÒÅÓÅÎÔÅÄ Á ÓÑÕÁÒÅ ÏÆ ρστπ ʈÍ2 ɉσφȢχ Ø σφȢχ ʈÍɊ ÏÆ ÔÈÅ 10 

3#Óȭ ÔÉÓÓÕÅȢ  11 

When the SCs model provides a single activation cluster, it was assumed that the SCi would 12 

trigger a saccade for that locus. The amplitude and the direction of this saccade are defined by 13 

mapping the centre of gravity of the activation cluster back from collicular space to retinal 14 

space. It is assumed that the model had reached a stable state after 150 ms, thus, the centre of 15 

gravity was computed during the last 50 ms of the 200 ms simulation. If the model gave rise to 16 

none or more than one activation cluster, no saccade was estimated. 17 

 Visual stimuli presented to the model: 18 

In order to get a better understanding of the spatial configurations tested in Tandonnet et al. 19 

(2012), we projected that configuration from retinal space into collicular space with the 20 

equations of Ottes et al. (1986; see also Figure 1-8 for an illustration ). The transformation from 21 

retinal space to collicular space brings several insights. Firstly, in the collicular space, the 22 

target-distractor distance is larger for the conditions at 6° of eccentricity (14 cells, i.e. around 23 

υρσ ʈÍɊ ÔÈÁÎ ÆÏÒ ÔÈÅ χȢυЈ ÏÆ ÅÃÃÅÎÔÒÉÃÉÔÙ ÏÎÅ ɉρς ÃÅÌÌÓȟ ÉȢÅȢ ÁÒÏÕÎÄ ττπ ʈÍɊȢ (ÅÎÃÅȟ ÔÈÅ 'ÌÏÂÁÌ 24 

Effect occurring between the two conditions may not have the same strength: that is consistent 25 

with what has been observed by Tandonnet et al. (2012) (see Figure 2-7). Secondly, the 26 

collicular size of the distractor is globally larger in the conditions at 6° of eccentricity than it is 27 

in the 7.5° of eccentricity ones. Thirdly, the collicular image of the distractors were curved. 28 

Nevertheless, the curvature was small in these conditions, thus, it is assumed that it could be 29 

ignored and we used straight distractors. 30 

Ultimately, we did not simulate an exact replication of Tandonnet et al. (2012). To increase the 31 

resolution of our analysis, we used a denser range of distractor sizes: from 2 to 40 cells in 32 
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increments of 2. Furthermore, we tested only for a distance of 12 cells between the target and 1 

the distractor -- corresponding to the 7.5° of eccentricity condition. The patterns of the 2 

stimulation used to simulate the inputs are the same as those used for in main Chapter, except 3 

that the maximum frequency of the distractor is at 400 Hz against 500 Hz for the target. The 4 

weight of the distractor is fixed at 2000mV whereas the target weight was fixed at 6000mV. 5 

That difference in weight was chosen to simulate a discrimination of the target/distractor in 6 

favour of the target ɀ that is constant across the distractor sizes.  7 

 Parameters of the model: 8 

The model parameters were the same as in the main Chapter (with K=1.2 and ῼ=6.0) with few 9 

changes for the purpose of the study. The standard deviation ʎx of the MH was selected so that 10 

it replicated qualitatively the change in GE observed in Tandonnet et al. (2012) between the 11 

two conditions varying target eccentricity (6.0° and 7.5°). In particular, the deviation from the 12 

target was smaller for the condition with the largest target-distractor distance. Such a relation 13 

allows for constraining the size of the MH. Preliminary tests on the global effect between a 14 

distractor and a target (square of 2x2 cells, differing only by their intensity) showed that the 15 

absolute deviation from the target increases with the target-distractor distance until a critical 16 

distance, and then it decreases with the distance (see main Chapter). Therefore, it can be 17 

deduced that target-distractor distances used by Tandonnet et al. (2012) were larger than this 18 

critical distance. Importantly, that critical distance depends on the MH standard deviation. In 19 

order to replicate qualitatively the change in GE observed by Tandonnet et al. (2012), we fixed 20 

ʎx Ѐ χȢυ ÃÅÌÌÓȢ 7ÉÔÈ ÔÈÁÔȟ ÔÈÅ '% ÄÉÓÁÐÐÅÁÒÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÁÔ Á ÓÔÉÍÕÌÕÓ ÄÉÓÔÁÎÃÅ ÏÆ υυπʈÍ ÏÎ 21 

the SC. That extend of the GE is in line with the results of Walker et al. (1997) when they are 22 

interpreted with the Ottes et al. (1986) equation.  23 

The parameter ʎy (the standard deviation ʎy of the Mexican hat on the Y-axis) is our only free 24 

parameter so that to cover circular to elliptic pattern of lateral connections. We varied ʎy from 25 

a value of 3.5 ɀ very elliptic -- to 7.5 ɀ perfectly circular ɀ in increments of 0.5 cells.  26 
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 Results 1 

 2 

Figure 2-8: Overview of our simulations of the global effect. Subplot A: Reactivity of the distractor 3 

alone: here, the time (in ms, see colour scale) for the distractor to reach threshold is measured 4 

×ÉÔÈÏÕÔ ÔÈÅ ÔÁÒÇÅÔȢ 4ÈÅ ÍÅÁÓÕÒÅ ÉÓ ÄÏÎÅ ÆÏÒ ÔÈÅ ÄÉÓÔÒÁÃÔÏÒ ÓÉÚÅÓ ÁÎÄ ÔÈÅ -ÅØÉÃÁÎ ÈÁÔ ×ÉÄÔÈ ɉʎÙɊ 5 

tested in the main simulation (subplot B and C for the results).The black region denotes that 6 

complete auto-inhibition occurred, while grey denotes the occurrence of two late spiking clusters.   7 

Subplot B: Landing position from the target: estimation of eye landing positions (in °, see colour 8 

ÓÃÁÌÅɊ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÄÉÓÔÒÁÃÔÏÒ ÓÉÚÅÓ ÁÎÄ -ÅØÉÃÁÎ ÈÁÔȭÓ ×ÉÄÔÈ ɉʎÙɊȢ 4ÈÅ ÅÓÔÉÍÁÔÉÏÎ ÉÓ ÄÏÎÅ ÂÁÓÅÄ ÏÎ 9 

the centre of gravity of the spiking cluster during the last 50 milliseconds of simulation. A deviation 10 

of -3.0° (deep blue) means the eyes land on the distractor, while a deviation of 0° means the eyes 11 

land on the target (red). Positive values (magenta) indicate that eyes go beyond the target 12 

(hypermetria or repulsion). This overshoot was not observed in Tandonnet et al. (2012). As in 13 

subplot A, grey represents areas where more than one cluster of activation appeared on the map, 14 

while black represents areas where there is no spiking cluster. Subplot C: Average of landing 15 

ÐÏÓÉÔÉÏÎÓ ÃÕÒÖÅÓ ÏÖÅÒ ÆÏÕÒ -ÅØÉÃÁÎ ÈÁÔ ×ÉÄÔÈ ɉʎÙɊȟ ÆÏÒ ÃÏÍÐÁÒÉÓÏÎ ×ÉÔÈ Figure 2-7. Three columns 16 

ÏÆ ÔÈÅ ÓÕÂÐÌÏÔ " ÁÒÅ ÕÓÅÄ ÔÏ ÍÁËÅ ÏÎÅ ÃÕÒÖÅ ÏÆ ÔÈÅ ÓÕÂÐÌÏÔ #Ƞ ÅØÃÅÐÔ ÆÏÒ ÔÈÅ ÌÁÓÔ ÉÎÔÅÒÖÁÌ ʎÙ ɉϊȢ5-7.5) 17 

which uses 4 columns. Here the landing positions are plotted on the y-axis instead of using a colour 18 

range as in subplot B. For all subplot:  The magenta triangle on the bottom (in C), or the magenta 19 

lines (in A and B) mark the distractor lengths useÄ ÉÎ 4ÁÎÄÏÎÎÅÔ ÅÔ ÁÌȢȭÓ ÐÁÒÁÄÉÇÍ ɉφτυφɊȢ  20 

 21 

Figure 2-8A provides an overview of the latency of the distractor to lead to a spiking cluster 22 

(i.e., stable bump of activity) when it is presented without the target. The coloured cells show 23 

that the distractor is most reactive for some optimal size that changes according to the Mexican 24 

Hat Y-width. In particular, too large or too small distractors are less reactive; large stimuli 25 

become auto-inhibited. The black cells represents simulations where the auto-inhibition was 26 

so strong that no spiking cluster was created. Finally, grey cells indicate the simulations where 27 

the distractor led two or more spiking clusters ɀ it was larger than the MH functional limits. 28 

Figure 2-8B provides an overview of the GE ɀ particularly the eye endpoint relative to the 29 

target ɀ when both the target and distractor are presented. It can be observed that there is an 30 

obvious correlation between the GE and the distractor reactivity described in Figure 2-8A.  31 
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Importantly we obtained a qualitative replication of the GE reversal effect observed by 1 

Tandonnet et al. (2012) for all the values of ʎy that were tested (see the red to blue to red 2 

progression of the colour on each column). Figure 2-8C plots the results in a way that is easier 3 

to compare to the results of Tandonnet et al. (2012) ɀ to keep that figure readable we selected 4 

only 4 representative values of ʎy. It appears that increases of ʎy (X-axis) are accompanied by 5 

an increase in the maximal deviation from the target (bluer colours) and also by an increase of 6 

the size of the distractor at which the reversal happens. Because of that it appears that the 7 

smallest values of ʎy lead to a better replication of the reversal observed by Tandonnet et al. 8 

(2012). Thus, when using a single layer DNF model, elliptical pattern of connections appears 9 

to be needed to describe the interactions between auto-inhibition and GE. 10 

 Conclusion 11 

The models with the most elliptical MHs best match the behavioural data of Tandonnet et al. in 12 

the sense that their reversal phase is gradual ɀ i.e. not abrupt. This appears to contrast with the 13 

usual assumption that lateral connections are approximately circular in collicular space.  14 

Assuming that lateral connections are approximately circular in collicular space, this result 15 

suggests that the merging mechanism and the auto-inhibition mechanism observed in the SCs 16 

(Goldberg & Wurtz, 1972; Vokoun et al., 2014) could not explain alone the interaction between 17 

GE and auto-inhibition observed by Tandonnet et al. (2012). Instead, the GE and auto-18 

inhibition observed by Tandonnet et al. (2012) would take place at two different functional 19 

levels. Particularly, using the DNF framework, one DNF would have a small MH to explain the 20 

auto-inhibition while the second DNF would have a larger MH to explain the GE through 21 

merging effect. One possibility is that the merging effect and the auto-inhibition happen in two 22 

different subpopulations of the SCs that have their own lateral connections. Another possibility 23 

is that the merging effect driving the GE happens on the SCi while the auto-inhibition occurs in 24 

the SCs. A last possibility is that the GE happens through a saccadic vector averaging 25 

downstream the SCi (i.e., the dynamic minivector summation, see in General Introduction) 26 

while the auto-inhibition happens in the SCs.  In any case, the extent of the GE and the critical 27 

size for enabling auto-inhibition would be defined by two different mechanisms/populations.  28 

A second provocative possibility is that both humans and monkeys actually have elliptical 29 

connection patterns in the SC. Since this has not been the focus of systematic investigation it 30 

could have escaped notice. Bozis and Moschovakis (1998) showed an elliptic shape of synapse 31 
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ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÒÏÍ Á ÓÉÎÇÌÅ ÃÅÌÌ ÉÎ ÔÈÅ ÄÅÅÐÅÒ ÌÁÙÅÒ ÏÆ ÔÈÅ ÓÑÕÉÒÒÅÌ ÍÏÎËÅÙȭÓ 3# ɉÓÅÅ their figure 1 

2). The construction of such bidimensional map of SC connections is highly useful for 2 

modellers, and it would be interesting to reproduce their results in different layers and species. 3 

 APPENDIX B: Simulation Set 1, Generalization to 2D stimulus 4 

shapes 5 

Our DNF-MH model of target selection map shows a phenomenon of total activity suppression 6 

related to stimulus size for 1D stimulus. Here, we generalize our observations to 2D stimuli by 7 

testing the behaviour of the model when stimulated with a circle and a rectangle of varying 8 

size. We used the reference MH (S1, K = 1.2 and b = 6.0). 9 

Figure 2-9 shows results obtained for these tests conducted with 2D shapes. Columns 1 and 3 10 

show average firing rate over the simulation period and columns 2 and 4 contain the spikes 11 

train of neurons on the diagonal of the map. Similar phenomena of activity suppression to those 12 

for the 1D stimulus are observed: spiking clusters did not emerge for size 18 for the square and 13 

for sizes 20-26 for the circle. Additionally for further increases of size, several clusters appear: 14 

from sizes 20 (square) and 28 (circle) four spiking clusters emerged (Note that activity for the 15 

circle segregates into 4 regions because the pixellation of our map, theoretically no point on a 16 

disk would be advantaged on a continuous competition field). Especially in the case of the 17 

circle, these clusters tend to move as if they are repulsed from the centre (lower panel of the 18 

column 4). This repulsion becomes weaker with size until a new spiking cluster emerges at the 19 

centre in addition of the four on its corners (not shown). 20 

The spike trains (columns 2 and 4) also allow us to observe a latency increase for the 21 

appearance of clusters when increasing the size. For smaller sizes, below 18 (square) and 20 22 

(circle), the unique cluster appears with almost no delay with respect to the onset of the 23 

stimulation. Conversely, when spikes appear for larger sizes, whether they finally disappear 24 

(size of 18 for the square or of 20-26 for the circle) or are part of stable spiking clusters (larger 25 

sizes), there is a short latency period of approximately 10 ms before their appearance. This 26 

latency increase is similar to the one observed when a 1D stimulus resulted in two clusters (see 27 

above) but of lower value: the latency increase for the 1D stimulus was around 70 ms. Finally, 28 

the first burst of spikes and the following gap (just at the beginning of the stimulation; middle 29 

and lower panels in the columns 2 and 4) can be respectively related to the initial rise of 30 



CHAPTER TWO: LIMITATION OF SHORT MEXICAN HAT FOR TARGET SELECTION 

2-36 | P a g e 
 

membrane potential and to the wave of inhibition seen with 1D stimuli. These differences can 1 

be explained by the greater number of neurons interacting, which speeds and strengthens 2 

excitatory and inhibitory influence. Hence, apart from this difference in the latency, results for 3 

2D shapes are similar to those obtained for the 1D stimulus (line). 4 

 5 

 6 

 APPENDIX C: Simulation Set 1, Effect of Input Dynamic 7 

To get a better view of the dynamics of inhibition and excitation, we compared these dynamics 8 

for a sustained input at 400Hz to those for the transient input with a Gaussian profile as 9 

previously used. Figure 2-10 shows the strongest subthreshold activity near the stimulus in 10 

Figure 2-9: Suppression effect with a square and a circular shaped stimuli.  Column 1 and 3 show 
the average spike frequency (firing rate) in the neural map in hertz. Column 2 and 4 show the spikes 
train of neurons according to time. The red vertical lines at the bottom represent the input spike train. 
The recorded neurons are those forming the diagonal of the neural field from the position (25, 25) to 
the position (75, 75). 
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these two conditions (panels A,B,C for transient input and panels D,E,F for sustained input) 1 

obtained with parameters of S3 (K = 1.2, b = 8.0). It highlights that the dynamic of the initial 2 

transient rise in membrane potential comes from a delayed wave of inhibition (Panels B, C, E 3 

and F). Indeed, the weight of excitation is twice that of inhibition, giving an initial advantage to 4 

the excitation, which the inhibition later catches up due to its larger decay time constant. Note 5 

that this wave of inhibition comes from remote units (see the MH in Figure 2-2) and, so, does 6 

not appear for small size (Panels A and D). 7 

With the sustained input, we still observe a second rise in the membrane potential; the 8 

inhibition curve still decreases after having overtaken the excitation. As our recording takes 9 

place toward the extremities of the stimulus -- near the potential winner loci -- this decrease of 10 

inhibition thus comes from the decrease of activity of the middle of the stimulus (see Figure 11 

2-3B size 42, and Figure 2-3C size 30, 38) silently losing the competition at sub-threshold 12 

level.  13 

For a stimulus size of 36, no spike cluster is observed in this sustained input condition as 14 

opposed to the transient stimulus condition (Figure 2-10C, F). As mentioned above, the second 15 

membrane potential rise is weaker when using the sustained stimulation. Counter-intuitively, 16 

this suggests that to decrease or to stop the stimulation input --with the transient stimulation -17 

- helped the membrane potential to reach the threshold. Two possible explanations are that 1) 18 

as the neurons are excitatory coupled, the most excited regions of the stimuli self-sustain their 19 

firing longer than the others when our input stops, and 2) the most inhibited regions lose their 20 

only source of excitation when our input stops. To then stop or decrease the input signal can 21 

accentuate disequilibrium in the competition and facilitate a target selection outcome. 22 

 23 
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 1 

Figure 2-10: Excitatory and inhibitory c hannels opening and membrane  potential according 2 

to time for transient stimulation (upper graphs) and sustained stimulation (lower graphs).  3 

$ÁÔÁ ÆÒÏÍ 3!χ ɉ+ЄυȢφȟ ɼЄόȢτɊ ÁÒÅ ÓÈÏ×Î ÈÅÒÅȠ ÓÉÍÉÌÁÒ ÃÕÒÖÅÓ ÃÁÎ ÂÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÏÔÈÅÒ 4 

conditions. The transient input (A,B,C) is the one used in the previous simulations and corresponds 5 

to a Gaussian (see F_s  in Inputs and Methodology). The sustained input (D,E,F) set F_s = 400 Hz, e.g. 6 

the firing rate of the input stimulation is at 400 Hz and constant over the time. The vertical lines at 7 

the bottom represent the input spike train. The tracked neurons all come from the row at 2 cells 8 

from the stimulated neurons (x=52). At each time point, the following measures are extracted from 9 

ÔÈÅ ÎÅÕÒÏÎ ÔÈÁÔ ÈÁÓ ÔÈÅ ÍÁØÉÍÕÍ ÍÅÍÂÒÁÎÅ ÐÏÔÅÎÔÉÁÌ ÁÍÏÎÇ ÔÈÅ ÔÒÁÃËÅÄ ÎÅÕÒÏÎÓȢ 4ÈÅ ÃÕÒÖÅ Ȱ6ȱ ÉÓ 10 

ÔÈÅ ÅÖÏÌÕÔÉÏÎ ÏÆ ÔÈÅ ÍÅÍÂÒÁÎÅ ÐÏÔÅÎÔÉÁÌ ÏÖÅÒ ÔÈÅ ÔÉÍÅȢ ȰÇÅȱ ÏÒ ȰÇÉȱ ÄÅÓÃÒÉÂÅ ÔÈe evolution of, 11 

ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÅØÃÉÔÁÔÏÒÙ ÏÒ ÉÎÈÉÂÉÔÏÒÙ ÏÐÅÎÅÄ ÃÈÁÎÎÅÌÓ ÏÎ ÔÈÅ ÎÅÕÒÏÎȭÓ ÍÅÍÂÒÁÎÅȢ 12 

However, for the sake of comparison, the number of opened channels ge and gi are multiplied by a 13 

scaling factor. Indeed, for any value of V: |Ee-V| > |Ei-V| where Ei and Ee are, respectively, the 14 

inhibition and the excitation equilibrium. Thus, an excitatory gate that opens always has more effect 15 

on V than an inhibitory gate. The scaling factors represent this difference by being Ὁ ὠǰ for ge 16 

and Ὁ ὠǰ for gi, with ὠǰ ὠ ὠ ςϳ . 17 

 18 

 



Chapter Three: Deviation away from a 

previously fixated location  
Evidence for a spatiotopic excitatory top-down signal? 

