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ABSTRACT 

Functional characterization of visual inhibitory mechanisms in motion perception 

Motion perception in its early stages has traditionally been conceived as a process in which 

different sensors —orientation, spatial and temporal frequency tuned— operate in parallel and 

independently over the incoming external information. The key notion of independent and parallel 

processing developed by the sensors was challenged in 1987 when Derrington & Henning 

reported systematic errors in motion direction discrimination when human observers were 

presented with short duration compound stimuli. These compound stimuli were comprised of 

coarse and fine-scale components that excited both low and high spatial frequency tuned motion 

sensors at the same time. The fact that a joint activation of differently tuned sensors resulted in 

motion discrimination errors could have never been predicted under an independent and parallel 

processing scheme. Indeed, in 2007, Serrano-Pedraza, Goddard & Derrington proposed a 

computational model in which the information coming from low and high spatial frequency tuned 

sensors underwent inhibitory interactions in later stages of motion processing. The model was 

successful in replicating the main newly discovered results, thus unseating the prevailing notion 

of independent and parallel processing. Numerous efforts have been made trying to shed light 

on the nature of the interaction phenomenon. This way, several parameters (i.e. stimulus size, 

spatial frequency, contrast, etc.) have been seen to have some modulatory effect on it.  

In this sense, the present thesis aims at obtaining a deeper functional characterization of some 

of the aspects exerting such modulatory effect. Specifically, this thesis exhaustively explores 

the effect that the relative spatial frequencies in a compound stimulus (composed of two 2D 

Gabor functions drifting at the same time with the same speed) and their contrast have on the 

interaction under study; additionally, the effect of drifting speed or temporal frequency is 

exhaustively explored too.  

The results concerning these two issues suggest, firstly, that contrast affects the strength of the 

inhibitory interaction. Similarly, the spectral content of a stimulus has a modulatory effect on 

the interaction too. Therefore, the effect of contrast becomes also modulated depending on the 

spatial frequency content in a compound stimulus. In any case, larger interactions (i.e. those 

which impair motion direction discrimination) generally take place when the contrast of the 

low spatial frequency component in a compound stimulus is lower than that of the high spatial 
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frequency component. This is seen in compound stimuli integrating low and high spatial 

frequency components drifting coherently with the same speed.  

Secondly, the inhibitory mechanism’s action is seen to be modulated by temporal frequency; with 

a temporal frequency tuning for it being suggested. This can be appreciated as a band-pass shape 

in motion direction discrimination performance as a function of temporal frequency; evidenced 

for compound stimuli composed of a static coarse spatial frequency component and a drifting fine 

spatial frequency component (only for some combinations of low and high spatial frequencies).  

The results concerning the two reported issues —the modulation of interaction strength by 

contrast and spatial frequency; and temporal frequency— are successfully replicated through 

computational modelling. Relevantly, the computational model used is precisely one 

implementing inhibitory interactions between the outputs of motion sensors tuned to coarse 

and fine spatial scales (i.e. Serrano-Pedraza et al., 2007).  

A final issue this thesis aims to uncover is the organization of the underlying motion 

mechanisms selective to spatial frequency. An individual differences approach is used to 

achieve this goal, which informs of a discrete set of at least three underlying motion 

mechanisms selective to low, intermediate and high spatial frequencies; tested at different 

contrast levels and drifting temporal frequencies. Interestingly, the identified mechanisms match 

the spatial frequencies that need to be combined in order to activate the inhibitory mechanism. 

In other words, combinations of spatial frequencies within the same mechanism (e.g. only low 

spatial frequencies, or only medium spatial frequencies) do not activate (or cause a very low 

activation) the inhibitory mechanism. Thus, assuming the identified spatial frequency selective 

mechanisms serve as support for the subsequent inhibitory interaction, this finding poses an 

outline of possible spatial frequency combinations which could theoretically induce strong 

activations of the inhibitory mechanism being studied. On the