Abstract: 1 

When a decision is driving a saccadic eye movement, traces of the decision process can be inferred 2 

from the movement trajectory. This opens a small window on the interactions of endogenous and 3 

exogenous signals, which have been at play. For eye movement, the primary site for those 4 

interactions is normally assumed to be the superior colliculus (SC). For example, saccade 5 

curvature away from distractor stimuli was assumed to originate from a cortical distractor 6 

inhibition biasing activity on the SC. Recent neurophysiological work does not support this theory, 7 

and modellers have sought alternative explanations at a lower level: SC lateral inhibition or even 8 

brainstem execution machinery. The SC and brainstem are using a retinotopic representation of 9 

visual stimuli, thus these low level models could not explain saccadic deviation from a spatiotopic 10 

signal. We suggested that double-saccade paradigms can be used to distinguish whether a signal 11 

is retinotopic or spatiotopic, and help elucidating its origin. Here, we tested whether an initial 12 

fixation stimulus for one saccade creates deviation away in a second saccade in a spatiotopic 13 

manner. Our results favour such a spatiotopic effect and thus suggest that models considering 14 

only the SC and brainstem are not sufficient to explain saccadic deviation. We discuss the updates 15 

that each model would need to explain our results. In particular, we propose that they receive an 16 

excitatory and spatiotopic update, which, through a review of the previous literature, we 17 

identified as coming from the Lateral Intraparietal  region (LIP).  18 



CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION 

3-2 | P a g e 
 

  



CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION 

3-3 | P a g e 
 

 Introduction 1 

 Using Saccade Curvatures to understand Decision Making 2 

mechanisms 3 

In Chapter 2 we studied the interaction of retinotopic signals in the visuo-oculomotor pathway 4 

by means of a model of the SCs. Adopting a complete change of perspective, in the present 5 

Chapter we will detect the presence of retinotopic and spatiotopic signals in the visuo-6 

oculomotor pathway by measuring the motor responses of human participants.  7 

The selection of where-to-look-next embodies a complex decision-making process. As seen in 8 

the General Introduction, this process is based on the modulation and competition between 9 

exogenous stimuli (i.e. external events or processes relayed by sensory structures) and 10 

endogenous stimuli (i.e. internal events or processes relayed by cognitive structures). The 11 

study of saccade trajectories has suggested that the execution of the saccade can start before 12 

the selection of a single goal ɀ from multiple endogenous and exogenous inputs - is completed 13 

(McPeek et al., 2003). Therefore, a trace of interaction between endogenous and exogenous 14 

stimuli can be deduced from saccade trajectories, making these valuable tools for 15 

understanding the decision-making dynamics in biological systems and for addressing how 16 

individuals and special populations differ in terms of modulating exogenous and endogenous 17 

stimuli.   18 

However, it may be sometimes difficult to infer whether a signal has endogenous or exogenous 19 

origins from observing only the curvature it generated on a saccade. We propose in our study 20 

that a two-saccade paradigm can be used as an additional tool to distinguish if a signal is coded 21 

in a spatiotopic frame or a retinotopic frame. From this distinction, we can then identify the 22 

origin of the signal. We will particularly focus on the origin of the signal coding fixated stimulus. 23 

 Origin of Saccade Curvatures 24 

The decision-making involved in where-to-look-next takes place on bi-dimensional neural 25 

maps that spatially code the position of the loci of interest. A good example is the Superior 26 

Colliculus (SC, see intro). Its intermediate layer represents the last action selection map before 27 

saccade execution. Importantly, it receives exogenous inputs ɀ from the retina and V1 -- and 28 

endogenous inputs ɀ from the Frontal and Parietal cortex. These inputs compete and are 29 
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selected by means of an accumulation-to-threshold system (Jantz et al., 2013) and an inhibitory 1 

system (Munoz & Istvan, 1998).  2 

 3 

Figure 3-1: Diagrams displaying the classical model of saccade trajectory curvatures toward 4 

or away from a distractor (see also McSorley, Haggard, & Walker, 2004, Figure 7.a). At saccade 5 

initiation, all the activity on the colliculus is taken into account by the Long-Lead-Burst Neurons 6 

(LLBN) to define the saccade direction: if there is a bump of activity on the distractor side, the 7 

saccade will deviate towards it; if there is an inhibition of activity on the distractor side, the saccade 8 

will deviate away from it. Target and Distractors indistinguishably ignite an exogenous and 9 

excitatory signal in the SC, which is believed to be a top down inhibition from memory and cognition 10 

structures that make deviation away possible (this in the frame of the classic theory ɀ see the 11 

discussion for other models). Finally, note that whilst the correction of the trajectory is not 12 

addressed in this chapter, it is thought to be conducted by external structures such as the cerebellum 13 

(Quaia et al., 1999).  14 

 15 

When performing a saccade to a visual target, you may need to ignore one or multiple other 16 

goal-irrelevant stimuli -- i.e. distractors. Note that the target and the distractors represent 17 

excitatory exogenous signals for the SC. Furthermore, when a saccade to the target is triggered, 18 

the brainstem burst generator takes into account the activity of all the SC in order to create a 19 

velocity signal relevant for each of the extra-ocular muscles (see General Introduction).  Thus, 20 

the trajectory of a saccade going to the target could either curve or deviate towards a distractor 21 

if its excitatory signal is still present in the SC during the saccade execution (see Figure 3-1A). 22 

And indeed, saccades deviating toward a distractor are accompanied by an activity 23 

corresponding to the distractor locus on the Superior Colliculus (SC) or on the Frontal Eye Field 24 
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(FEF) maps within an interval of -30 to 0 ms before the saccade (see McPeek, 2006 and McPeek 1 

et al., 2003).  2 

When the saccade trajectory deviates ɀ or curves ɀ away from a distractor, a top-down 3 

inhibition process is considered (see Figure 3-1B): an endogenous and inhibitory signal would 4 

be acting on the SC from higher cognitive structures (McSorley et al., 2004). In support of this 5 

theory, neurophysiological studies have reported saccade curvature away from a deactivated 6 

SC locus (Aizawa & Wurtz, 1998; Quaia & Optican, 1998). Furthermore, Van der Stigchel 7 

(2010), in his literature review, reports 3 arguments in favour of a top-down action on the SC 8 

from behavioural studies: 1) prior knowledge of the target location can cause deviations away 9 

from a distractor (R. Walker, McSorley, & Haggard, 2006), 2) the difficulty in target/distractor 10 

discrimination can modulate the deviation away (Ludwig & Gilchrist, 2003), and 3) when using 11 

random dot kinematograms to cue the next target location, the difficulty of the perceptual 12 

decision (are dots moving left or right?) can modulate the deviation, that is, when the 13 

discrimination is easy the deviation away is stronger (McSorley & McCloy, 2009). Although 3) 14 

may be equivalent to 2), a fourth argument can be added: 4) the occurrences and the strength 15 

of deviations away from a distractor increase with saccade latency (Hermens, Sumner, & 16 

Walker, 2010, fig. 5; McSorley, 2006). This could be due to a slow and delayed top-down 17 

influence: it is often assumed that top-down pathways are slower than bottom-up pathways 18 

because they provide more refined information. Note that the spatial configuration of the 19 

distractor, target, and fixation stimuli also affects the deviation (McSorley, Haggard, & Walker, 20 

2009; Van der Stigchel, Meeter, & Theeuwes, 2007), but this cannot be attributed specifically 21 

to a top-down inhibition mechanism. 22 

 Recent Debates Have Given Rise to New Retinotopic Models of 23 

Curvature Away 24 

Although behavioural studies appear to support the top-down inhibition hypothesis, a recent 25 

neurophysiological result obtained by White, Theeuwes, and Munoz (2012) has challenged this 26 

account. In this experiment, monkeys were required to perform a simple saccadic task.  In 27 

particular, for each trial, the monkey had to stare at a fixation cross, whereupon a paired target 28 

and distractor appeared (with or without an onset asynchrony). The monkey was trained to 29 

make a saccade to the target as soon as it appeared whilst ignoring any distractor. In trials with 30 

onset asynchrony, they expected to observe ɀ during the interval where the distractor was 31 
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displayed alone ɀ the trace of top-down inhibition at the distractor loci. Contrary to these 1 

expectations, no trace of inhibition was observed in the SC. 2 

Since this study, models have been published to explain some or all the 4 behavioural points 3 

listed above with an alternative mechanism to top-down inhibition. These could be at the level 4 

of the SC, based on its local lateral interactions (Z. Wang et al., 2012; Z. Wang & Theeuwes, 5 

2014) or below the SC, based on neural short term depression in the brainstem burst generator 6 

driving the eye muscles (Kruijne, Van der Stigchel, & Meeter, 2014). The latter authors present 7 

the top-ÄÏ×Î ÉÎÈÉÂÉÔÉÏÎ ÁÓ Ȱmore or less as a deus ex machina, called upon to explain deviation 8 

Á×ÁÙ ×ÈÅÎ ÉÔ ÏÃÃÕÒÓȟ ÙÅÔ ÒÅÍÁÉÎÉÎÇ ÕÎÅØÐÌÁÉÎÅÄ ÉÔÓÅÌÆ ȱ (Kruijne et al., 2014, p. 260). Note that 9 

those two models are based on structures that work with retinotopic coding (relative to the 10 

retina centre or current eye position). 11 

 Using Previous Fixation Spatiotopy to Test the Recent Models 12 

The model of Wang and Theeuwes (2014), based on the assumed lateral connections in the SC, 13 

predicts an effect of the fixation point (the stimulus on which the participant has to fixate 14 

before the target and distractor appear) on the strength of the deviation away from the 15 

distractor. In particular, they expected the deviation to increase when the duration of the 16 

fixation stimulus was increased. They demonstrated the predicted effect and conclude that it 17 

is supportive of a SC origin of the deviation away phenomena. 18 

However, their conclusion linking the fixation effect they observed to the SC may be somewhat 19 

premature. The SC is a retinotopic structure, and their experiment did not address the issue of 20 

whether the fixation effect is coded in a spatiotopic frame or a retinotopic frame. Unlike the 21 

latter, the former frame is unaffected by eye movements, and single saccade paradigms cannot 22 

distinguish these two frames10. Note that a spatiotopic frame would also be in contradiction 23 

with the model developed by Kruijne et al. (2014), as the brainstem burst generator is coding 24 

eye movements in retinotopic coordinates. Thus, our study proposes to test both models by 25 

                                                           
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. On the 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 the trace will be at a different 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 1 

and Belopolsky (2014) have recently used a two-saccade paradigm to find evidence for 2 

deviation away from the spatiotopic representation of a distractor. However, as we will see in 3 

the discussion (Section 5.2), their results may be due to the interaction of two retinotopic 4 

mechanisms. Furthermore, our work extends that of Jonikaitis and Belopolsky (2014) by 5 

assessing deviations away from the spatiotopic representation of a previously fixated stimulus 6 

ɀ as opposed to a distractor. Finally, we open up an in-depth discussion on the modifications 7 

needed for the models of both Kruijne et al. (2014) and Wang et al. (2012; 2014) to explain our 8 

results and spatiotopic deviations. 9 

Previous studies concerned with free viewing or visual search (Bays & Husain, 2012; Klein & 10 

MacInnes, 1999; Smith & Henderson, 2011, 2011; Sogo & Takeda, 2006) have shown that 11 

previous fixation zones may be memorized and affect future saccade plans ɀ the most famous 12 

effect being the inhibition of return (Posner & Cohen, 1984; Sumner, 2006). Specifically, the 13 

work of Sogo and Takeda (2006) demonstrates that saccades tend to deviate away from 14 

previous fixation zones and suggest an effect of the 3 last fixation zones. This would support a 15 

spatiotopic effect of previous fixation on the current saccade. However, in this free viewing 16 

experiment, it is unclear whether the deviation is caused by the fixation representation or 17 

simply by the residual activation of previous saccades. Indeed, it has been shown that previous 18 

saccades can allow for residual activity in the motor map, which is retinotopic, and affect future 19 

saccade plans (A. J. Anderson, Yadav, & Carpenter, 2008; Z. Wang, Satel, Trappenberg, & Klein, 20 

2011). This residual activity is also related to the well-known companion of inhibition of 21 

return: the saccadic momentum (Klein & MacInnes, 1999; Smith & Henderson, 2009, 2011). 22 

The effect of a residual activity of the previous saccade on the current saccade would be simple: 23 

it would curve the current saccade away from the previous fixation because the vector of the 24 

previous saccade was logically pointing away from that previous fixation. 25 

Our present work proposes to demonstrate the presence of a deviation away from the 26 

spatiotopic representation of a previously fixated stimulus, while controlling for residual 27 

activity. Because we are using an original two-saccade paradigm, our demonstration is 28 

composed of the following two steps: Experiment 1 shows that deviation away from the 29 

previous fixation location can be obtained on the second saccade, whilst Experiment 2 answers 30 

the afore-mentioned question. In particular, it yields evidence for the notion that the second 31 

ÓÁÃÃÁÄÅȭÓ ÄÅÖÉÁÔÉÏÎ ÉÓ ÃÁÕÓÅÄ ÐÁÒÔÌÙ ÂÙ ÔÈÅ ÓÐÁÔÉÏÔÏÐÉÃ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ ÔÈÅ ÐÒÅÖÉÏÕÓ ÆÉØÁÔÉÏÎ 32 

stimulus, and partly by residual activity of previous saccades. This evidence then joins the 33 
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recent findings of Jonikaitis and Belopolsky (2014) on target-distractor competition (see 1 

discussion for more details) to support a spatiotopic frame for deviation away phenomena. We 2 

finally discuss how the models of Wang et al. (2012; 2014) and Kruijne et al. (2014) could be 3 

updated.  We suggest primarily that an excitatory spatiotopic influence from the Lateral 4 

Intraparietal  region could serve as a satisfactory addition to both models. 5 

6 



CHAPTER THREE: DEVIATION AWAY FROM PREVIOUS FIXATION 

3-9 | P a g e 
 

 General Method 1 

 As mentioned at the end of the introduction, our work consists of two experiments 2 

(Experiments 1 and 2). We will describe here the method, which was employed in all of them, 3 

though more specific details will be given in separate sections dedicated to each experiment 4 

(sections 3.1, 4.1). 5 

 Nomenclature 6 

In the following text, the coordinates on the screen are given in polar coordinates as 7 

(eccentricity; direction) degrees. When not specified, the origin of the coordinate system is the 8 

centre of the screen, although some coordinates may be given relative to another stimulus 9 

(eccentricity; direction; stimulus name). The X-axis is always pointing right and the Y-axis 10 

pointing down, such that the points with a null direction angle are on the right side and points 11 

with a positive direction angle are on the bottom side (see Figure 3-2A). 12 

The expressions Ὂ, Ὓ and Ὓ refer to the Fixation Cross, Stimulus 1 and Stimulus 2, respectively. 13 

Saccade 1 and Saccade 2 will refer to the first saccade of the participant that aims toward Ὓ ɀ14 

and Ὓ ɀ respectively. Finally, Ὃ refers to the optional temporal gap between Ὂ and Ὓ. 15 

Note that in the present study, onset/offset are synonyms of start/end or 16 

appearance/disappearance. In our analysis, five different time durations will be frequently 17 

ÕÓÅÄȡ ɝ'ÁÐȟ ÔÈÅ ÇÁÐ ÂÅÔ×ÅÅÎ &ÉØÁÔÉÏÎ ÏÆÆÓÅÔ ÁÎÄ 3ρ ÏÎÓÅÔȠ ɝ3ρ, the duration of S1 presentation; 18 

ɝ&ÒÏÍ&ÉØȢρȟ ÔÈÅ ÔÉÍÅ ÐÁÓÓÅÄ ÓÉÎÃÅ &ÉØÁÔÉÏÎ ÏÆÆÓÅÔ ×ÈÅÎ 3ÁÃÃÁÄÅ ρ ÅÎÄÓȠ ɝ&ÒÏÍ&ÉØȢςȟ ÔÈÅ ÔÉÍÅ 19 

ÐÁÓÓÅÄ ÓÉÎÃÅ &ÉØÁÔÉÏÎ ÏÆÆÓÅÔ ×ÈÅÎ 3ÁÃÃÁÄÅ ς ÓÔÁÒÔÓȠ ɝ)ÎÔÅÒ3ÁÃÃȢȟ ÔÈÅ ÄÕÒÁÔÉÏÎ ÂÅÔ×een 20 

Saccade 1 offset and Saccade 2 onset (see Figure 3-2B, C). 21 

Note the following relationship: 22 

ῳὊὶέάὊὭὼȢς ῳὊὶέάὊὭὼȢρ ῳὍὲὸὩὶὛὥὧὧȢ 23 

Figure 3-2 gives a visual summary of the protocol events, along with the five durations 24 

mentioned previously. Details of the protocol are described below. 25 

 26 
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 Procedure 1 

The procedural set-up of the next three experiments will follow the same pattern of events as 2 

that described in Figure 3-2B. In all the experiments, there are three types of trials: control 3 

trials, single stimulus trials, and double stimuli trials, which will be described below. The 4 

control trials were present in case we needed a reference to compute the curvature of saccades. 5 

The single stimulus trials where used to prevent the participant anticipating a second saccade. 6 

For each experiment (unless otherwise specified) a participant would complete two 7 

experimental sessions of approximately 1 hour, separated by at least one night. Each session 8 

consisted of setting the chair and chin-rest for the participant to sit comfortably; a 13-point 9 

calibration of the Eyelink 2000 Eye tracker; 160 control trials; 640 trials mixing randomly 10 

single-stimulus and double-stimuli trials. A break was suggested to the participant at every 200 11 

trials, and a re-calibration was conducted every 400 trials. 12 

&ÏÒ ÓÉÎÇÌÅ ÁÎÄ ÄÏÕÂÌÅ ÓÔÉÍÕÌÉ ÔÒÉÁÌÓȟ ÔÈÅ ÐÁÒÔÉÃÉÐÁÎÔ ×ÁÓ ÒÅÑÕÉÒÅÄ ÔÏ ÆÉØÁÔÅ Á ȰϹȱ ÆÉØÁÔÉÏÎ ÃÒÏÓÓ Ὂ 13 

of size 0.2° on the screen. The fixation cross Ὂ could appear at the position (ὶ; 0°) or (ὶ; 180°); 14 

respectively, which we refer to as  Ὂ and Ὂ. Note that rF is a placeholder. The participant was 15 

asked to look at Ὂ and press the space bar of the keyboard placed in front of him to confirm 16 

that he is fixating and ready to start the trial. The space bar press triggers a timer and Ὂ 17 

disappears at a random time picked up from a uniform distribution Ὗυππ άίȟρρππ άί. 18 

According to the experimental details listed below, a gap Ὃ where no stimuli are drawn on the 19 

screen can occur. In both single stimulus and double stimuli trials, this optional gap Ὃ was 20 

followed by the presentation of a circular stimulus Ὓ, of size 0.4° , at position (ὶ; 90° ) or (ὶ; 21 

-90°) (i.e. Ὓ was on the vertical central axis of the screen, either on the top or bottom part of 22 

the screen). In the double stimuli trials, the presentation of Ὓ was followed directly with the 23 

presentation of Ὓ which will be the vertical mirror image of Ὓ -- i.e., if  Ὓ is at (ὶ; -90° ), Ὓ will 24 

be at (ὶ; 90° ); Ὓ shape is identical to Ὓ. The participant was instructed to move his/her eyes 25 

onto the stimuli which appear on the screen in order of appearance. Once the sequence of 26 

stimuli is completed, a new trial began. 27 

With respect to the control trials, these were similar to the single stimulus trials, except that Ὂ 28 

and Ὓ were shifted to the vertical line at the centre of the screen while F was specifically placed 29 

at the mirror positi on of Ὓ. This condition collects a set of vertical saccades, the amplitude of 30 

which is similar to those made from Ὓ to Ὓ in the double stimuli trials.  31 
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 1 

Figure 3-2: Description and Nomination of the Different Critical T ime Spans Present in the 2 

Experiment  (see details in the main text). Note that in subplot A, only the red lines are visible to the 3 

participants. 4 
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A final thing to consider for the further sections is that 3 and 3 are always at 13.5° from 1 

fixation &. From now on, we will report 3 and 3 positions relative to & as (13.5°; DS; FL) 2 

instead of reporting Ò and Ò.  Figure 3-2.A helps to quickly understand the configuration of 3 

the stimuli. The experiments were programmed using python with the library pygame (more 4 

information at http://www.pygame.org/wiki/about ) and the library pylink provided by SR 5 

research. The code source of Experiment 2 can be found at: 6 

 https://github.com/Nodragem/SuppData -EyeTrackingExp-Sources. 7 

 Data Cleaning and Extraction 8 

The EDF files obtained from one experimental session with the Eyelink eye tracker were 9 

translated into tables and gathered in a HDF5 file for rapid and easy access with python. 10 

Reading and plotting of the data were primarily  carried out by using 3 python libraries: 11 

matplotlib, pandas, numpy (respectively, refer to: Hunter, 2007; McKinney, 2010; Walt et al., 12 

2011). 13 

A home-made program opened the tables for each session and detected the saccades for each 14 

trial. A saccade is detected and marked if: 15 

Ɇ the acceleration is greater than 6,000 °.s-2, 16 

Ɇ the absolute velocity of the eye is superior to 10°.s-1, 17 

Ɇ the amplitude of the detected saccade is superior to 5.4°. 18 

A trial is suspected for rejection by the program if it complies with at least one of the following 19 

points: 20 

1. no saccade or fixation marks have been found, 21 

2. the number of detected saccades does not match with the expected number of saccades 22 

on that type of trial, 23 

3. the reaction time  or one (or more) of the intersaccadic times is too short or negative 24 

(inferior to 80 ms), 25 

4. at least one of the saccade durations is longer than 150 ms, 26 

5. at least one of the saccades contains positions outside the screen or missing data, 27 

6. the last detected saccade has no end. 28 

Following this, the trajectories of all trials were plotted (x and y against time). In this 29 

procedure, the experimenter checks all trials, one by one, to confirm the selection made by the 30 

http://www.pygame.org/wiki/about
https://github.com/Nodragem/SuppData-EyeTrackingExp-Sources
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program. Most of the trials suspected by the program were then rejected. The reason for not 1 

rejecting some of them could be because points 4 and 5 were too strict. With respect to point 2 

4, an oscillation artefact at the end of a saccade could lengthen its duration without affecting 3 

its initial trajectory, where we measure the deviation. Further discussion of this type of artefact 4 

can be found in Nyström, Hooge, and Holmqvist (2013). In relation to point 5, a saccade could 5 

be usable even with a small missing data gap. Finally, some trials have been rejected in addition 6 

to those suspected by the program. One reason is that a saccade inferior to 5.4° of amplitude 7 

could be made inappropriately by the participant and would not be detected by the program. 8 

The percentage of rejected trial s will be reported for each experiment separately. 9 

All sources are available at: https://github.com/Nodragem/Eyetracking -Analysis-tools. 10 

 General Deviation measure 11 

To measure the deviation, we extracted the saccade of interest from each of the analysed tr ials. 12 

We computed the distance of the trajectory points from a straight line drawn between the start 13 

and the end point of the saccade. A negative deviation corresponds to a deviation on the left of 14 

the straight line. This deviation from the straight line is given as a function of time in visual 15 

degrees (see Figure 3-3): the time course is aligned on the start of the saccade and we take the 16 

deviation at 20 milliseconds to be the initial deviation. 17 

Note that usual measures of saccadic deviation/curvature do not consider the deviation over 18 

time, but over space. Given the fact that we are searching for an effect that is assumed to be a 19 

function of time and which may only affect the start of the saccade, we considered it judicious 20 

to 1) consider the deviation over time, 2) align our data on the saccade onset and 3) measure 21 

the deviation at a fixed and early time from that saccade onset (at 20 ms).   22 

Finally, in Experiment 2, we used the distance in deviation between FL and FR conditions 23 

respectively when the Fixation is on the left or on the right. For instance, if the deviation in FL  24 

is -3° in average and it is 4.5° in FR , the distance is 7.5°. We call this measure the Distance in 25 

Initial Deviation (IDDLR, see Figure 3-4 for an example) and we used it to examine whether the 26 

amplitude of deviations decreased in both Fixation conditions.  27 

It is important to note that, as we always compared the conditions FL and FR with each other, it 28 

was not necessary to use the vertical saccade controls.  29 

 30 

https://github.com/Nodragem/Eyetracking-Analysis-tools
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 1 

Figure 3-3: Deviation measure.  The plots are based on a saccade sample from participant KM in 2 

Experiment 1. Left Subplot, the second saccade of the double-stimuli condition has been extracted 3 

and plotted over space.  Right Subplot , the distance from the straight line - was computed for each 4 

of the saccades. Negative values are on the left of the straight line while positive values correspond 5 

to the right. The initial deviation to be reported in the following sections corresponds to the 6 

intersection with the vertical dash line drawn at 20 ms. 7 

 8 

 Statistical Methods 9 

We chose mainly to employ the Bayes Factor framework for analysis of our data. One reason is 10 

that classical tests cannot test for an absence of an effect. In the pilot experiment (Experiment 11 

1), we were a priori interested in quantifying the evidence for an absence of an effect on the 12 

initial deviation, since results of this sort would lead us to discontinue the study. Similarly in 13 

Experiment 2, the selection of one hypothesis (more details in section 4.1) over another may 14 

be based on the absence of an effect.  Another reason of using Bayes analysis is that all the data 15 

points of the participants (80 measures per conditions per participants) can have a weight on 16 

the analysis. This allows us to quantify effects at the intra-subject level. This is particularly 17 

relevant for a pilot experiment such as Experiment 1, which included few participants. In 18 

Experiment 2, we collapsed the data to their mean (1 mean per condition per participant) in 19 

order to have a straight comparison with a Classical Method, but also because the independent 20 

variable is the difference of curvature between two conditions (see IDDLR in the previous 21 

section).  22 
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We employed the R package BayesFactor (see Rouder & Morey, 2012 for more details on Bayes 1 

Factors for regression model selection; Rouder, Morey, Speckman, & Province, 2012 for more 2 

details on Bayes Factors for ANOVA designs). Our interpretation of the Bayes Factor (BF) 3 

testing a model 0 against a model 1 (BF01) was in accord with the scale proposed by Raftery 4 

(1995, Table 6).  This table is displayed below (Table 1).  5 

Table 1: Interpretation of the Bayes Factor in Terms of Evidence. 6 

Bayes Factor BF01 Pr(H0|Data) Evidence 

1-3 .50-.75 Weak 

3-20 .75-.95 Positive 

20-150 .95-.99 Strong 

>150 >.99 Very Strong 

   

 7 

We will nevertheless present a classical two-way analysis of variance (ANOVA) for the main 8 

results of our work in Experiment 2, in order to confirm that the outcome of both analyses 9 

corroborate our conclusions. We used the statistical software R, specifically the function 10 

ezANOVA() from the ez package, which is specialized in within-subject design (http://cran.r -11 

project.org/web/packages/ez/index.html ). 12 

 Experiment 1 13 

 Aims and Procedural Details 14 

In this pilot experiment, we were testing whether (and to what extent) we can detect a 15 

deviation away from the fixation on the second saccade (Saccade 2) in double-stimuli trials. We 16 

anticipated that the effect would be observable at the single subject level due to both the 17 

relatively simple mechanisms thought to be at play and the simplicity of the paradigm. We ran 18 

only 4 participants for one session of 800 trials each ɀ i.e. 320 double-stimuli trials per 19 

participant. The Dependent Variable was the initial deviation measured, as described in Figure 20 

2. Our Independent Variables were merely 1) the side of the fixation stimulus (Left or Right) at 21 

the beginning of the trial in order to assess our main point; and 2) the distance between S1 and 22 

S2 (30 and 60 directional degrees) in order to guide our choice of distance for the next 23 

ÅØÐÅÒÉÍÅÎÔȢ 4ÈÅ ÇÁÐ ÄÕÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ & ÁÎÄ 3ρ ɉɝ'ÁÐɊ ×ÁÓ ÅÑÕÁÌ ÔÏ ÚÅÒÏȢ 4ÈÅ duration of Ὓ 24 

http://cran.r-project.org/web/packages/ez/index.html
http://cran.r-project.org/web/packages/ez/index.html
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(ῳὛ) was equal to 500 ms in single-stimulus trials and distributed between 250 ms and 450 1 

ms during double-stimuli trials (see Figure 1.B). 2 

 Results 3 

The mean rate of rejected trials across participants was approximately 2.7 %. A graphical 4 

summary of the data can be found in Figure 3-4; it also illustrates the Distance in Initial 5 

Deviation (IDD) between the conditions FL and FR. 6 

Inspection of Figure 3-4 reveals that the second saccade features a clear deviation away from 7 

the initial fixation position. For instance, the 95% confidence intervals for the saccade 8 

deviation at 20ms from saccade onset (see insets of Figure 3-4) shows that the deviations are 9 

significantly more rightward when the fixation is on the left (see red bars in both insets). 10 

Reciprocally, the deviations are significantly more leftward when the fixation is on the right 11 

(see blue bars in both insets). Note also that the deviations are greater for the distance of 60 12 

degrees between S1 and S2. These impressions of the data are confirmed by the Bayes Factor 13 

analysis -- the model that considers an interaction between S1-S2 Distance and Fixation side is 14 

classed as the best model. The pre-eminence of the interaction model is unambiguous as it has 15 

a BF of φρςȢρφσȢχτϷ when tested against the second best model which considers a main 16 

effect of Fixation side (BF > 150 corresponds to very strong evidence, see Table 1).  17 

 18 
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 1 

Figure 3-4: Average Saccade Curvatures due to Fixation Side across all participants according 2 

to Fixation side (Left or R ight) and Stimulus Distances (30 ° and 60°). The dotted curves 3 

represent the average saccade curvatures. The saccade curvature of each participant has been 4 

centred on the average trajectory of the participants for each stimulus distance in order to highlight 5 

only the effect of the Fixation Side ɀ and so its clear interaction with Stimulus Distance. Insets: The 6 

initial deviations at 20 ms, indicated with white arrows in the main plots, are represented as a bar 7 

plot.  The error bars and error contours denote the confidence interval at 95% with a within-subject 8 

correction (Cousineau, 2005) based on 80 data points per participant in each condition. 9 

 Experiment 2 10 

 Aims and Procedural Details 11 

The aim of this experiment was to finally specify the mechanism underlying the curvature of 12 

the second saccade -- deviating away from the previous fixation. As a reminder, two 13 

mechanisms have been suggested: Hypothesis 1 , it is a memorized and spatiotopic image of F 14 

which causes the deviation; Hypothesis 2 , it is residual activity from Saccade 1 which deviates 15 

Saccade 2 away from F. 16 

Hypothesis  1 can be tested by varying the time from Fixation offset when Saccade 2 starts 17 

(ɝFromFix.2), whilst Hypothesis  2 can be tested by varying the intersaccadic duration 18 

ɉɝ)ÎÔÅÒ3ÁÃÃȢɊȢ /Î ÏÎÅ ÈÁÎÄȟ ÖÁÒÙÉÎÇ ÔÈÅ ÄÕÒÁÔÉÏÎ ÏÆ 3ρ ɉÉȢÅȢ ɝ3υɊ could be used as a proxy to vary 19 

ɝ)ÎÔÅÒ3ÁÃÃȢ but it would also vary ɝ&ÒÏÍ&ÉØȢφ (ɝ&ÒÏÍ&ÉØȢφ Є ɝ&ÒÏÍ&ÉØȢυ Ͻ ɝ)ÎÔÅÒ3ÁÃÃȢ, see 20 
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Figure 2C). Thus, varying the duration of S1 alone is not sufficient to differentiate Hypothesis 1 

1 from Hypothesis 2 . On the other hand, the creation of a gap between Ὂ and Ὓ (named Gap, 2 

see Figure 2C) can be used as a proxy to vary ɝ&ÒÏÍ&ÉØȢς ×ÉÔÈÏÕÔ ÖÁÒÙÉÎÇ ɝ)ÎÔÅÒ3ÁÃÃȢ )Î 3 

ÐÁÒÔÉÃÕÌÁÒȟ ÔÈÅ ÄÕÒÁÔÉÏÎ ÏÆ ÔÈÉÓ ÇÁÐ ɉÉȢÅȢ ɝ'ÁÐɊ ×ÏÕÌÄ ÂÅ Á ÐÒÏØÙ ÔÏ ÖÁÒÙ ɝ&ÒÏÍ&ÉØȢρȢ 4 

#ÏÎÓÅÑÕÅÎÔÌÙȟ ÖÁÒÙÉÎÇ ɝ'ÁÐ ÉÓ Á ÇÏÏÄ ×ÁÙ ÔÏ ÓÐÅÃÉÆÉÃÁÌÌÙ ÁÄÄÒÅÓÓ Hypothesis  1, but it would 5 

not address Hypothesis  2. 6 

 7 

Figure 3-5: Summary of the Various Conditions of the Paradigm. Note that for the sake of 8 

simplicity we represent the average timing:  the randomness in timing is detailed below. The distance 9 

ὛὛ was of 60 directional degrees. For short S1 ÔÒÉÁÌÓȟ ɝ3υ ÉÓ ÒÁÎÄÏÍÌÙ ÔÁËÅÎ ÆÒÏÍ Á ÕÎÉÆÏÒÍ 10 

distribution between 250 ms and 450 ms, while for long S1 trials it was taken between 550 ms and 11 

750 ms. For short Gap ÔÒÉÁÌÓȟ ɝ'ÁÐ ÉÓ ÒÁÎÄÏÍÌÙ ÓÅÌÅÃÔÅÄ ÆÒÏÍ Á ÕÎÉÆÏÒÍ ÄÉÓÔÒÉÂÕÔÉon between 0 ms 12 

to 200 ms while for long Gap ÔÒÉÁÌÓȟ ɝ'ÁÐ ÉÓ ÐÉÃËÅÄ ÂÅÔ×ÅÅÎ χττ ÍÓ ÔÏ ωττ ÍÓȢ .ÏÔÅ ÔÈÅ ÅÑÕÁÌÉÔÙ ÏÆ 13 

ÖÁÒÉÁÔÉÏÎ ÕÓÅÄ ÆÏÒ ɝ'ÁÐ ÁÎÄ ɝ3υȢ 7Å ÍÉØÅÄ ÁÌÌ ÔÈÅ ÃÏÎÄÉÔÉÏÎÓ ÉÎ Á ÒÁÎÄÏÍ ÁÎÄ ÂÁÌÁÎÃÅÄ ×ÁÙȢ %ÁÃÈ 14 

participant was tested in two experimental sessions. 15 
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In order to concurrently address both hypotheses, we propose the following. First, we assume 1 

that Saccade 1 and Saccade 2 durations and the reaction time of the participants to S1 and S2 2 

presentations will be sufficiently constant over the conditions (i.e. same distribution). Second, 3 

we assume that both the Fixation representation and the residual activity are transient and so 4 

their effects on Saccade 2 decrease over time. On the basis of these assumptions, a change of 5 

200 ms ɀ for instance ɀ ÉÎ ɝ'ÁÐ ×ÏÕÌÄ ÃÒÅÁÔÅ Á ÃÈÁÎÇÅ ÏÆ ςππ ÍÓ ÉÎ ɝ&ÒÏÍ&ÉØȢρȠ Á ÒÅÌÁÔÉÏÎÓÈÉÐ 6 

×ÈÉÃÈ ×ÏÕÌÄ ÁÌÓÏ ÂÅ ÈÅÌÄ ÂÅÔ×ÅÅÎ ÃÈÁÎÇÅÓ ÉÎ ɝ3ρ ÁÎÄ ɝ)ÎÔÅÒ3ÁÃÃ. We then created two levels 7 

ÆÏÒ ɝ'ÁÐȡ  short Gap and long Gap; and two levels ÆÏÒ ɝ3ρȡ short S1 and long S1. We chose the 8 

ÄÕÒÁÔÉÏÎ ÏÆ ɝ3ρ ÁÎÄ ɝ'ÁÐ ÌÅÖÅÌÓ ÓÏ ÔÈÁÔ ρɊ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ short Gap / short S1 gives a short 9 

ɝ&ÒÏÍ&ÉØȢφ, 2) the combinations short Gap / long S1 and long Gap / short S1 give a similar, 10 

medium ɝ&ÒÏÍ&ÉØȢφ, and 3) the combination long Gap / long S1 ÇÉÖÅÓ Á ÌÏÎÇ ɝ&ÒÏÍ&ÉØȢς ɉÓÅÅ 11 

paradigm details in Figure 3-5). 12 

 13 

Figure 3-6: Summary of Expected Results for the two-way ANOVA according to the hypotheses. 14 

Note that in Hypothesis 1 (left plot), the two middle bars - red and blue - are of equal height, 15 

Furthermore, the effect of S1 duration is larger than the effect of Gap duration. In Hypothesis 2 16 

(middle plot), the bars sharing the same colour are of the same height. In Hypothesis 1 and 2 (right 17 

plot), the two middle bars - red and blue - are not of equal height. Furthermore the effect of S1 18 

duration is larger than the effect of Gap duration. 19 

 20 

If Hypothesis 1  (inhibition from previous fixation) is exclusively correct, the deviation of 21 

Saccade 2 ÄÅÐÅÎÄÓ ÏÎÌÙ ÏÎ ɝ&ÒÏÍ&ÉØȢςȢ 7Å ÓÈÏÕÌÄ ÏÂÓÅÒÖÅ Á ÍÁÉÎ ÅÆÆÅÃÔ ÏÆ ɝ'ÁÐ ÁÎÄ ɝ3ρ ×ÈÉÌÅ 22 

the deviation should be equal for short Gap / long S1 and long Gap / short S1 conditions. In other 23 

words, the effect size of ɝSρ ÁÎÄ ɝ'ÁÐ ÁÒÅ ÅÑÕÁÌȢ )Æ Hypothesis 2  (residual saccade activity) is 24 

ÅØÃÌÕÓÉÖÅÌÙ ÃÏÒÒÅÃÔȟ ÔÈÅ ÄÅÖÉÁÔÉÏÎ ÄÅÐÅÎÄÓ ÏÎÌÙ ÏÎ ɝ)ÎÔÅÒ3ÁÃÃȟ ÁÎÄ ×Å ÓÈÏÕÌÄ ÏÂÔÁÉÎ Á ÍÁÉÎ 25 

ÅÆÆÅÃÔ ÏÆ ɝ3ρ ÂÕÔ ÎÏÔ ÆÒÏÍ ɝ'ÁÐȢ )Æ Hypothesis 1 and 2  are mutually correct, the deviation will 26 
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ÄÅÐÅÎÄ ÏÎ ɝ)ÎÔÅÒ3ÁÃÃȢ ÁÎÄ ɝ&ÒÏÍ&ÉØȢςȟ ÁÎÄ ×Å ÓÈÏÕÌÄ ÏÂÔÁÉÎ Á ÍÁÉÎ ÅÆÆÅÃÔ ÏÆ  ɝ'ÁÐ ÁÎÄ  ɝ3ρ 1 

while the deviation should be smaller for the short Gap / long S1 condition than for the long 2 

Gap / short S1  ÃÏÎÄÉÔÉÏÎ ɉÔÈÅ ɝ&ÒÏÍ&ÉØȢς ÉÓ ÅÑÕÁÌ ÂÕÔ ɝ)ÎÔÅÒ3ÁÃÃȢ ÄÉÆÆers). In other words, the 3 

effect size of ῳὛ ÉÓ ÌÁÒÇÅÒ ÔÈÁÎ ÔÈÅ ÅÆÆÅÃÔ ÓÉÚÅ ÏÆ ɝ'ÁÐ (see Figure 3-6 for a graphical 4 

representation). 5 

To reduce the number of statistical models tested by the Bayes Analysis, the Independent 6 

Variable we chose to work with is the Distance in Initial Deviation for Saccade 2 between Ὂ 7 

and Ὂ conditions (we will refer to it as IDDLR, as in Experiment 1). This change in independent 8 

variable also allowed us to assess the effect of ɝS1 (short S1 and long S1Ɋ ÁÎÄ ÏÆ ɝ'ÁÐ ɉshort 9 

Gap and long Gap) on the IDDLR with a two-way Analysis of Variance (ANOVA). However, this 10 

also means that we work with one IDDLR per participant per condition (instead of one measure 11 

per trial as in Experiment 1). Because of this, and also because we have now mixed conditions 12 

with different stimulus timings, we chose to increase the number of participants to 14 (9 13 

males).  14 

 Results 15 

We rejected, in total, 3 participants based on their proportion of rejected trials (proportion 16 

greater than 40% - see Appendix 6 for details on trial rejections and a sample of ill-distributions 17 

ÆÏÒ ɝ)ÎÔÅÒ3ÁÃÃ ÁÎÄ ɝ&ÒÏÍ&ÉØȢςɊȢ 18 

A classic two-×ÁÙ !./6! ÄÅÔÅÃÔÅÄ Á ÓÉÇÎÉÆÉÃÁÎÔ ÅÆÆÅÃÔ ÏÆ ɝ3ρ ÁÎÄ ɝ'ÁÐ ÏÎ )$$LR and no 19 

interaction between them (for further details - Figure 3-7). In addition, we ran a paired t-test 20 

comparing the changes in IDDLR ÏÂÓÅÒÖÅÄ ×ÈÅÎ ÖÁÒÙÉÎÇ ɝ'ÁÐ ÁÎÄ ×ÈÅÎ ÖÁÒÙÉÎÇ ɝ3ρȡ ÔÈÅ 21 

ÃÈÁÎÇÅ ÃÁÕÓÅÄ ÂÙ ɝ3ρ ÉÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÇÒÅÁÔÅÒȟ t(21) = 2.14, p=.044. The fact that both main 22 

ÅÆÆÅÃÔÓ ÁÒÅ ÓÉÇÎÉÆÉÃÁÎÔ ÁÎÄ ÔÈÁÔ ɝ3ρ ÈÁÓ Á ÌÁÒÇÅÒ ÅÆÆÅÃÔ ÓÕÐÐÏÒts the idea that hypotheses 1  and 23 

2 are coexisting (see section 4.1 and Figure 3-6). 24 

 25 
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 1 

Figure 3-7: Summary of the two-way ANOVA conducted in Experiment 2. Error bars display the 2 

within -subject standard error of the mean for a 95% confidence interval. The two-way ANOVA within 3 

participants yielded a main effect of ῳὛ, Ὂρȟρπ ψȢψφωȟὴ Ȣπρσωȟ– πȢρυτ, such that the 4 

average IDDLR was significantly higher for short S1 (M = 0.584 , SD = 0.314) than for long S1 (M = 5 

0.361ȟ 3$ Є τȢφτυɊȢ 4ÈÅ ÍÁÉÎ ÅÆÆÅÃÔ ÏÆ ɝ'ÁÐ ×ÁÓ ÁÌÓÏ ÓÉÇÎÉÆÉÃÁÎÔȟ Ὂρȟρπ ρςȢρφφȟὴ Ȣππυψτȟ–6 

Ȣπσυρ, such that the average IDDLR was significantly higher for short Gap (M = 0.523 , SD = 0.236) 7 

than for long Gap (M = 0.423 , SD = 0.238). The interaction was not significant, Ὂρȟρπ Ȣππσπρȟὴ8 

Ȣωυχȟ– Ȣππππρ  9 

 10 

To further confirm our finding, we ran a Bayesian analysis with the same data set. We tested 11 

all possible models combining Participantȟ ɝ'ÁÐ ÁÎÄ ɝ3ρ ÁÎÄ ÔÈÅÉÒ ÉÎÔÅÒÁÃÔÉÏÎÓ ɉÉȢÅȢ 12 

interactions between Participant and Dependent Variables are now tested). 13 

Table 2: Bayes factor top-down analysis on Initial Difference in Deviation (Left-Right). 14 

 Effect of Omission BF  Interpretation Tag Polarity 

[1] ɲDŀǇΥɲ{мΥtŀǊǘƛŎƛǇŀƴǘ 1.02 ±5.26% weak none 

[2] ɲDŀǇΥtŀǊǘƛŎƛǇŀƴǘ 3.88 ±4.26% positive against 

[3] ɲ{мΥtŀǊǘƛŎƛǇŀƴǘ 5.29E-04 ±4.65% very strong in favour 

[4] ɲDŀǇΥɲ{м 2.37 ±5.96% weak against 

[5] Participant 3.53E-09 ±5.19% very strong in favour 

[6] ɲDŀǇ 0.196 ±6.07% positive in favour 

[7] ɲ{м 0.248 ±4.46% positive in favour 
.ÏÔÅȢ 4ÈÅ ÓÙÍÂÏÌ Ȱȡȱ ÉÎÄÉÃÁÔÅÓ ÉÎÔÅÒÁÃÔÉÏÎÓȢ "ÁÙÅÓ &ÁÃÔÏÒ ÁÇÁÉÎÓÔ ÔÈÅ ÆÕÌÌ ÍÏÄÅÌȡ  ὍὈὈ ͻ ɝ3υ Ͻ ɝ'ÁÐ 15 

Ͻ 0ÁÒÔÉÃÉÐÁÎÔ Ͻ ɝ3υȡɝ'ÁÐ Ͻ ɝ3υȡ0ÁÒÔÉÃÉÐÁÎÔ Ͻ ɝ'ÁÐȡ0ÁÒÔÉÃÉÐÁÎÔ Ͻ ɝ3υȡɝ'ÁÐȡ0ÁÒÔÉÃÉÐÁÎÔȢ 16 
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 Table 2 reports the effect of omitting each Dependent Variable and interaction from the full 1 

model (i.e. the model with all the variables). A BF inferior to one means that to omit the variable 2 

is detrimental to the full model ɀ i.e. the evidence is in favour of an effect of the variable. 3 

Matching the BFs with the interpretation tags of Table 1 (in italics), we can see that there is 4 

positive evidence in favour ÏÆ ÁÎ ÅÆÆÅÃÔ ÏÆ ÂÏÔÈ ɝ'ÁÐ ÁÎÄ ɝ3ρȟ ÃÏÎÓÉÓÔÅÎÔ ×ÉÔÈ ÔÈÅ ÒÅÓÕÌÔÓ ÏÆ ÔÈÅ 5 

above ANOVA.  There is also very strong evidence in favour of an interaction between 6 

0ÁÒÔÉÃÉÐÁÎÔÓ ÁÎÄ ɝ3ρ ÁÎÄ positive evidence against an interaction between Participants and 7 

ɝ'ÁÐȢ &ÕÒthermore, the best model reported by the analysis is the following: 8 

ὍὈὈ ͯ ῳὛ ῳὋ ὖὥὶὸὭὧὭὴὥὲὸὖὥὶὸὭὧὭὴὥὲὸȡῳὛ 9 

Its BF against the next best and simpler model ɀ which simply ÉÇÎÏÒÅÓ ɝ'ÁÐ ɀ is approximately 10 

7.23 ( τȢςχ%). This constitutes positive evidence for a clear pre-eminence of the best model 11 

over the other models.  12 

Finally, considering the best model, we tested if ὉῳὛ ὉῳὋ  --where Ὁ  stands for the 13 

effect size-- from its posterior distribution. We extracted 10,000 points from the posterior 14 

distribution ÏÆ ɝ3ρ and ÏÆ ɝ'ÁÐ in order to estimate the probability of ὉῳὛ ὉῳὋ  and of 15 

ὉῳὛ ὉῳὋ identifying the best model. To obtain the BF of each hypothesis against the 16 

best model, we multiply each of them by their prior probability, which is 0.5 (we assumed that 17 

both are equally possible). We get ὄὊ  and ὄὊ  against the best model. From this: 18 

ὄὊ  Ȣ 

ὄὊ

ὄὊ

ρȢφπσ

πȢσωχ
τȢπσχ 19 

This BF is greater than 3 and so suggests that our data constitute positive evidence for Eɉɝ3ρ) 20 

Є %ɉɝ'ÁÐɊ ɀ the effect size of S1 duration is greater than the effect size of Gap duration. To 21 

conclude, the results of the Bayesian Analysis are compatible with those of with the ANOVA 22 

and support the idea that hypotheses 1  and 2 are mutually correct: the deviation away that 23 

we observed is caused by both a spatiotopic influence and a retinotopic residual activity. 24 

 25 

  26 
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 Discussion 1 

Revealing the spatial frame of saccades is a way to put to the test recent models of saccade 2 

curvatures (Kruijne et al., 2014; Z. Wang & Theeuwes, 2014) that are based on retinotopic brain 3 

regions. Our work set out to demonstrate an influence of the fixation stimulus on subsequent 4 

saccade trajectories as suggested in previous studies (Sogo & Takeda, 2006; Z. Wang & 5 

Theeuwes, 2014). The originality of our work is that, contrary to Wang and Theeuwes (2014), 6 

we looked specifically for an influence of the spatiotopic representation of the previous fixation 7 

by using a double saccade paradigm. Furthermore, in contrast with Sogo and Takeda (2006), 8 

we controlled for the aftereffect of previous saccades which could have the same consequences 9 

as the infl uence of the fixation stimulus on the ongoing saccade trajectory. 10 

Our double saccade paradigm consisted of trials on which the participant first had to stare at a 11 

fixation stimulus Ὂ. When Ὂ disappeared, the participant performed two saccades (Saccade 1 12 

and Saccade 2) to two different locations indicated sequentially on the screen with stimuli Ὓ 13 

and Ὓ. Our first experiment shows that the trajectory of the second saccade deviates away 14 

from the previous fixation Ὂ. The second experiment demonstrates that both the time elapsed 15 

from Fixation offset to Saccade 2 onset, and the inter-saccadic time from Saccade 1 offset to 16 

Saccade 2 onset are both influencing the deviation. This demonstrates that one part of the 17 

deviation is caused by the spatiotopic representation of Ὂ and one other part is caused by the 18 

aftereffect of the first saccade (residual activity).  19 

 Link with Jonikaitis and Belopolsky (2014) and with Inhibition of 20 

Return 21 

Interestingly, our evidence for spatiotopic influences on saccade trajectories is supported by 22 

the recent behavioural work of Jonikaitis and Belopolsky (2014). In an experimental set-up 23 

where participants have to achieve two saccades ɀ as in ours - they demonstrated that the 24 

second saccade trajectory deviates away from the spatiotopic representation of a distractor 25 

and not from its retinotopic representation. To the best of our knowledge, only our work and 26 

their study have yielded evidence for a spatiotopic frame of deviation phenomena. Such 27 

spatiotopic deviations could not be explained by the low-level mechanisms proposed by 28 

Kruijne et al.(2014) and Wang et al.(2012; 2014). However, Jonikaitis and Belopolsky (2014) 29 

did not control for saccade residual activity; we will discuss in the next session (5.2) the 30 
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possibility that the model of Kruijne et al.(2014), combined with saccade residual activity, 1 

could explain their results.  2 

It is also worth noting that there are encouraging links between our work and the literature on 3 

inhibition of return during visual search (overt attention IoR). Indeed, the deviation away from 4 

a previously fixated stimulus could be linked to overt attention IoR ɀ i.e. saccades to a 5 

previously fixated position take longer to trigger (Klein & MacInnes, 1999). Further, the 6 

deviation caused by the residual activity from a previous saccade could be linked to the 7 

saccadic momentum ɀ i.e. saccades with a similar vector as the previous one are more probable 8 

(A. J. Anderson et al., 2008; Smith & Henderson, 2009). Both effects are usually reported 9 

together, and our paradigm may be a solution to study them separately. However, it is 10 

important to be cautious: work has shown that deviation away phenomena and covert 11 

attention IoR can be based on different mechanisms (Godijn & Theeuwes, 2004). The same 12 

conclusion has been reached for the priming compatibility effect ɀ an analogue of IoR -- and 13 

deviation away (Hermens et al., 2010; Sumner, 2007 for a review on the compatibility effect). 14 

Furthermore, similar mechanisms can be separate mechanisms. For instance, the priming 15 

compatibility effect has been shown to be implemented separately for manual and eye 16 

movement (Sumner et al., 2007). In parallel with this, it has been demonstrated that there is a 17 

distinct cortical and collicular IoR for covert attention (Sumner, Nachev, Vora, Husain, & 18 

Kennard, 2004). Thus, we believe that to link overt attention IoR to our results is not trivial. At 19 

the very least, the time course of our deviation away effect will need to be explored. At most, 20 

different mechanisms of overt IoR may need to be distinguished and localized before being 21 

compared with our results. 22 

Note that a quantitative measure of the residual effect over time would require an increase in 23 

the precision with which deviation is measured. In this case, human participants may need 24 

training sessions before collecting the data in order to minimize superfluous and missing 25 

saccades, as well as any disruption induced by the introduction of a gap. 26 

 Discussion in the light of Kruijne et al. model: fatigue in the 27 

brainstem burst generator 28 

The model of Kruijne et al. (2014) is based on fatigue (resembling Short Term Depression, 29 

STD)11 occurring in the saccade burst generator in the brainstem. They assume one stem per 30 

                                                           
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 mechanism in the Long-Lead-Burst 1 

neurons (LLBNs). The LLBNs are known not to be inhibited by the omnipause neurons between 2 

saccades (Scudder, Kaneko, & Fuchs, 2002, see also General Introduction). In addition a visually 3 

evoked signal on the SC can activate the LLBNs (Rodgers, Munoz, Scott, & Paré, 2006). 4 

Subsequently, a distractor could activate the LLBNs and cause a sort of fatigue of those neurons, 5 

which will modify the trajectory of the next saccade. A distractor placed to the right of the target 6 

would fatigue the right LLBNs stem: this imbalance would then cause a saccade deviation to 7 

the left. As the SC connections to LLBNs are heavier for eccentric positions, the fatigue caused 8 

to the LLBNs would increase with distractor eccentricity, resulting in a stronger deviation (in 9 

line with Van der Stigchel et al., 2007). Along the same line of reasoning, a long presentation of 10 

the distractor would also increase the fatigue of the LLBNs. Their theory is rather appealing in 11 

the way in which it explains the major phenomena that top-down inhibition control was given 12 

credit for (see the four points mentioned in the Introduction, Section 1.2). 13 

In our experiment, however, their theory predicts a deviation toward the previous fixation 14 

point, which is not what we observed. For instance, if the first saccade is toward the right, their 15 

model suggests that the right LLBNs are fatigued for the second saccade: the second saccade 16 

would deviate toward the left, towards the previous fixation. Furthermore, our work shows 17 

that the saccadic curvatures can be partially explained by the time from previous elicited 18 

saccades (the intersaccadic ÉÎÔÅÒÖÁÌ ɝ)ÎÔÅÒ3ÁÃÃȢɊȢ 4ÈÉÓ ÉÓ ÌÉËÅÌÙ ÔÏ ÏÒÉÇÉÎÁÔÅ ÆÒÏÍ Á ÓÁÃÃÁÄic 19 

residual activity in the SC, as assumed by the work of other authors (A. J. Anderson et al., 2008; 20 

Hooge & Frens, 2000; Klein & MacInnes, 1999; Smith & Henderson, 2009; Z. Wang et al., 2011). 21 

Note that this saccadic residual activity has an opposite effect to the fatigue mechanism 22 

proposed by Kruijne et al. (2014). They failed to consider this residual activity because they 23 

developed their model to explain a single-saccade paradigm. Their  model might be revised to 24 

treat saccade-evoked activation of LLBNs differently from stimuli-evoked activation of the 25 

LLBNs. The former would produce residual activity in the SC or LLBNs, whilst the latter would 26 

produce fatigue in the LLBNs. 27 

With such a revision of the model, results such as those of Jonikaitis and Belopolsky (2014), 28 

which suggest deviation away from the spatiotopic representation of a distractor -- might be 29 

ÒÅÄÕÃÅÄ ÔÏ ÁÎ ÅØÐÌÁÎÁÔÉÏÎ ÉÎ ÔÅÒÍÓ ÏÆ Á ÓÉÍÐÌÅ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÂÏÔÈ 3#ȭÓ ÒÅÓÉÄÕÁÌ ÁÃÔÉÖÉÔÙ 30 

and brainstem fatigue. Indeed, it should be noted that the retinotopic representation is less 31 

eccentric in their green condition (see their figure 1.E) than in their purple condition. Hence, in 32 

their green condition, the fatigue caused by the distractor is smaller than the fatigue caused in 33 
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the purple condition. The residual activity caused by the first saccade could be such that it 1 

would overcome the green ÃÏÎÄÉÔÉÏÎȭÓ ÆÁÔÉÇÕÅ ÂÕÔ ÎÏÔ ÔÈÅ purple ÃÏÎÄÉÔÉÏÎȭÓ ÆÁÔÉÇÕÅȢ 2 

Our experiment, on the contrary, does control for residual activity from previous saccades, and 3 

still finds evidence for a deviation away from the spatiotopic representation of a previous 4 

fixation stimulus. Such a deviation away in a spatiotopic frame cannot be explained by Kruijne 5 

ÅÔ ÁÌȢȭÓ ÍÏÄÅÌȢ ! ÓÅÃÏÎÄ ÒÅÖÉÓÉÏÎ ÏÆ ÔÈÅ ÍÏÄÅÌ ÃÏÕÌÄ ÔÈÅÎ ÁÄÄ ÅÉÔÈÅÒ Á ÓÁÔÅÌÌÉÔÅ ÓÔÒÕÃÔÕÒÅȟ ×ÈÉÃÈ 6 

would send spatiotopic signals to the SC/LLBN ɀ or a feedback mechanism that would 7 

ÁÕÔÏÍÁÔÉÃÁÌÌÙ ÓÈÉÆÔ ÔÈÅ 3#ȭÓ ÓÉÇÎÁÌ ×ÈÅÎ Á ÓÁÃÃÁÄÅ ÏÃÃÕÒÒÅÄȢ  8 

 Discussion in the light of Wang et al. model: lateral interactions in 9 

the SCi 10 

The model of Wang et al. (2012; 2014) is based on spatial interactions occurring between 11 

stimuli on the Superior Colliculus (SC) map. These spatial interactions assumed that the SC is 12 

reducible to a Dynamic Neural Field with a Mexican hat kernel. The Mexican hat kernel defines 13 

the way that all neurons in the field connect with neighbouring neurons.  In particular, it excites 14 

its close neighbours, inhibits its remote neighbours, and does not connect at all with distant 15 

neighbours. The kernel resembles a Mexican hat (MH) as shown in Figure 3-8 and it defines 16 

three interaction zones centred around the stimulus locus: a circular attraction zone, a ring 17 

repelling zone and a no-interaction zone beyond that ring (Amari, 1977) [note that Figure 3-8 18 

is a one-dimensional cut of the MH - thus the circle and the ring are reduced to segments]. 19 

Similar to what was observed in Chapter 2, when two stimuli of the same strength are 20 

presented to the neural field: 21 

Ɇ If they are in the attraction zone of the other, they give rise to a bump of activity in 22 

between their two loci; 23 

Ɇ If they are in the repelling zone, the activations evoked by each stimulus repel each other, 24 

each of them giving rise to an eccentric bump of activity; 25 

Ɇ If they are in the no-interaction zone, each stimulus gives rise to a bump of activity centred 26 

on its locus. 27 
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 1 

Figure 3-8: Mexican Hat Connection Kernel and the interaction regions assumed by Wang et 2 

ÁÌȢ ɉφτυφȠ φτυψɊȭÓ ÍÏÄÅÌȢ 3 

 4 

With this simple attraction/repulsion model, Wang et al. (2012; 2014) successfully explained 5 

the relationship between deviation and distractor-target separation observed in the previous 6 

literature, notably based on McSorley et al. (2009)ȭÓ ÄÁÔÁ ÁÎÄ ÏÎ Á ÍÅÔÁ-analysis across 12 data 7 

sets. 8 

Furthermore, as a fixated stimulus also evoked a MH activation of the SC, they considered that 9 

the timing of the fixation stimulus could affect the trajectory of the next saccade. In their 10 

experiments (Z. Wang & Theeuwes, 2014) where they generated curvatures away from a 11 

distractor, they report that, indeed, the fixation timing (overlap vs. gap) influences the 12 

deviation and the amplitude of the saccades. This influence is in line with a Fixation-Target 13 

repelling effect cumulating with a Target-Distractor repelling effect. This demonstration of 14 

their theory is elegant and Kruijne et al.(2014)ȭÓ ÍÏÄÅÌ ÃÏÕÌÄ ÎÏÔ ÁÃÃÏÕÎÔ ÆÏÒ ÓÕÃÈ Á ÆÉØÁÔÉÏÎ 15 

stimulus effect on saccade trajectory. Indeed, the fixation zone of the SC presumably does not 16 

activate the LLBNs and/or at least, would not activate a specific direction in the LLBNs. 17 

However, to place the Mexican hat kernel (which drives the attraction/repulsion) and the 18 

fixation representation specifically in the SC without considering any external updates 19 

prevents their model from explaining our results. Indeed, in that case, no spatiotopic 20 

representation of the fixation is reaching the deviation mechanism (i.e., the Mexican Hat 21 

kernel). In fact, it has already been suggested that there are several fixation inhibitory 22 

influences coming from more than one pathway (Sumner, Nachev, Castor-Perry, Isenman, & 23 

Kennard, 2006). Hence, as for the model of Kruijne et al. (2014) a revision of their model could 24 
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add either a satellite structure which would send spatiotopic signals to the SC ɀ or a satellite 1 

ÓÔÒÕÃÔÕÒÅ ×ÈÉÃÈ ×ÏÕÌÄ ÓÈÉÆÔ ÔÈÅ 3#ȭÓ signal when a saccade occurred. Alternatively, the Mexican 2 

Hat kernel could be operating directly from  a spatiotopic structure.  3 

 An Excitatory Spatiotopic Signal from the Lateral Intraparietal Area 4 

Our suggested revisions for the two aforementioned models have in common the proposal of a 5 

spatiotopic excitatory signal in the SC -- as both models need an excitation of the SC to create 6 

deviation phenomena. It is important to mention that the traditional explanation of deviation 7 

away phenomena ɀ as opposed to the aforementioned proposition-- is a top-down inhibition 8 

influence on the SC (McSorley et al., 2004). This top-down inhibition could be spatiotopic. We 9 

discuss next what may be inferred from the previous literature. 10 

It should be noted that structures downstream (or parallel to) the SC have been suggested for 11 

driving spatiotopic updating (Bozis & Moschovakis, 1998)Ȣ "ÏÚÉÓ ÁÎÄ -ÏÓÃÈÏÖÁËÉÓȭÓ ×ÏÒË 12 

demonstrates that a simple feedback of the brainstem burst generator to the SC (known from 13 

Moschovakis, Karabelas, & Highstein, 1988), makes spatiotopic updating possible. Note that 14 

the brainstem burst is correlated with the velocity of the saccade. Their idea was to feedback 15 

this velocity related burst to the SC with asymmetric connections so that the activity on the SC 16 

moves as the eyes move. This is important, since they successfully implemented a simple neural 17 

mechanism to update retinotopic representations to spatiotopic representations. 18 

However, several pieces of evidence appear to favour a top-down origin of the spatiotopic 19 

representations. First, it has been shown that spatiotopic representations often happen late 20 

and gradually compared with those of the retinotopic system (Golomb, Chun, & Mazer, 2008; 21 

Hilchey, Klein, Satel, & Wang, 2012; Mathôt & Theeuwes, 2010; Pertzov, Zohary, & Avidan, 22 

2010). Second, human participants can voluntarily block the build-up of a spatiotopic 23 

representation when the task requires them to maintain only a retinotopic representation 24 

(Golomb, Chun, & Mazer, 2008, experiment 3). Third, it is known that cortical lesions can hinder 25 

the completion of saccadic tasks requiring spatiotopic update (Duhamel, Goldberg, Fitzgibbon, 26 

Sirigu, & Grafman, 1992; Heide, Blankenburg, Zimmermann, & Kömpf, 1995). The work of 27 

Heide et al. (1995) is of particular interest. In a double-step task, two target stimuli were 28 

presented one after the other, and the participant had to make a saccade to each of them in 29 

order. The presentation of the second target stopped before the initiation of the first saccade. 30 

The second target then had to be memorized and its representation needed to be 31 
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spatiotopically updated on the SC to trigger the relevant saccade. Note that if the second target 1 

has been still displayed after the end of the first saccade, the spatiotopic update would have 2 

not been needed. Heide et al. (1995) showed that a lesion in the Posterior Parietal Cortex 3 

causes an increase in errors for the second saccade ɀ suggesting that it is involved in the 4 

spatiotopic update that the second saccade requires. Interestingly, the dorsolateral prefrontal 5 

cortex, which has been suggested to implement a top-down inhibition influence on the SC 6 

(Meeter et al., 2010) does not appear to be involved in the spatiotopic coding of the second 7 

saccade, and neither is the Frontal Eye Field (FEF, replicated in other studies such as  Rivaud, 8 

Müri, Gaymard, Vermersch, & Pierrot-Deseilligny, 1994; Schiller & Chou, 1998). Finally, the 9 

main area projecting to the SC from the Posterior Parietal Cortex is the lateral intraparietal 10 

area (LIP, Paré & Wurtz, 1997). Note that both LIP and FEF are also strongly interconnected 11 

(Andersen et al., 1990). 12 

In addition, in both LIP and FEF ɀwhich are both top-down structures projecting to the SC ɀ the 13 

neural population coding for the postsaccadic location of the visual stimuli seems to be 14 

activated before the saccade (Goldberg & Bruce, 1990; Goldberg, Colby, & Duhamel, 1990; 15 

Kusunoki & Goldberg, 2003; Umeno & Goldberg, 1997): this could correspond to an anticipated 16 

spatiotopic update. Furthermore, neurophysiological work have demonstrated that such 17 

predictive activations also occur in specific cells of the SCi, i.e., the quasivisual cells (Mays & 18 

Sparks, 1980; M. F. Walker, Fitzgibbon, & Goldberg, 1995). These findings support the 19 

possibility of a spatiotopic excitatory update of the SCi: notably its quasivisual neurons would 20 

reflect an anticipated spatiotopic update sent and generated by the LIP.   21 

 Conclusion 22 

We have demonstrated that both residual activity from previous saccades and the spatiotopic 23 

representation of previously fixated stimuli can influence the trajectory of the current saccade. 24 

This influence is translated into a trajectory deviation away from the previously fixated 25 

stimulus. These findings call for current retinotopic models on deviation to update and take 26 

into account spatiotopic representations. In particular, we suggest that the Lateral 27 

Intraparietal area would be a good candidate to provide excitatory spatiotopic signal to the SC. 28 

  29 
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 APPENDIX A: Rejection of Trials in Experiment 2 1 

The average rejection rate of trials was very high compared to the pilot experiments (27 %) 2 

and it justifies a posteriori our choice of increasing our sample size. This high rejection rate 3 

could be due to the introduction of a gap or the fact that we mixed the conditions. Indeed, 4 

ÐÁÒÔÉÃÉÐÁÎÔÓ ÈÁÖÅ ÒÅÐÏÒÔÅÄ ÆÉÎÄÉÎÇ ÉÔ ÄÉÆÆÉÃÕÌÔ ÔÏ ÎÏÔ ÍÏÖÅ ÔÈÅÉÒ ÅÙÅÓ ÄÕÒÉÎÇ ÔÈÅ ÌÏÎÇ ÇÁÐ ɉɝ'ÁÐɊ 5 

and they found themselves making predictive saccades. The uncertainty of a long or short gap 6 

may also prevent them from adopting a strategy to stabilize their eyes. It is also important to 7 

recall from Section 2.2 that the trial rejection algorithm is sensitive to early and/or superfluous 8 

saccade. 9 

 10 

Figure 3-9: Rejection of Participants based on the proportion of rejected trials for Experiment 11 

2. 12 

 13 

We rejected in total 3 participants based on their proportion of rejected trials (greater than 14 

40% - see Figure 3-9 for a summary of trial rejection), concluding that the gap had been too 15 

disruptive on their performance. It is worth mentioning that a good data set for testing our 16 

hypotheses should show: 17 

1. ! ÓÉÍÉÌÁÒ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ɝ)ÎÔÅÒ3ÁÃÃ - when comparing the conditionὛρ ȿὋρ  18 

with Ὓρ Ὃρ  or when comparing Ὓρ ȿὋρ   with Ὓρ ȿὋρ , 19 
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2. A similÁÒ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ɝ&ÒÏÍ&ÉØȢς ×ÈÅÎ ÃÏÍÐÁÒÉÎÇ Ὓρ ȿὋρ  with 1 

Ὓρ ȿὋρ . 2 

4ÈÅÓÅ ÁÒÅ ÔÈÅ ÎÅÃÅÓÓÁÒÙ ÒÅÑÕÉÒÅÍÅÎÔÓ ÆÏÒ ɝ3ρ ÁÎÄ ɝ'ÁÐ ÂÅÉÎÇ ÇÏÏÄ ÐÒÏØÉÅÓ ÆÏÒ ɝ)ÎÔÅÒ3ÁÃÃ ÁÎÄ 3 

ɝ&ÒÏÍ&ÉØȢρ ÒÅÓÐÅÃÔÉÖÅÌÙ ÁÎÄ ÆÏÒ ÏÕÒ !./6! ÂÅÉÎÇ interpreted as in Section 4.1. Interestingly, 4 

the 3 rejected participants suffered from an ill-ÓÈÁÐÅÄ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ɝ&ÒÏÍ&ÉØȢς ÁÎÄ 5 

ɝ)ÎÔÅÒ3ÁÃÃȢ  &ÉÇÕÒÅ ρρ ÁÎÄ &ÉÇÕÒÅ ρς ÓÈÏ× ÁÎ ÅØÁÍÐÌÅ ÏÆȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ×ÅÌÌ ÁÎÄ ÉÌÌ-distribut ed 6 

ɝ&ÒÏÍ&ÉØȢς ÁÎÄ ɝ)ÎÔÅÒ3ÁÃÃȢ ɉÆÒÏÍ ÔÈÅ analysed and rejected data respectively).   7 

 8 

Figure 3-10: Example of a Good distribution of ◕╕░●Ȣ and ◕╢╪╬╬Ȣ from Participant AC.  These 9 

distributions are in agreement with the assumption made for using, respectively, ῳὛρ and ῳὋρ as 10 

proxy for varying ῳὛὥὧὧȢς and ῳὊὭὼȢρ.. 11 
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 1 

Figure 3-11: Example of an ill-shaped distribution of ◕╕░●Ȣ and ◕╢╪╬╬Ȣ from Participant 2 

BD.  3 

 4 

5 
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Chapter Four: The Bimodal Global Effect 

as a new Window on Decision Making 

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

Abstract 1 

The Global Effect (GE) refers to the tendency for saccades to first land in between two nearby 2 

visual stimuli ɀ forming a unimodal distribution -- instead of being an accurate saccade to one of 3 

the stimuli ɀ forming a bimodal distribution. Considering the motor map of the Superior 4 

Colliculus, several mechanisms were suggested: either there are two visually related bumps of 5 

activity that merge into one bump through lateral interactions, or there are two bumps that do 6 

not merge and the structures downstream somehow compute a spatial average. Based on the 7 

latter hypothesis, we explored whether a GE is still detectable for bimodal distribution of saccades. 8 

By proposing a simple mechanism underlying the Bimodal GE, we introduce this measure as a new 9 

window on Decision Making processes -- as compared to saccade trajectories. 10 

As a showcase of our measure, we chose to use it to examine the two major kinds of endogenous 11 

signals at play during decision-making ɀselection history signals and goal-related signals, 12 

respectively.  In particular, we selected the following two factors: 1) the probability of the 13 

occurrence of two stimuli on a trial, and 2) whether the participant is required to discriminate 14 

and aim for a target on two stimuli trials. We measured the Bimodal GE for several inter-stimulus 15 

distances to obtain a spatial profile of the signals.  16 

Our work reports that Bimodal GE can be successfully used to probe both types of signals. 17 

Interestingly, their spatial profiles differ -- the effect of the probability of occurrence is symmetric 18 

and decreases with stimulus separation, while the effect of discriminating a target is maintained 19 

across separations and is asymmetric, occurring only on the side of the distractor. This suggests 20 

that the former effect changes the response property of the motor map, while the latter 21 

specifically gives a boost to the target location.   22 
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 Introduction 1 

 Main question 2 

Most decision-making processes depends on the execution of an action expressing the decision. 3 

In this situation, no matter how efficient a decision-making system, its expression will 4 

ultimately be limited by the mechanisms used to translate decisions into action. We saw in the 5 

General Introduction that the SC serves as a sensori-motor interface for eye movement to 6 

which several decision processes can converge. Interestingly, the SC appears to trigger a 7 

saccade based on a simple threshold mechanism rather than on the completion of the inputting 8 

decision processes. Thus, a saccade can serve as a window opened on the SC, and/or on a 9 

specific decision process. For instance, in the previous chapter, we analysed the curvature of 10 

saccade trajectories to address the origin of a specific signal in the SC. Saccade curvature is a 11 

well-established tool to probe the mechanism of action selection, but it suffers from some 12 

limitati ons. First, the underlying mechanisms are debated or not fully understood ɀ 13 

particularly with respect to curvatures away from a distractor (as seen in the previous 14 

Chapter) and the correcting part of curvatures (Quaia et al., 1999; Walton, Sparks, & Gandhi, 15 

2005). Second, they are computationally heavy to extract, store, and handle. Third, they are 16 

ambiguous to measure (see Ludwig & Gilchrist, 2002 for a review of different methods to 17 

quantify saccade curvatures). In this chapter, we will introduce a new, lightweight, and simple 18 

measure ɀ the Bimodal Global Effect -- to use as an alternative window on decision processes.  19 

 Origin and mechanisms of the Global Effect 20 

Decisions are often translated into ocular and/or hand movements landing on or pointing to a 21 

visual item in the environment. In such a decision-making situation, each available decision 22 

option is attached to a visual item and a motor response. It has been shown that visual stimuli 23 

not relevant to the current task ɀ i.e., a distractor -- can interact with the relevant visual item, 24 

leading to inaccurate or altered expression of the decision. One famous example is that when 25 

two close visual stimuli are presented simultaneously, eye and/or hand movements directed 26 

to one of them tend to land in between the two stimuli (saccade averaging: (Findlay, 1982); see 27 

(Sailer, Eggert, Ditterich, & Straube, 2002). This phenomenon, termed the Global Effect (GE) or 28 

saccade averaging, could represent a fundamental limitation in rapid action selection: although 29 

the decision of where-to-go may be made with precision at some higher level, the spatial 30 
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proximity between items on the motor map can make the decision ineffective (for more studies 1 

on the Global Effect, see: Findlay, 1982; Heeman, Theeuwes, & Van der Stigchel, 2014; 2 

Tandonnet, Massendari, & Vitu, 2012; S. Van der Stigchel & Nijboer, 2013; Walker, Deubel, 3 

Schneider, & Findlay, 1997). Alternatively, for the experimenter, the GE can provide a tool with 4 

which to examine decision making processes. It is therefore important to understand the 5 

mechanism underlying the GE. 6 

It is important to note that the space of the decision-making depends on the space of motor 7 

responses. In the case of eye movement, a two-choice decision would be projected onto the two 8 

dimensions of SC; each option being a bump of activity (R. W. Anderson et al., 1998). It is 9 

thought for a long time that the SC is involved in the GE, as saccade averaging occurs when 10 

stimulating two coordinates in the SC (D. A. Robinson, 1972). However, the actual mechanism 11 

underlying the GE is not clear. Because the SC has local lateral connections (Isa & Hall, 2009 for 12 

a review on lateral connections in the SC), it is  often assumed that the bumps can interact. In 13 

Dynamic Neural Field models of the saccadic system, two proximal bumps would merge into a 14 

single bump, which would explain the GE  (see Chapter 2 and Arai, Keller, & Edelman, 1994; 15 

Kopecz & Schöner, 1995; Wilimzig, Schneider, & Schöner, 2006). This merging of the two 16 

bumps of activity has been reported to occur in both the superficial layers (Vokoun et al., 2014) 17 

and the intermediate/deep layers (Edelman & Keller, 1998; Glimcher & Sparks, 1993). 18 

However, the work of Edelman and Keller (1998) also reports two bumps of activity during 19 

averaging express-saccade, which means that the mechanism thought to underlie the Global 20 

Effect still remains a matter of debate (Gandhi & Katnani, 2011). Interestingly, the GE has been 21 

successfully modelled without any merging mechanism ɀ i.e., conserving two bumps of activity 22 

in the SC -- by using the vector summation theory or quaternion coding (see General 23 

Introduction and Arai & Keller, 2005; Tweed & Vilis, 1990; Van Opstal & Van Gisbergen, 1989).  24 

In a conservative definition of the GE, the effect is considered to be present when we observe 25 

a unimodal distribution of the landing positions in between two simultaneously presented 26 

stimuli -- a genuine global effect, (Van der Stigchel, Vries, Bethlehem, & Theeuwes, 2011). It is 27 

considered absent, however, when a bimodal distribution is observed. The GE disappears with 28 

stimulus separation, and theoretically there is a bifurcation of unimodal to bimodal at a certain 29 

distanceɂ considered to be around 20-35° in visual space (Ottes, Van Gisbergen, & Eggermont, 30 

1984; Van der Stigchel & Nijboer, 2013; R. Walker et al., 1997). However, it appears that the 31 

presence of GE is not as simple as a clear demarcation from a unimodal to bimodal distribution. 32 

Indeed, it has been reported that saccade endpoint still deviates toward the centre when the 33 
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distributions  are bimodal (Arai, McPeek, & Keller, 2004; Van der Stigchel et al., 2011). We have 1 

chosen to call this phenomenon Bimodal GE.  2 

Thus, the definition of GE we use here extends to any spatial deviation of the saccade endpoints 3 

toward a non-target stimulus.  We then distinguish unimodal GE, corresponding to the genuine 4 

global effect, from bimodal GE. We will see in the discussion that the bimodal GE framed in the 5 

vector summation theory readily allows for inferences to be made on the decision processes or 6 

signals that a paradigm would isolate. 7 

 Aims and Hypotheses 8 

Decision-making involves both exogenous signals ɀ e.g., from stimulus properties -- and 9 

endogenous signals ɀe.g., from internal processes. It is known that properties of the stimuli can 10 

influence the Global Effect; endpoints of saccades tend to go closer to the larger (Findlay, 1982), 11 

or more salient stimuli (Deubel et al., 1984). Yet, little is known regarding which of the 12 

endogenous signals can modulate the GE, and the properties of such modulations. Endogenous 13 

signals can be divided into two types - goal-related and history-related - as suggested recently 14 

by Awh, Belopolsky and Theeuwes (2012). We decided to explore the effects of both kinds of 15 

signals with the Bimodal GE. This also permits the possibility of demonstrating that the Global 16 

Effect can be influenced by both kinds of endogenous signals. 17 

The results of Ottes et al. (1984) and Walker et al. (1997) are classical references on the Global 18 

Effect and yet, a possible discrepancy can be found when comparing them. In the former study 19 

(their figure 6D), it appears that a bimodal Global Effect is still present for a stimulus distance12 20 

of 90° (directional angle) while in the latter study (their figure 6B and 7B), the measured Global 21 

Effect is very small at distance 45° and absent at distance 90°. As the measures reported by 22 

both research groups are different, it is difficult to quantitatively judge this possible 23 

discrepancy without replicating their experiments. Interestingly, there are two main 24 

differences between their methods. Before describing these differences, it is important to note 25 

that both studies intermixed trials with two stimuli with trials with one stimulus. The first 26 

difference is the type of stimulus pair: /ÔÔÅÓ ÅÔ ÁÌȢȭÓ ÓÔÕÄÙ ÕÓÅÄ Ô×Ï ÉÄÅÎÔÉÃal stimuli without 27 

ÓÐÅÃÉÆÉÃ ÉÎÓÔÒÕÃÔÉÏÎÓ ×ÈÉÌÅ 7ÁÌËÅÒ ÅÔ ÁÌȢȭÓ ÕÓÅÄ Á ÔÁÒÇÅÔȾÄÉÓÔÒÁÃÔÏÒ ÐÁÉÒ ÉÎÓÔÒÕÃÔÉÎÇ ÔÈÅ 28 

participant to ignore the distractor and aim for the target. The second difference concerns the 29 

                                                           
12 )Ô ÓÈÏÕÌÄ ÂÅ ÒÅÃÁÌÌÅÄ ÔÈÁÔ ȰÓÔÉÍÕÌÕÓ ÄÉÓÔÁÎÃÅȱ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÉÎÔÅÒ-stimulus distance, as it was noted in 
Chapter 2 
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frequency of occurrence of the stimulus pair: Ottes ÅÔ ÁÌȢȭÓ ÓÔÕÄÙ ÕÓÅÄ Á ÌÏ× ÆÒÅÑÕÅÎÃÙ ɉρπϷɊȟ 1 

×ÈÉÌÓÔ 7ÁÌËÅÒ ÅÔ ÁÌȢȭÓ ÅÍÐÌÏÙÅÄ Á ÈÉÇÈ ÆÒÅÑÕÅÎÃÙ ɉÏÎ ÍÏÓÔ ÏÆ ÔÈÅ ÔÒÉÁÌÓɊȢ 7Å ÃÈÏÓÅ ÔÏ ÔÁËÅ ÔÈÅÓÅ 2 

two factors as starting points to explore which endogenous signal could modulate the GE as 1) 3 

they are respectively linked to goal-related and history-related signals, 2) they are keys factors 4 

in designing GE experiments, and 3) they give us scope for assessing the possible discrepancy 5 

between the two afore-mentioned studies.  6 

The important difference when using a target/distractor pair compared to using two identical 7 

stimuli is that, in the former case, a discrimination has to be intentionally made to select the 8 

instructed target, and thus involves a top-down process. A second experiment by Ottes, Van 9 

Gisbergen, & Eggermont, (1985) reported no difference from their initial results when using a 10 

target-distractor couple. Although their conclusion is not based on any strong statistical 11 

method, it has been acknowledged for a long time that GE is immune to top-down influences. 12 

Nevertheless, recent results have demonstrated that this is not the case (Aitsebaomo & Bedell, 13 

2000; Heeman et al., 2014; Hermens, Ghose, & Wagemans, 2013). The work of Heeman et al. 14 

(2014), in particular, shows that to give the mere instruction to aim for one of the stimuli of a 15 

discriminable pair modifies the GE; to be more specific - the unimodal distribution of landing 16 

positions is shifted toward the targeted stimulus. Given that this study was carried out with 17 

only one stimulus distance, we thought it necessary to extend their work in order to examine 18 

the spatial profile of this top down influence that modulates the strength of the GE. As we will 19 

see in the discussion, the spatial pattern of GE modulation will also help us to distinguish 20 

between different sorts of mechanisms. 21 

The other key factor we tested is the probability of stimulus occurrence. It is important to 22 

distinguish the probability of occurrence from spatial probability. The latter gives an advantage 23 

to frequently aimed positions and biases the GE toward that position (He & Kowler, 1989). The 24 

spatial probability of targets has been shown to be coded in SC (Basso & Wurtz, 1998) and may 25 

originate from FEF (C.-L. Liu et al., 2011). With regard to the mere probability of stimulus 26 

occurrence, there is, to our knowledge, no behavioural work addressing its effect on GE. 27 

Interestingly, it has been shown that the probability of both target occurrence (Jüttner & Wolf, 28 

1992) and distractor occurrence (Goldstein & Beck, 2013) has an effect on saccade reaction 29 

times. Furthermore, some studies have suggested that the Locus Coeruleus ɀ i.e. the 30 

norepinephrine system ɀ responds to the relevance, novelty, and infrequency of stimuli 31 

(Alexinsky, Aston-*ÏÎÅÓȟ 2ÁÊËÏ×ÓËÉȟ Ǫ 2ÅÖÁÙȟ ρωωπȠ 0ÒÅÕÓÃÈÏÆÆȟ ȭÔ (ÁÒÔȟ Ǫ %ÉÎÈÁÕÓÅÒȟ ςπρρȠ 32 

Privitera, Renninger, Carney, Klein, & Aguilar, 2010) with more or less habituation (Aston-33 
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Jones et al., 1994; Vankov, Hervé-Minvielle, & Sara, 1995). Interestingly, the norepinephrine 1 

system is thought to modify the responsiveness of neurons in diffuse parts of the brain involved 2 

in decision making or in perception through coarse projections (Aston-Jones & Cohen, 2005; 3 

Hurley, Devilbiss, & Waterhouse, 2004). Such an effect of norepinephrine has been observed in 4 

SC neurons (Mooney, Bennett-Clarke, Chiaia, Sahibzada, & Rhoades, 1990; Tan, Mooney, & 5 

Rhoades, 1999; Y. Zhang, Mooney, & Rhoades, 1999) and some studies have demonstrated 6 

direct projections of the Locus Coeruleus to the SC (Arce, Bennett-Clarke, & Rhoades, 1994; S. 7 

B. Edwards et al., 1979; Mooney et al., 1990). Taken together, these findings encourage testing 8 

of the hypothesis that the frequency of occurrence of the stimulus pair can modulate the 9 

strength of the GE. If this is indeed the case, it would support the notion that this signal is sent 10 

to the SC.  11 

To summarize, we hypothesized that the type and the frequency of occurrence of the stimulus 12 

pair can modify the strength of the GE, and we assumed that they respectively control a goal-13 

related and a history related signal. Our paradigm consisted of four conditions: two factors 14 

(Pair-Type; Pair-Frequency) of two levels (respectively T-Same/T-Different; F-20/F-80). These 15 

conditions were arranged across 8 stimulus directional distances in a classical Global Effect 16 

paradigm. We will show that Pair-Frequency and Pair-Type are both able to exert an effect on 17 

GE. Interestingly, our measurement highlights a distinct spatial pattern of the GE modulation 18 

across stimulus distances for each effect.  Based on the vector summation theory, we will argue 19 

that an easy correspondence can be made between the pattern of GE modulation and the shape 20 

of the goal-related or history-related signal sent to the SC. Thus, we conclude that the bimodal 21 

GE represents an interesting tool for exploring decision-making processes. 22 

 Methodology 23 

 Participants 24 

Four naive individuals and the author (25-27 years old; 3 male [BD, GM, RI] and 2 female [KM, 25 

AN]) participated in the experiment. All had normal visual acuity. BD and GM are occasional 26 

smokers. No participants reported drug or alcohol dependencies or sleeping disorders. Ethical 27 

approval was obtained through the local ethics committee. 28 
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 Apparatus 1 

Participants performed the experiment in a quiet dark room. They sat at a distance of 72 cm 2 

from a display monitor with a 100 Hz refreshing rate. Its dimensions were 36.60 cm in width 3 

and 29.30 cm in height for a density of pixels approximately 35 pixels per centimetre. The 4 

monitor was covered with a red filter. A measure of luminance homogeneity was made to check 5 

if any unusual behaviour might be expected (see Figure 4-1). For instance, note the drop of 6 

luminance on the bottom left. This might have led to lower reaction times of the participant 7 

when stimuli were displayed in this part of the screen, which could also have had the effect of 8 

biasing decisions if one of the options was located in that corner.  9 

Eye movements were recorded with an Eyelink 2000 system (Tower mount system; SR 10 

Research Ltd., Canada), an infrared video-based eye tracker that has a spatial resolution of 11 

0.01° (average accuracy measured by constructor: typically between 0.25° and 0.5°). It was 12 

ÕÓÅÄ ÁÔ Á ÔÉÍÅ ÒÅÓÏÌÕÔÉÏÎ ÏÆ ρπππ (Ú ×ÈÉÌÅ ÔÈÅ ÐÁÒÔÉÃÉÐÁÎÔȭÓ ÃÈÉÎ ×ÁÓ ÒÅÓÔÉÎÇ ÏÎ ÔÈÅ ÈÅÁÄÓÅÔ 13 

pad. Only the left eye was recorded. 14 

The experiment was programmed with pygame, a python library that provides graphic and 15 

input management, and pylink, the official Eyelink library for python. The code can be found at:  16 

https://github.com/Nodragem/Chapter -GlobalEffect-Experiment1 17 

 18 

 Figure 4-1: Luminance homogeneity of the monitor display.  The luminance is expressed as a 19 

percentage and is relative to the central luminance of τȢυ ὧὨȢά . The graph interpolates measures 20 

taken at 9 positions. 21 

https://github.com/Nodragem/Chapter-GlobalEffect-Experiment1
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 Stimuli and Procedure 1 

The participants were required to undertake 8 sessions of 1600 trials each (8x60min); each 2 

session being separated at least by one night. A break was offered every 200 trials while a break 3 

and a calibration on 13 points were imposed at every 400 trials. Each session tested only one 4 

of the 4 following conditions: F-20/T-Same, F-20/T-Different, F-80/T-Same, F-80/T-Different. 5 

Trials in any of these conditions followed the same template: the participant started by staring 6 

at a white fixation cross of 0.4° on a black background at the centre of the screen. After a 7 

random interval of 500-1000ms, the fixation cross disappeared and a target element S1 8 

(luminance: τȢυ ὧὨȢά ) was presented at an eccentricity of 13.5° of visual angles (see Figure 9 

4-2A and B) while its direction could have been any one of the 32 directions tested. We tested 10 

8 directions per quadrant (given in directional angles, see Figure 4-2A): from +5.625° to +45° 11 

by step of 5.625° for the top right quadrant; the vertical mirror images of these directions are 12 

tested in the top left quadrant; and the horizontal mirror images of the top quadrant directions 13 

are tested in the bottom quadrants (see Figure 4-2A). For a certain percentage of the trials, an 14 

additional stimulus S2 is simultaneously displayed at the horizontal mirror image of the target. 15 

For instance, if S1 is presented at -45°, the additional stimuli S2 will be displayed at 45° of 16 

angular direction (and 13.5 of eccentricity). We refer to those trials as double-stimulus trials. 17 

The stimulus S1 was displayed for 800ms while the S2 was displayed for 700ms. Following 18 

this, the screen was cleared and a new trial began. 19 

We tested 4 conditions. In F-20/T-Same, and F-80/T-Same, the additional stimulus S2 was 20 

identical to the stimulus S1 but 12.5% brighter. All the participants reported not having noticed 21 

this difference in luminance. For these conditions, the participants were simply asked to move 22 

their eye to any presented stimulus as quickly and precisely as possible. They did not receive 23 

further instructions for the case of double-stimulus trials, as in the study by Ottes et al. (1984). 24 

In F-20/T-Different and F-80/T-Different conditions, the additional stimulus S2 was of a 25 

different shape to S1 and was also 12.5% brighter. For these conditions, we defined S2 as a 26 

distractor and S1 as the target. The participants were instructed to ignore the distractor and to 27 

move their eyes to the target as quickly and precisely as possible. Finally, in F-80/T-Different 28 

and F-80/T-Same conditions, the additional stimulus was presented 80% of the time, while its 29 

frequency was set up at 20% for F-20/T-Different and F-20/T-Same conditions. 30 

For all the participants, the distractor and the target of T-Different conditions could either be a 31 

circle or a diagonal-cross of 0.8°. The circle stimulus was defined as the target for BD and AN, 32 
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 1 

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

ÏÎ ÔÈÅ ÍÏÎÉÔÏÒȭÓ ÄÉÓÐÌÁÙ ÄÕÒÉÎÇ Á ÔÒÉÁÌȢ &ÏÒ ÔÈÅ sake of readability, we only show the case where the 3 

target is a circle and the additional stimulus is a diagonal-cross (Condition T-Different). Further, 4 

the target is only on the top part of the screen in this example: a reflection on the x-axis of this figure 5 

would show the possible remaining stimulus configurations. B: This plot displays what we refer to 6 

as visual angle; i.e. the angle formed between two positions on the screen and the recorded 7 

ÐÁÒÔÉÃÉÐÁÎÔȭÓ ÅÙÅȢ .ÏÔÅ ÔÈÁÔ ÅÃÃÅÎÔÒÉÃÉÔÉÅÓ ÁÎÄ ÌÁÎÄÉÎÇ ÐÏÓÉtions are given in visual angle; only 8 

stimulus distances are given in directional angle. C: A pair of stimuli ɀS1 and S2, or T and D -- appear 9 

on the screen simultaneously after the offset of the fixation cross F. The duration of F is randomly 10 

distributed between 500 and 1000 ms. 11 



CHAPTER FOUR: FREQUENCY, INSTRUCTION AND BIMODAL GLOBAL EFFECT 

4-11 | P a g e 
 

while the diagonal-cross was the target for GM, KM, and RI. The distractor logically inherited 1 

the remaining shape: it was a circle if the target was a diagonal-cross and vice versa. 2 

Hence, the F-20/T-Same condition is similar to that employed in the paradigm of Ottes et al. 3 

(1984) while the F-80/T-Different condition is close to that used in the work of Walker et al. 4 

(1997). For all the participants, the sessions were ordered as follows: F-20/T-Same, F-20/T-5 

Different, F-80/T-Same, F-80/T-Different, F-80/T-Different, F-80/T-Same, F-20/T- Different, F-6 

20/T-Same. While we would usually counterbalance the order across participants, here we 7 

thought it was useful to keep this order. First, the two F-20 blocks were separated by four F-80 8 

blocks in order to diminish any habituation to the low frequency condition. This choice was 9 

prompted by our hypothesis concerning the role of the Locus Coeruleus, which is subject to 10 

habituation (see Introduction). Second, this arrangement enables a fairer comparison with the 11 

procedure used by Ottes et al., (1984). Indeed, the F-20/T-Same condition needs to appear first 12 

in order to maintain the effect of surprise that is likely to have occurred in the work of Ottes et 13 

al. (1984): the participants were not told that there would be trials with two stimuli. The 14 

palindrome order within participant was used to minimize any linear training effects. We also 15 

checked that our results hold when order effects are taken into account. 16 

 Data Analysis 17 

All the analyses were conducted with scipy (McKinney, 2010), the scientific package for python 18 

(e.g. www.python.org), and with ipython 2.0 (Perez & Granger, 2007). 19 

 Saccade Detection and Cleaning 20 

A custom algorithm detected saccade end points for each trial as being the first data point at 21 

which the eyes had a velocity below 10°.s-1, an acceleration below 6.000°.s-2, and a  shift from 22 

the fixation above 1.0°. The algorithm found potential saccade initiation by looking for the last 23 

data points at which the eyes had a velocity below 30°.s-1, an acceleration below 6000°.s-2, and 24 

a shift from fixation below 0.3°. The difference in criteria for saccade end and start points were 25 

implemented to deal with an artefact that can occur at the end of saccades (see Nyström et al., 26 

2013, for more information of this post-saccadic oscillation artefact). Our algorithm tends to 27 

catch the landing position of the saccade after this artefact, which is exactly what we require. 28 

The algorithm also detected trials containing more than one saccade, and these were deleted 29 

from the analysis here.  30 
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A second algorithm was run across the results of the first algorithm and highlighted suspect 1 

trials according to the following rules: 1) there were missing values or gaze positions outside 2 

the monitor (40 pixels of tolerance) during the saccade, 2) either no start or no end of the 3 

saccade was detected, 3) the time between the target onset and the detected start of the 4 

saccade ɀi.e. the reaction time-- was less than 80ms, 4) the saccade duration was longer than 5 

the reaction time, and 5) the position shift from the fixation was less than 7.5°. After the list of 6 

suspects had been created, the experimenter undertook a visual check of all the trials for 7 

approval of this list. Most of the amendments to the list either involved excusing a suspect trial 8 

that presented a position outside the monitor display, or rejecting a trial that presented a blink. 9 

The trials with gaze positions outside the monitor display were kept if explicable in terms of 10 

an obvious drift of the fixation point in the recording system. 11 

After cleaning, the loss rates were 1.7%, 4.5%, 1.5%, 3.4% and 2.2% for AN, BD, KM, GM and 12 

RI, respectively. 13 

 Landing Positions 14 

We assumed that, for all the trials that passed the cleaning step, the participants were properly 15 

fixating on the initial cross. Hence, our coordinate system is centred on the gaze position at the 16 

start of the saccade. The landing positions correspond to the endpoint positions of the first 17 

saccade produced after the onset of the stimuli.  18 

For each of the 8 stimulus distances that we tested, there were 4 possible target positions (one 19 

per quadrant); for the analysis, the data were mirrored and combined so that we considered 20 

only one target position per stimulus distance.  21 
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 1 

Figure 4-3: Presentation of the Distance from the Closest Distractor on Target Side. The 2 

transformation that the DFCA makes on the landing positions can be observed by comparing the top 3 

plot and the bottom plot (see section 3.3 for further details). The DFCA on target side is no more 4 

than the landing positions on target side in double-stimulus trials centred on the mean of the landing 5 

positions in single-stimulus trials. The dashed lines represent the medians of the distributions. The 6 

data are from all the participants. 7 

 8 

 Measure of the Global Effect: the Distance from the Closest 9 

Attractor 10 

We are interested in testing the effect of Pair-Frequency (i.e., F-20 / F-80) and Pair-Type (i.e., 11 

T-same / T-Different) on the Global Effect (GE). Here, we use a general definition of the GE 12 

rather than the restricted definition requiring a unimodal distribution (see Introduction).  13 

Previous measures in the literature often assume a unimodal distribution of the landing 14 

positions and measure the GE from the mean landing position of saccades (Casteau & Vitu, 15 

2012; Heeman et al., 2014; R. Walker et al., 1997). Here, however, we want to quantify GE in 16 

bimodal distributions. Moreover, we would like to address the possible asymmetry in GE 17 



CHAPTER FOUR: FREQUENCY, INSTRUCTION AND BIMODAL GLOBAL EFFECT 

4-14 | P a g e 
 

between the two modes. Indeed, in our different conditions, the levels T-Different and T-Same 1 

manipulate the symmetry of the stimulus pair, and this could affect the symmetry of the GE.  2 

For these reasons, our new GE measure divides the landing positions into two groups: those 3 

directed towards the target, and those directed towards the distractor. We also computed a 4 

control position for each group from the single-stimulus trials ɀ this estimates the mean of the 5 

landing positions in the case where the target or the distractor is presented alone. We then 6 

examined the deviation of each group from their control. The controls were computed across 7 

the four screen quadrants (we mirrored the data and collapsed them to one quadrant), and are 8 

distance specific (i.e. one control per distance), participant specific, and block specific (to 9 

correct for calibration discrepancies). As we collapsed the four quadrants into one, we had the 10 

same control for the target side and distractor side: we only changed its sign. We named the 11 

measure the Distance From the Closest Attractor (DFCA) ɀ the attractors being the control 12 

positions. For the landing position i and on the y-axis, this is defined mathematically, by: 13 

ὈὊὅὃ ÍÉÎ ȿὅ ώȿȟȿὅ ώȿ 14 

Where C1 and C2 are the control position. 15 

Figure 4-3 shows the DFCA for saccades directed toward the target. Note that another major 16 

difference with the usual measure of the GE is that we get one measure per trial, which allowed 17 

us to use more powerful statistic tools (thus increasing the statistical power). 18 

 Statistical analysis 19 

The statistical analysis of this data set was challenging for the following reasons: 1) we wanted 20 

to use all the data points in the statistical analysis in order to detect small effects, 2) the DFCA 21 

violates the assumptions of normality, and 3) Participants need to be treated as a random 22 

ÅÆÆÅÃÔȢ ! ÓÔÁÎÄÁÒÄ !./6! ×ÏÕÌÄ ÃÏÌÌÁÐÓÅ ÔÈÅ ÐÁÒÔÉÃÉÐÁÎÔȭÓ ÄÁÔÁ ÐÏÉÎts to their mean and this is 23 

not appropriate considering the fact that we ran only 5 participants. Furthermore, it would not 24 

make use of the statistical power permitted by a per trial  measure of the GE. Concerning the 25 

violation of normality, it appears to be a false problem in our case: it is not the distribution of 26 

the participant means which is not normal but the DFCA distribution within a participant. 27 

Furthermore, we are, in fact, interested in how much the outliers (the centric saccades) shift 28 

the mean of the DFCA distribution ɀ because these saccades are the most representative of the 29 

GE. Consequently, using a statistical model that assumes a normal distribution is not a problem 30 

as long as it is sensitive to outliers. Finally, we choose to report two statistical tests: 1) a multiple 31 
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comparison approach using a non-parametric Mann-Whitney U-tests along with a within-1 

participant correction; and 2) a parametric Bayesian top-down test of the possible mixed linear 2 

models considering the participant as a random effect.  3 

 Running Mann-Whitney U-tests: 4 

To test statistically the difference in DFCA across conditions and distances, the saccades of all 5 

the participants were gathered (as in Van der Stigchel & Nijboer, 2013). Figure 4-3 shows an 6 

example of the resulting DFCA distributions. This led to an average of 389 trials for each 7 

distance in each condition for the conditions (T-Same | F-20) and (T-Different | F-20) and an 8 

average of 1,543 trials for the conditions (T-Same | F-80) and (T-Different | F-80). Given that the 9 

distributions of DFCA were suspected to be non-normal we decided to use the non-parametric 10 

independent 2-group Mann-Whitney U-test to test for mean differences (the wilcox.test(x, 11 

y, paired=FALSE)  in R). The R code sources and data are available at: 12 

https://github.com/Nodragem/C hapter-GlobalEffect-Statistic. In order to focus on differences 13 

within participants, and because the U-test does not apply this by itself, we applied a within-14 

subject correction (Cousineau, 2005)  to our data set. This means that we centred the data of 15 

each participant on the same mean. The condition effects (difference between conditions) are 16 

reported with the Hodgesɀ,ÅÈÍÁÎÎ ÅÓÔÉÍÁÔÏÒ ɉ(,ɝɊȢ )Ô ÉÓ ÔÈÅ ÍÅÄÉÁÎ ÏÆ ÁÌÌ ÐÏÓÓÉÂÌÅ ÄÉÆÆÅÒÅÎÃÅÓ 17 

between the N measures in one condition and the M measures in another condition (N x M 18 

combinations). A non-ÐÁÒÁÍÅÔÒÉÃ πȢωυ ÃÏÎÆÉÄÅÎÃÅ ÉÎÔÅÒÖÁÌ ÆÏÒ (,ɝ ÁÃÃÏÍÐÁÎÉÅÓ ÔÈÅÓÅ 19 

estimates. Finally, the Common Language Effect Size (CLES) (McGraw & Wong, 1992; Vargha & 20 

Delaney, 2000) from the R package orddom is reported. Indeed, the CLES simply estimates the 21 

probability that a DFCA randomly picked from one distribution is higher than a DFCA randomly 22 

picked from another distribution -- also known as the Probability of Superiority. Generally 23 

speaking, a CLES of 0% (or 100%) would mean that the first distribution is lower (or higher) 24 

and does not overlap with the second distribution. When the CLES is at 50% the medians of 25 

both distributions are aligned. 26 

Using the DFCA, we first addressed the effect of Pair-Type.  We ran one U-test for each of the 27 

eight stimulus distances testing for an effect of Pair-Type (level T-Different against level T-28 

Same). Thereafter, the same procedure was repeated to test the effect of Pair-Frequency across 29 

stimulus distances (level F-20 against level F-80). It should be noted that the p-values for a set 30 

ÏÆ ÔÅÓÔÓ ×ÅÒÅ ÃÏÒÒÅÃÔÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ "ÏÎÆÅÒÒÏÎÉȭÓ ÃÏÒÒÅÃÔÉÏÎȢ  31 

https://github.com/Nodragem/Chapter-GlobalEffect-Statistic
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 Bayesian Mixed Models: Top-Down analysis. 1 

Although the U-test procedure tried to correct for within-participant variance, the fact that we 2 

gathered the data of all the participants into one distribution could be considered as 3 

problematic. In order to address this concern and to double-check our results using an 4 

alternative method, we conducted a Bayesian Mixed Models top-down analysis with 5 

participants as a random factor (Rouder & Morey, 2012), using the Bayes Factor package in R, 6 

available at: http://bayesfactorpcl.r-forge.r-project.org/).  7 

Top-down analyses are based on a reference model, often referred to as the full model. In a 8 

preliminary step, the test estimates how good the full model is in explaining the data. In a 9 

second step, it estimates how good each model that omits one - and only one - variable of the 10 

full model is in explaining the data. In the Bayes Factor framework, we are given the weight of 11 

evidence for each omitting model against the full model. This tells us how much each variable 12 

plays a role in explaining the data. The weight of evidence provided is the Bayes Factor (BF). 13 

Bayes Factors are odds which tell us if the data that we observed are more likely to happen 14 

either when the omitting model is assumed to be true or when the full model is assumed to be 15 

true. When the BF is smaller than 1 it favours the full model ɀ and so supports a role of the 16 

omitted variable - when it is higher than 1 it favours the omitting model ɀ and so gives support 17 

for the claim that the omitted variable has no role.   18 

Our interpretation of the BF, in the case where it tests a model 0 against a model 1 (BF01), will 19 

follow the scale proposed by (Raftery, 1995). A reproduction of this table can be found below. 20 

Table 3: Interpretation of the Bayes Factor in Terms of Evidence. 21 

Bayes Factor BF01 Pr(model0|Data) Evidence 

1-3 .50-.75 Weak 

3-20 .75-.95 Positive 

20-150 .95-.99 Strong 

>150 >.99 Very strong 

    

 22 

  23 
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 Results: Distance From Closest Attractor 1 

Observation of Figure 4-4 reveals that the DFCA initially increases and then decreases with 2 

the stimulus distances, which is how the GE is expected to fluctuate when the landing position 3 

is not normed by the stimulus distance. It is important to recall that the DFCA divides the 4 

landing positions into two groups: 1) the points closer to the target/S1 and 2) the points closer 5 

to the distractor/S2. From this, we computed their distance from the corresponding control. It 6 

is important to note that the proportion of landing positions between the two aforementioned 7 

groups was reasonably balanced in all conditions and participants; see Appendix B, Figure 8 

4-15. We propose an overview of the data at participant level in Appendix B. 9 

 10 

Figure 4-4: Overview of the Distance From the Closest Attractor (DFCA) over stimulus 11 

distances and between conditions.   The figure shows the mean of the distributions with the 12 

parametric 95% confidence intervals; the upper part displays the curves for the DFCA on the target 13 

side, and the lower part displays the curves for the DFCA on the distractor side. 14 

 15 
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 Mann-Whitney U-tests: Asymmetric Effect of Pair-Type and 1 

Symmetric Effect of Pair-Frequency 2 

Table 4 and Table 5 report the results of the U-tests for Pair-Type on the target and distractor 3 

sides, respectively. Table 6 and Table 7 report the results of the U-tests for Pair-Frequency, 4 

again on the target side and distractor side. Finally, Figure 4-4 provides a summary of all the 5 

tables. 6 

Figure 4-5A shows that the U-tests yielded significant effects of Pair-Frequency both on the S1 7 

side and the S2 side. In particular, Figure 4-5A suggests a symmetric increase of the GE when 8 

double-stimulus trials are rare (F-20). For both the S1 and S2 side, the increase in GE observed 9 

in F-20 tends to increase progressively with the stimulus distance, up to distance 45°, upon 10 

which it decreases. Finally, the effect of F-20 on the S2 side tends to decrease more rapidly with 11 

the stimulus distance in comparison with the S1 side. This small asymmetry could be attributed 12 

to the slight difference in luminance between stimulus S1 and S2 (We shall recall that in the 13 

Condition T-Same, S2 is similar to S1, but slightly brighter so that it matches the distractor 14 

luminance that is used in the T-Different conditions).  15 

 Interestingly, for the factor Pair-Type described in Figure 4-5B, the U-tests revealed 1) a 16 

significant effect for all distances but one (56.25°) on the distractor side and 2) a significant 17 

effect on the DFCA only at one distance (45°) on the target side. Furthermore, the effect on the 18 

distractor side is an increase in GE as opposed to the effect on the target side, which is a 19 

decrease in GE (Figure 4-5B, or Tables 7, 8). Specifically, our results suggest that the 20 

distribution of DFCA on the distractor side shifts toward the centre in T-Different conditions 21 

and that the effect size is rather regular over stimulus distances with a decrease around 22 

distance 56.25°.  On its side the significant effect at distance 45° on the target side shifts the 23 

distribution toward the target. However, Figure 4-4 suggests that the specific effect at distance 24 

45° has opposite directions in F-80 conditions and F-20 conditions. This discrepancy makes 25 

this effect difficult to interpret and suggests an interaction between Frequency and Type. In 26 

summary, we observe an asymmetric increase in the GE when the participant is asked to aim 27 

towards a target and avoid a distractor (T-Different), whilst saccades directed to the distractor 28 

tend to be shifted toward the centre. 29 
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 1 

Figure 4-5: Summary of the Mann-Whitney U-tests. Each plot shows the difference in DFCA between the two conditions, which we name the GE 2 

modulation: a positive number means that there is a larger GE in F-20 than in F-80 conditions (in subplot A) or a larger GE in T-Different than in 3 

T-Same conditions (in subplot B). Note that a larger GE means a deviation of landing position towards the centre. Each plots shows the Hodgesɀ4 

,ÅÈÍÁÎÎ ÅÓÔÉÍÁÔÏÒÓ ɉ(,ɝɊ ÏÆ ÔÈÅ '% ÍÏÄÕÌÁÔÉÏÎ ɀ i.e. the median of the DFCA differences (see section 3.4.1) - with 95% confidence intervals. The 5 

stars represent the level of significance as in Table 5 and Table 6. A: We ignored the factor Pair -Type, mixing the conditions T-Same and T-Different. 6 

Note that we refer to S1 and S2 as the two stimuli presented simultaneously; S2 corresponds to the slightly brighter one in T-Same conditions and 7 

to the distractor in T-Different conditions. B: We ignored the factor Pair-Frequency, mixing the conditions F-20 and F-80. Note that the stars 8 

ÄÉÓÐÌÁÙÅÄ ÉÎ ÔÈÅ ÇÒÁÐÈÓ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÄÅÇÒÅÅ ÏÆ ÓÔÁÔÉÓÔÉÃÁÌ ÓÉÇÎÉÆÉÃÁÎÃÅ ÆÏÒ ÔÈÅ (,ɝ ÂÅÉÎÇ ÄÉÆÆÅÒÅÎÔ ÆÒÏÍ ÚÅÒÏȢ9 
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Table 4: Target Side U-tests over distances for a distractor type effect (T-Same against T-Different): 1 

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

11.25 433851  1.00E+00 981 915 51.67% -0.040 -0.102 0.022 

22.5 460714  1.00E+00 997 909 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 **  2.78E-03 998 914 54.73% -0.219 -0.338 -0.099 

56.25 432647  2.55E-01 1063 863 52.84% -0.119 -0.230 -0.011 

67.5 479230  1.00E+00 1065 925 51.35% -0.056 -0.161 0.049 

78.75 430544  1.00E+00 1035 858 51.52% -0.062 -0.168 0.045 

90 451448  1.00E+00 1007 881 49.11% 0.037 -0.070 0.143 

 Note. Refer to Table 2 note. 2 

Table 5: Distractor Side, U-tests over distances for a distractor type effect (T-Same against T-3 

Different): 4 

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

11.25 452304 **  5.10E-03 970 1023 54.42% -0.118 -0.185 -0.050 

22.5 423556 ***  5.45E-06 950 1024 56.46% -0.205 -0.285 -0.125 

33.75 413434 ***  3.81E-07 948 1017 57.12% -0.275 -0.373 -0.177 

45 451307 *  3.88E-02 953 1022 53.66% -0.166 -0.282 -0.051 

56.25 442758  8.91E-01 877 1054 52.10% -0.091 -0.204 0.021 

67.5 397084 *  3.35E-02 869 990 53.84% -0.157 -0.266 -0.050 

78.75 415780 ***  7.91E-06 904 1055 56.40% -0.265 -0.372 -0.159 

90 406350 ***  2.51E-06 915 1026 56.72% -0.284 -0.394 -0.176 

 Note. Refer to Table 2 note. 5 

Table 6: Target Side, U-tests over distances for a distractor frequency effect (F-20 against F-80): 6 

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

11.25 225235 ***  2.52E-05 1550 346 58.00% -0.192 -0.273 -0.111 

22.5 259148 **  1.35E-03 1516 390 56.17% -0.202 -0.309 -0.097 

33.75 252640 . 5.10E-02 1555 358 54.62% -0.193 -0.332 -0.055 

45 228095 ***  3.26E-05 1566 346 57.90% -0.384 -0.549 -0.219 

56.25 245242 ***  7.39E-04 1565 361 56.59% -0.297 -0.449 -0.148 

67.5 279013  6.15E-01 1625 365 52.96% -0.126 -0.268 0.014 

78.75 267306  1.00E+00 1536 357 51.25% -0.051 -0.186 0.085 

90 287083  1.00E+00 1525 363 48.14% 0.074 -0.059 0.207 

 Note. Refer to Table 2 note. 7 

Table 7: Distractor Side, U-tests over distances for a distractor frequency effect (F-20 against F-80): 8 

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

11.25 376754 **  4.34E-03 1556 437 44.59% 0.142 0.062 0.222 

22.5 344744 **  4.80E-03 1582 392 44.41% 0.176 0.076 0.275 

33.75 360737 *  1.44E-02 1538 427 45.07% 0.198 0.074 0.320 

45 387352 ***  1.15E-05 1537 438 42.46% 0.356 0.210 0.503 
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56.25 323915  1.00E+00 1517 414 48.42% 0.069 -0.069 0.208 

67.5 299833  1.00E+00 1451 408 49.35% 0.027 -0.105 0.158 

78.75 302211  1.29E-01 1532 427 53.80% -0.154 -0.281 -0.028 

90 295816  1.00E+00 1540 401 52.10% -0.090 -0.226 0.047 

 Note. Refer to Table 2 note. 1 

 2 

 Top down Bayesian Analysis: Evidence against Interaction between 3 

Pair-Type and Pair-Frequency 4 

The result of the comparisons between omitting the model against the full model can be seen 5 

in Table 8. In addition to the main effects, the top-down analysis tested for an interaction of 6 

Pair-Frequency and Pair-Type with the DFCA Side (i.e., S1/S2 or Target/Distractor sides). 7 

Furthermore, we chose to test for an interaction effect between Pair-Frequency and Pair-Type, 8 

and between Pair-Frequency and Distance as the possibility of such interactions was raised in 9 

the previous sections.  10 

This analysis (see Table 8) suggested a main effect of Distance, Pair-Type and Pair-Frequency. 11 

It also supports an interaction of Pair-Frequency with Distance and no interaction between 12 

Pair-Type and Distance. Moreover, very strong evidence was found for an interaction of Pair-13 

Type with DFCA Side. This corroborates that the GE increases only on the distractor side when 14 

the distractor has to be discriminated and avoided ɀ i.e., the effect of Pair-Type on GE is 15 

asymmetric. Interestingly, the evidence for an interaction between DFCA Side and Pair-16 

Frequency is weak; there is not enough evidence to conclude either against or in favour of the 17 

interaction (i.e., whether the effect is symmetric or not).  18 

We thought that this uncertainty could be caused by an interaction with Distance. In the 19 

previous section, the effect of Pair-Frequency appeared to decrease more rapidly over distances 20 

on the distractor side (Figure 4-4C). We therefore ran an alternative full model taking into 21 

account the interaction Distance:PairFrequency:Side. The top-down analysis yielded strong 22 

evidence (BF=24.1± 27.0%) against such an interaction. Considering that the analysis was still 23 

in favour of an interaction Distance:PairFrequency (BF= 0.058±7.6%), this result suggests that 24 

the effect of Pair-Frequency is symmetric (i.e., no effect of Side).  25 

Finally, returning to the main analysis (Table 8), there is strong evidence against an interaction 26 

between Pair-Frequency and Pair-Type. It can also be noted that there is strong evidence 27 

against a participant effect, due to the within-participant correction applied previously. 28 
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Table 8: Bayes factor top-down analysis on DFCA. 1 

 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 1.29 ±7.76% weak against 

[4] Distance:PairFrequency 0.0799 ±7.57% positive in favour 

[5] Side:PairType 1.00E-15 ±6.67% very strong in favour 

[6] Participant 9.25E+6 ±7.22% very strong against 

[7] Distance 1.0E-18 ±9.92% very strong in favour 

[8] PairFrequency 8.21E-12 ±6.95% very strong in favour 

[9] Side 15.9 ±8.05% positive against 

[10] PairType 0.00220 ±13.03% very strong in favour 

.ÏÔÅȢ 4ÈÅ ÓÙÍÂÏÌ Ȱȡȱ ÉÎÄÉÃÁÔÅÓ ÉÎÔÅÒÁÃÔÉÏÎȢ !ÇÁÉÎÓÔ ÄÅÎÏÍÉÎÁÔÏÒȡ  $&#! ͻ 0ÁÉÒ4ÙÐÅ Ͻ 3ÉÄÅ Ͻ 2 

PairFrequency + Distance + Participant + PairType:Side + PairFrequency:Distance + 3 

Side:PairFrequency +   PairType:PairFrequency 4 

 5 

We shall recall that we used a particular ordering of our condition blocks. We thought there 6 

was perhaps a surprise effect in the paradigm employed by Ottes et al. (1984) as the 7 

participants were not told that there would be double-stimulus trials. A Wilcoxon rank-sum 8 

test conducted on the DFCA between the first block and the second block of F-20/T-same 9 

yielded a significant difference (W= 12E+7, p=0.002) with a small effect size (-0.04°) compared 10 

to the effects observed in Figure 4-5 (from 0.2° to 0.4°). Thus, it appears that any surprise 11 

effect across participants was small or did not last long enough within the first block to produce 12 

a large overall effect. Finally, it is important to test whether the effects that we reported in the 13 

results section can be explained by an ordering effect. We ran a Top-down Bayesian Analysis 14 

with a full model taking in account the effect of blocks in addition to the effects found earlier 15 

(labelled in favour in Table 8). Even though there is strong evidence for an effect of block, the 16 

effects previously reported are maintained (see Table 9). 17 

Table 9: Bayes factor top-down analysis on DFCA, Ordering Effect (i.e., effect of Block). 18 

 Omitted Effect BF  Interpretation Tag Polarity 

[1] Distance:PairFrequency 0.00281 ±4.74% very strong in favour 
[2] Side:PairType 9.23E-16 ±14.2% very strong in favour 
[3] Block 0.0276 ±3.96% strong in favour 
[4] Distance 3.58E-100 ±4.41% very strong in favour 
[5] PairFrequency 9.62E-13 ±3.99% very strong in favour 
[6] PairType 0.00139 ±27.26% very strong in favour 

.ÏÔÅȢ 4ÈÅ ÓÙÍÂÏÌ Ȱȡȱ ÉÎÄÉÃÁÔÅÓ Énteraction. Against denominator:  DFCA ~ PairType + PairFrequence 19 

+ Distance + Block + Participant + PairType:Side + PairFrequence:Distance 20 
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 Discussion 1 

In the present study, we examined whether the strength of the Global Effect (GE) and spatial 2 

profile can be modulated and controlled by endogenous signals that are supposedly external 3 

to the SC. Confirmation of this possibility would then promote the GE to the rank of a tool that 4 

permits the assessment of signals involved in decision-making processes. In particular, we 5 

tested for the two main categories of endogenous signals ɀ goal-related and history-related ɀ 6 

by means of the following two factors in our paradigm: 1) the requirement or not to 7 

discriminate and aim for a target during the two-stimulus trials (Pair-Type: T-Different | T-8 

Same); and 2) the frequency of occurrence of the two-stimulus trials (Pair-Frequency: F-20 | F-9 

80). Our paradigm was based on a simple saccade-to-target task in which trials could involve 10 

the presentation of either a single stimulus or a pair of stimuli, with eight possible stimulus 11 

distances. We first introduced a new measure ɀ the Distance From the Closest Attractor, which 12 

quantifies the GE for bimodal distributions of landing positions for each stimulus side. Next, 13 

using a non-parametric test, we highlighted an effect of the aforementioned factors on the GE. 14 

The GE increased on both stimulus sides ɀi.e. symmetry - when the double-stimulus situations 15 

were rare (F-20) compared to when they were frequent (F-80). This effect of Pair-Frequency 16 

decreased with stimulus distances. On the other hand, only the GE on the distractor side 17 

increased ɀ i.e. asymmetry - when the participant had to discriminate and aim for a target 18 

among two dissimilar stimuli (T-Different) compared to when the participant was making a 19 

free choice toward one of two similar stimuli (T-Same). This effect of Pair-Type was stable for 20 

almost all of the tested stimulus distances. Thus, Pair-Frequency and Pair-Type draw two 21 

clearly distinguishable patterns in terms of modulating the GE. We will next discuss the 22 

possible mechanisms that could be responsible for such a difference.  23 

 The Global effect: more than one mechanism? 24 

The Global Effect (GE) has been defined on many occasions over the years. It has been proposed 25 

that the genuine GE involves the observation of a unimodal distribution instead of a bimodal 26 

distribution when comparing with single target controls (Van der Stigchel & Nijboer, 2013).  A 27 

more general definition is that the GE is an increase of centripetal saccade endpoints compared 28 

to a single target control condition. In the latter definition, one can still observe GE in bimodal 29 

distributions, and instances of this version of the GE have been observed in the past (Arai et al., 30 

2004; Van der Stigchel et al., 2011). The purpose of the work presented here was to  31 
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 1 

Figure 4-6: Summary of Different Mechanisms at Play during Saccadic Action Selection. We 2 

suggested that the combination of competition and vector averaging (or vector summation) leads 3 

to what we call the bimodal Global Effect (schema on the right), see text for details. In the figures of 4 

the bottom row, we represent the spatial configuration of different stimuli (D: distractor; T: target) 5 

on the monitor screen; the green arrow represented the average saccadic vector while the green 6 

dots draw the distribution of the saccade endpoints. 7 

 8 

quantitatively report this effect. However, such a GE raises some issues when it comes to 9 

determining its underlying mechanism. There are two common accounts that have been 10 

proposed to explain the GE (see next page). 11 

The first common account of the GE (see Figure 4-6, first column) is based on the hypothesis 12 

that the Superior Colliculus (SC) behaves as a dynamic neural field with short-range excitation 13 

and long- range inhibition. A strict and hard bifurcation from unimodal to bimodal distribution 14 

is easily reproducible even with a simple noise-free dynamic neural field model (see Chapter 15 

2). A merging mechanism allows the bumps of activity induced by two close stimulations to 16 

merge into a single bump of activity (Amari, 1977). However, such a merging mechanism 17 

cannot explain the observation that saccade endpoints deviate toward the centre for bimodal 18 

distributions. In other word s, it cannot explain the bimodal GE. 19 

 A second common account of the GE (see Figure 4-6, second column) is based on the vector 20 

averaging (which we argued to be explainable with the vector summation theory in General 21 

Introduction) that occurs downstream the SC. This population-coding mechanism does not 22 

merge close activity; it simply triggers the saccade that corresponds to the centre of gravity of 23 

the SC activation. When the GE occurs for express saccades, we can observe two bumps of 24 

activity in the SC (Edelman & Keller, 1998), a situation whereby only a population-coding 25 
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mechanism could explain the GE. However, this mechanism fails to explain the transition from 1 

unimodal to bimodal distributions of landing positions; on its own, for a specific pair of stimuli, 2 

it would always produce centred unimodal distributions. In other words, it would be unable to 3 

explain a bimodal GE. 4 

Thus both common accounts of the GE failed to explain the bimodal GE. Before suggesting a 5 

solution, we need to highlight another important mechanism (see Figure 4-6, third column) at 6 

play in neural field models of the SC, which is not directly linked to GE, that is, the 7 

race/competition mechanism. When two remote stimuli are presented to the neural field, each 8 

induces a bump of activity. This is the first bump, which reaches an arbitrary threshold that 9 

wins and triggers an eye movement to the corresponding stimulus. Additionally, long-range 10 

inhibition (if present) can prematurely bias the race to threshold: if one of the racers gains 11 

enough of an advantage over the other, this other will begin to decrease ɀ and may be doomed 12 

to lose. This competition is noisy, and can be lost by even the strongest stimulus. These 13 

occasions would occur at a rate inversely proportional to its contrast with the weaker stimulus.  14 

The solution we suggest to explain the bimodal GE is a combination of the race/competition 15 

mechanism and of the vector averaging (see Figure 4-6, last column). When the winning 16 

stimulus reaches the threshold to trigger a saccade, the losing stimulus has raised a certain 17 

amount of activity in the SC. As seen in Chapter 3, which concerned saccade curvatures, the 18 

execution of the saccade can start before the selection of a single goal has been completed 19 

(McPeek et al., 2003). The bumps of activity induced by both the winning and losing stimuli is 20 

unselectively taken into account by the downstream vector averaging mechanism. As a result, 21 

there can be a centripetal deviation from the winning stimulus that is proportional to the 22 

performance of the losing stimulus on that trial.  23 

It should be noted that the genuine GE is expected to decrease with stimulus distances, a 24 

relationship that we have also found when measuring the bimodal GE (see Figure 4-4A). In our 25 

frame of explanation, this decrease in GE with stimulus distance may be caused either by: 1) a 26 

stronger mutual inhibition between the two stimuli whilst their distance increases ɀ 27 

decreasing the activity of the loser -- or 2) a spatial release of the inhibition that the substantia 28 

nigra pars reticulata (SNr) applies in the SC. This disinhibition zone would be centred on the 29 

race-winner so that the activity of the loser decreases as it moves further away from the 30 

winner. Indeed, the SNr is known to release its otherwise tonic inhibition of the SC during 31 

saccade execution. Furthermore, it is known to project topographically to the SC (Hikosaka & 32 
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Wurtz, 1983) and to have large receptive fields ɀ i.e., low spatial resolution (Basso & Wurtz, 1 

2002; Handel & Glimcher, 1999).  2 

Finally, if an external structure/top -down process were to modulate the proposed GE 3 

mechanisms, it could do so by either 1) selectively helping or penalizing competitors or 2) 4 

modifying the race/competition mechanisms such as the threshold or the weight of lateral 5 

inhibition. Note that a third way would be to hinder the downstream averaging mechanism but 6 

we did not need to turn to this possibility to interpret our results. 7 

 Modulation of the Global Effect by Target Aiming Instruction 8 

 Link to previous literature 9 

While recording saccade endpoints, Heeman et al. (2014) measured a shift in the mean of their 10 

distribution toward the target when the participants were instructed to aim for a specific 11 

stimulus from the presented pair. Their observation was made in a genuine Global Effect - i.e. 12 

unimodal distribution. They showed that this shift is observed for fast reaction time saccades. 13 

This suggests that the process of target discrimination has an early influence on the decision-14 

making processes. The authors concluded that GE is not immune to top-down processes ɀ 15 

indeed, target discrimination is considered to happen in cortical structures which project onto 16 

the SC (see Introduction). Note that a close replication of their analysis, method, and results 17 

can be found in Appendix A, section 6.2. Our work brings to light a new piece of information for 18 

understanding the top-down modulation observed by Heeman et al. (2014). Using a measure 19 

of GE on bimodal distributions, we succeeded in highlighting that it is primarily the endpoints 20 

of the saccade directed toward the distractor that are subject to a deviation. Moreover, this 21 

deviation is centripetal ɀ i.e. toward the centre - (when comparing T-Different with T-Same) 22 

and is stable across stimulus distances. Note here that this centripetal deviation away from the 23 

distractor is consistent with the deviation toward the target that was observed by Heeman et 24 

al. (2014). 25 

In addition, it should be noted that a very similar experiment to the one reported here has been 26 

conducted using monkeys.  In particular, the results of a study by Chou, Sommer, and Schiller 27 

(1999), appear to run counter to those reported here: they found that there is a weaker GE 28 

when the monkey is instructed to aim for a specific target compared to when he is not (T-29 

Different against T-Same, in our experiment). A starting point for explaining this discrepancy 30 

could be that they worked with stimuli differing in colour, while we worked with stimuli that 31 
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differed in terms of shape. Such a difference in the modality of the discrimination can influence 1 

the GE: it has been reported that distractor/target pairs defined by colour generate a weaker 2 

GE (Findlay & Gilchrist, 1997). Thus, the possibility of an interaction between the instruction 3 

conditions and the modality of the discrimination should not be ignored. A further explanation 4 

comes from the fact that Chou et al. were qualitatively judging whether the landing position 5 

distributions were unimodal to infer the presence of the GE. It is possible that our DFCA 6 

measure ɀ which is quantitative - would detect a deviation on the distractor side. Although the 7 

authors do not specify this notion, their figure 12, bottom right, points toward this possibility 8 

if the top right stimulus is the target. 9 

 Revealed Mechanisms: Facilitation of the Target stimulus 10 

We can readily explain our results with the bimodal GE mechanism presented above (Section 11 

5.1). Figure 4-7 summarizes the activity pattern that we assumed to be present in the neural 12 

field during the conditions T-Different and T-Same, when the distractor wins and when the 13 

target wins. In order to have a good understanding of Figure 4-7, it is important to note that: 14 

1) the GE measured on the target side comes exclusively from situations where the target wins 15 

and so 2) the GE measured on the target side gives us an idea of the sub-threshold activity in 16 

the distractor side ɀ and vice-versa.  17 

For now, let us consider the purple curve in Figure 4-4B on the target side, which shows the 18 

difference in GE between the condition T-Different and the condition T-Same. For the sake of 19 

simplicity, let us momentarily assume that this purple curve is straight and at zero. This means 20 

there is no change in GE observed on the target side: the activity of the loser ɀ i.e., the distractor 21 

- was the same in conditions T-Different and T-Same. This is represented with our model in 22 

Figure 4-7 (On the Ȭ4ÁÒÇÅÔ ×ÉÎÓȭ row, the blue bumps are the same). This suggests that there 23 

is no additional external signal penalizing or helping the distractor in T-Different when 24 

compared with T-Same. Having established the general pattern, it should be noted that the 25 

purple curve in Figure 4-4B is not perfectly flat, and is significantly below zero at Distance 45. 26 

This means there is an inhibition at the distractor location, which decreases the GE on the 27 

target side. The fact that this occurs only for a specific range of target-distractor distances 28 

suggests that there is a ring of inhibition around the target. This could possibly be related to 29 

Mexican hat shaped lateral connections, or it could be an artefact from inter-individual 30 

differences (we return to this issue in Appendix B, section 7.2).  31 
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On the other hand - using the same reasoning - let us consider the purple curve on the distractor 1 

side in Figure 4-4B. This curve indicates that there is globally a positive change in the GE for 2 

all distances when comparing T-Different with T-Same. The fact that there is a positive change 3 

in the GE on the distractor side means that the activity of the loser ɀ i.e., the target - was 4 

stronger in T-Different than T-Same (this is represented in Figure 4-7, on the ȬDistractor winsȭ 5 

row, the red curves are different). In particular, the target was aided by an external signal in 6 

condition T-Different. Again, it should be noted that the purple curve in Figure 4-4B is not 7 

entirely straight on the distractor side; there is a noticeable decrease at Distance 56.125, which 8 

could be taken to indicate a ring of inhibition around the distractor. This, again, could possibly 9 

be related to Mexican hat shaped lateral connections or it could be an artefact of inter -10 

individual differences (further details in Appendix B, section 7.2). 11 

 12 

Figure 4-7: Effect of Instructions (i.e. PairType: T-Same or T-Different) on the Bimodal Global 13 

Effect. Target is in red and distractor is in blue. Our results (see Figure 4-4B purple curves) reported 14 

an increase in the bimodal Global Effect only on the distractor side when using a couple 15 

target/distractor instead of two undistinguishable stimuli. When the distractor was selected to 16 

trigger a saccade (bottom row), there was still some activity on the target side (red curve) creating 17 

a centripetal deviation of the landing positions ɀ i.e. the Global Effect. The increase in the Global 18 

Effect on the distractor side means that the activity on the target side was larger in the T-Different 19 

than in the T-Same condition. This suggests that the target location is receiving help in the T-20 

Different condition.  21 

 22 
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In the T-Different condition, instructions were given to the participants to aim for a target 1 

stimulus and ignore the distractor. It is assumed that in this situation, top-down mechanisms 2 

are attempting to discriminate the target (Ipata, Gee, Goldberg, & Bisley, 2006; Schall & Hanes, 3 

1993; Schall, Hanes, Thompson, & King, 1995; N. W. D. Thomas & Paré, 2007; Wardak, Olivier, 4 

& Duhamel, 2002) while the visual bottom-up signals of the stimuli compete on the SC. It has 5 

been a matter of debate as to whether the discrimination system inhibits the distractor location 6 

or helps the target location in the SC (McSorley et al., 2004). Here, our work yields evidence 7 

supporting the presence of an excitatory signal sent on the location of the target stimulus, with 8 

no evidence supporting the possibility of inhibition of the distractor.  It is important to note 9 

that the excitatory boost given to the target could not be inferred from analysing the difference 10 

in saccadic reaction times between T-Different and T-Same when the target wins. Indeed, the 11 

task of discriminating between a target and a distractor makes the reaction time slower for 12 

most participants (see Figure 4-8) so that it hides any excitatory effects.  13 

 14 

Figure 4-8: Differences in Reaction Times between conditions (T-Different ɀ T-Same). We plot 15 

the median estimate of the difference and its 95% of confidence intervals from a Wilcoxon rank sum 16 

test with continuity correction. 17 

 18 

Finally, as mentioned earlier, the bimodal GE decreases with stimulus distance (see Figure 19 

4-4A, any curves), an effect that could be caused either by mutual inhibition or spatial 20 

disinhibition of the SNr (see section 5.1). The fact that the effect of T-Different does not 21 

decrease with stimulus distances suggests that its mechanism is not interacting with the 22 

ÍÕÔÕÁÌ ÉÎÈÉÂÉÔÉÏÎ ÏÒ ×ÉÔÈ ÔÈÅ 3.ÒȭÓ ÓÉÇÎÁÌȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ ÉÔ ÉÓ ËÎÏ×Î ÔÈÁÔ ÔÈÅ &%& ÉÓ ÉÎÖÏÌÖÅÄ ÉÎ 23 
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target discrimination (Schall & Hanes, 1993) and has direct projections to the brainstem 1 

saccade burst generator, bypassing the SC to control saccades (Schiller & Chou, 1998; Schiller 2 

& Sandell, 1983; Schiller, True, & Conway, 1980). In the eventuality that there is mutual 3 

inhibition occurring in the SC, and that a boost to the target is provided by the FEF, it follows 4 

that at least part of this enhancing effect is not altered by mutual inhibition. With regard to 5 

spatial disinhibition from the SNr, it is possible that both its inhibitory signal and the excitatory 6 

signal of the FEF are linearly summed in the SCi, leading to no interaction.  Indeed, such linear 7 

summation of signals in the SCi have already been reported (Phongphanphanee et al., 2014). 8 

 Modulation of the Global Effect by Frequency of Choice 9 

Occurrence  10 

 Link to previous literature 11 

Previous studies have shown that the probability of a stimulus appearing at a specific location 12 

can influence the GE (He & Kowler, 1989). This stimulus location probability has been shown 13 

to influence the preparatory signal in the SC. It increases the preparation signal at the most 14 

probable locations  (Dorris & Munoz, 1998) which is in line with the work of He and Kowler 15 

(1989). Our work goes further and suggests that a probability of occurrence, which, unlike 16 

location probabilities, has no spatial dimension, can influence the GE. To the best of our 17 

knowledge, the effect of the frequency of occurrence of double-stimulus trials had never been 18 

addressed prior to the present study.  19 

 Revealed Mechanism: a Global Modulation of the Competition 20 

As there is no spatial dimension attached to a frequency of occurrence, our hypothesis is that 21 

the factor Pair-Frequency (F-20 / F-80), which controls the frequency of double-stimulus trials, 22 

will have an unselective effect on the entire selection map (i.e. the SC). This would be consistent 23 

with there being a global projection of the Locus Coeruleus to the SC (Arce et al., 1994; S. B. 24 

Edwards et al., 1979; Mooney et al., 1990), which is known to respond to frequency of 25 

occurrence and uncertainty (Duzel & Guitart-Masip, 2013).  26 

Let us consider the orange curves of Figure 4-5B. These curves show the difference in the GE 27 

in condition F-20 (low frequency of two-stimulus trials) and condition F-80 (high frequency of 28 

two-stimulus trials). We can readily observe an increase in the GE in the F-20 conditions, for 29 

the shortest stimulus distance, on both stimulus sides (target and distractor, top and bottom 30 

plot). Within the framework of the GE mechanism introduced earlier, the fact that the GE 31 
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increases on both sides means that whichever wins the competition, the loser was more active 1 

in F-20 than in F-80 conditions (this is represented in Figure 4-9). This unselective effect 2 

(occurring regardless of the winner) is in line with our afore-mentioned hypothesis.  3 

 4 

Figure 4-9: Whichever wins the competition, the loser receives more activation in condition 5 

F-20. This increases the bimodal GE on both stimulus sides (see the orange curves, target and 6 

distractor side in Figure 4-4B). 7 

 8 

In addition, it can be observed that the effect of F-20 decreases with the stimulus distance. As 9 

mentioned earlier, the bimodal GE also decreases with stimulus distance (see Figure 4-5A, any 10 

curves). This was explained by means of either an increasing mutual inhibition with stimulus 11 

distance or spatial disinhibition from the SNr. The fact that the effect of F-20 decreases with 12 

stimulus distance suggests that its mechanism is interacting positively with mutual inhibition 13 

and/or spatial disinhibition. This means that the effect of F-20 is directly affecting the property 14 

of the neurons that are involved in mutual inhibition and/or spatial disinhibition. This would 15 

be consistent with the idea that an external structure, e.g., the Locus Coeruleus, is affecting the 16 

responsiveness of SC neurons (see the adaptive gain theory, Aston-Jones & Cohen, 2005).  17 

Finally, note that the effects on reaction time distributions were not consistent across all the 18 

participants. However, a pattern that we observed for three of the five participants is discussed 19 

further in Appendix 7.1. 20 

 On Ottes et al. (1984), Walker et al. (1997), and Ordering Effect 21 

It appears that our experiment has yielded a number of interesting findings, along with the 22 

tools for understanding and interpreting these results. However, we conclude with one of our 23 

initial aims which was to test if there is an actual difference in the GE when comparing the 24 
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results of Ottes et al. (1984), which encouraged our use of condition F-20 / T-Same, and the 1 

results of Walker et al. (1997), which prompted us to use condition F-80 / T -Different. 2 

Importantly, their results can be compared only for a stimulus distance of 90°. The hypothesis 3 

was that rarity and/or lack of instructions would increase the GE. First, we found that rarity 4 

can increase the Global Effect on both target and distractor sides. However, given that rarity 5 

had no significant effect at the distance of 90°, this does not support a difference between the 6 

results of Ottes et al. (1984) and Walker et al. (1997). Second, we detected that the presence of 7 

instructions (T-Different) increased the GE, but only on the distractor side. Unfortunately, 8 

Walker et al. (1997) could not detect this asymmetric effect in their study because this was not 9 

possible with their measures. To conclude, the measure of GE and general paradigms used by 10 

both Ottes et al. (1984) and Walker et al. (1997) were quite different, making it difficult to 11 

assess an effect of frequency (Pair-Frequency) and instructions (Pair-Type). Based on a novel 12 

definition of GE, our work has yielded evidence and details of these effects, whilst suggesting a 13 

possible mechanism to interpret them.  14 

 Conclusion: 15 

The present work has generated a novel way to assess decision processes and signals occurring 16 

in an action selection map such as the SC.  In particular, we have examined a different aspect of 17 

the Global Effect, which we have termed the bimodal Global Effect (GE). Unlike the traditionally 18 

defined Global Effect  (R. Walker et al., 1997), the bimodal GE can be observed for distant 19 

stimuli and for bimodal distributions. We provide a measure to quantify the bimodal GE and 20 

we also suggest a biologically coherent mechanism to account for the phenomenon. We suggest 21 

that the mechanism underlying the bimodal GE differs from the merging mechanism that has 22 

sometimes been proposed to explain the traditional Global Effect (see Section 5.1). 23 

Furthermore, using this novel aspect of the GE, our work provides a deeper understanding of 24 

how frequency of choice and active discrimination modulate decision-making. Indeed, the 25 

specified mechanism of the bimodal GE is shown to be of great use in interpreting the 26 

modulations that occur on the side of the stimulus that loses the race to trigger a saccade. In 27 

combination with the reaction time distributions, which allow us to interpret what happened 28 

on the race winner side, the bimodal GE may become a powerful tool for specifying the precise 29 

spatio-temporal patterns of endogenous/exogenous signals on an action selection map. It can 30 

be noted that additional future directions and guidelines concerning inter-individual 31 

differences can be found in the concluding remarks of Appendix B. 32 
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 APPENDIX A: Replication of Previous Studies 1 

 A Replication of Goldstein and Beck (2013): Reaction Time and 2 

Distractor Presentation Frequency 3 

One of the expected effects of manipulating the frequency of distractor presentation (two 4 

stimuli trials) is to affect the saccade reaction times (RT) as observed by Goldstein and Beck 5 

(2013). The Figure 4-10 shows the distribution of RT observed for each participant and 6 

conditions. The effect observed by Goldstein and Beck (2013) was an increase of 60ms of the 7 

RT mean in the low frequency condition while they used a couple target/distractor ɀ i.e. this 8 

should correspond to our F-20 / Different condition. In our data, the RT of BD and RI seems to 9 

not have been affected by the conditions, whereas AN, KM, and GM show a clear effect of 10 

Frequency which interacts with the type of double-stimulus (T-Same or T-Different). F-20 11 

makes the responses faster in T-Different whereas it makes them slower in T-Same. Thus, the 12 

effect of F-20 we found in T-Different is totally opposite to the effect found by Goldstein and 13 

Beck (2013). Nevertheless, this can be explained by the fact that in their paradigm the target 14 

position was quite predictable which reduced the need for discrimination . From this, their task 15 

may be closer to our T-Same condition -- the results of which are in the same direction as theirs. 16 

 17 
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Figure 4-10: Distribution of Reaction Time per condition and per participant.  We show the 1 

kernel density estimation curves of reaction time distributions. Note that what we are concerned 2 

about here is the relative position of the solid lines (condition F-20) compared to the position of the 3 

dashed lines (condition F-80). For KM, AN, and GM, the condition F-20 give rise to quicker reaction 4 

times than condition F-80 (the positive slope of solid lines are on the left on the dashed lines) in the 5 

condition T-Different, while we observed the exact opposite in the condition T-Same. For RI, the 6 

pattern in T-Different is the same as in T-Same and they correspond to the pattern of KM, AN, GM in 7 

T-Same. This suggests that RI was not able to do the discrimination task in T-Different, and answer 8 

as if he was in T-Same condition (see also Figure I). Finally, BD shows no obvious pattern, or maybe 9 

a pattern opposed to KM, AN, GM in T-Different. Note also that BD has very impressively short 10 

reaction times. One may think he has issues in discriminating the target as RI but Figure I tells us 11 

that he was actually successful in discriminating the target and avoiding the distractor. 12 

 13 

 Replicating Heeman et al. (2014): Effect of the Additional Stimulus 14 

Type on the Global effect. 15 

Here we will focus on the effect of the Pair-Type on the Global Effect as in the work of (Heeman 16 

et al., 2014). In their work, they proposed to test the effect of the instructions on the Global 17 

Effect. Their paradigm was split into three blocked conditions, which is echoed in our 18 

paradigm:  19 

o Double No instruction:  the participants are presented with a pair of stimuli (green 20 

and red) and are told to make saccades to the presented stimuli; no target was 21 

specified. This is similar to our T-Same level of the factor Pair-Type. 22 

o Double Instruction:  the participants are presented with a pair of stimuli and are told 23 

to make their saccades to the red target and ignore the green distractor. This is similar 24 

to our T-Different level of the factor Pair-Type. 25 

o Single:  the participants are presented with a single stimulus, and are told to make their 26 

saccade to that stimulus. This is similar to our trials with one stimulus. Note that our 27 

paradigm differs from theirs by mixing single stimulus trials with double-stimulus 28 

trials. 29 

They tested on only one stimuli distance at which the Global Effect is strong. Specifically, their 30 

tests have been done for a stimuli distance where the landing positions are shaping a centred 31 

unimodal distribution. They find a deviation of the distribution toward the target when for the 32 

ÃÏÎÄÉÔÉÏÎ ȰÉÎÓÔÒÕÃÔÉÏÎȱ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÃÏÎÄÉÔÉÏÎ ȰÎÏ ÉÎÓÔÒÕÃÔÉÏÎȱȠ ÁÎÄ ÔÈÁÔ ÅÖÅÎ ÁÔ ÓÈÏÒÔ 33 

saccade latencies. This means the global effect, which is thought to be a low-level phenomenon, 34 

can be affected by top-down structures at an early stage. 35 
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To fit with the experiment of Heeman et al. (2014), we take into account only our data for the 1 

two smallest tested distances (11.25 ° and 22.5°). We proceed to a similar transformation of 2 

our landing positions data as Heeman et al. (2014). Namely, we normed our data with the 3 

absolute mean of landing positions in the single stimulus trials -- note that Heeman et al. (2014) 4 

instead normed their data according to the stimulus position. Then, if the index is equal to 1 or 5 

-1, the eyes have landed where they would have for a single stimulus. In the level T-Different, 6 

the index -1 correspond to the distractor stimulus while the index 1 correspond to the target 7 

stimulus.  8 

While Heeman et al. (2014) have chosen to test if the mean of their distributions are different 9 

from zero (the perfect averaging); we have chosen to test for an effect of the factor Pair-Type 10 

with non-paired t-tests between T-Same and T-Different trials within participants. Our method 11 

has the following advantages: 1) it addresses more directly the effect of Pair-Type, 2) it gives 12 

more power by using all the landing positions recorded for each participants, 3) it addresses 13 

inter -individual differences. Furthermore, testing T-Same against T-Different controls for the 14 

bias in brightness we have between the stimuli in our paradigm (the brightness bias may 15 

deviate distributions toward -1 as for KM, see Figure 4-11; for details on the paradigm see 16 

Section 2.3). 17 
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 1 

Figure 4-11 : Summary of the non-paired t -test within participants.  2 

 3 

The results of the t-tests are reported graphically in Figure 4-11 and the statistics are gathered 4 

in Table 10. After Bonferroni correction, only AN and BD show a significant effect of Pair-Type. 5 

In line with Heeman et al. (2014), those two participants show a deviation of their landing 6 

positions toward the distractor when we used a couple target-distractor compared to when we 7 

used a couple of undistinguishable stimuli. The deviation from zero observed in Heeman et al. 8 

(2014) is reported to be around 0.3 -- i.e. 15% of the target-distractor distance. The deviation 9 

we observed, however, is around 0.061 -- i.e. 3% of the target-distractor distance. Note that, 10 

although our normalization methods are slightly different ɀ see above - this difference could 11 

not explain such a difference in effect size. &ÏÒ ÉÎÓÔÁÎÃÅȟ ÔÈÅ #ÏÈÅÎȭÓ Ä ÉÎ ÔÈÅ ÅØÐÅÒÉÍÅÎÔ ρ ÏÆ 12 

Heeman et al. (2014, p.32) is 0.306/0.21 = 1.457; while for BD, it would be 0.0708/0.1765 = 13 

0.4011. 14 

 15 
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Table 10: Summary of the non-paired t-test for each of the participant s. The p-values are corrected 1 

with the Bonferroni method. 2 

Name p-value t-value FD M(T-Diff.) M(T-Same) SD(T-Same) SD(T-Diff.) 

AN ***  1.17E-04 4.243 1518.585 0.0412 -0.0100 0.218 0.257 

BD *** 3.63E-14 7.860 1512.353 0.0464 -0.0244 0.164 0.189 

GM 1.000 -0.504 1440.515 -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 Degrees, T-Diff.: T-Different. 3 

 4 

Finally, we also tested if Pair-Frequency has an effect on the Global Effect. Using the same 5 

method as above, only GM appeared to show a significant effect of Frequency (p = 0.00821, 6 

t=3.166, FD=495.202).  7 

To double-check our results, we used the Bayes Factor package (see Rouder, Morey, Speckman, 8 

& Province, 2012), which is based on multilevel models allowing to use all the trials of the 9 

participants to increase power. We tested all possible interactions between Participant, Pair-10 

Frequency, and Pair-Type. The favoured model was considering an effect of:  11 

Participant + Stimulus-Type + Participant:PairType.  12 

This model was preferred with a BF of 12.978 ±4.54% against the best model considering 13 

PairFrequency (in addition) and preferred with a BF of 46,256.68 ±2.82% against the best 14 

model ignoring Participant:PairType interaction. In short, the Bayes Factor model ranking 15 

reflects exactly the previous result: there is no effect of Pair-Frequency, and there is an effect 16 

of Pair-Type depending on the participants. 17 

 APPENDIX B: Within Participant Analysis 18 

 Reaction Time Analysis 19 

To get a better understanding of the mechanisms underlying the effect of condition F-20, we 20 

examined the reaction times (RT) in more detail. We decided to particularly focus on a very 21 

clear pattern shown by three participants. The reader needs to keep in mind that, as there are 22 

only 3/5 participants who display this pattern, it may not be a typical case. Nevertheless, we 23 

thought it was an interesting and clear enough pattern to be worthy of  ÔÈÅ ÒÅÁÄÅÒȭÓ ÁÔÔÅÎÔÉÏÎȢ  24 

Figure 4-12 shows the three participants overall RT while plots for all the participants are 25 
























































































































































































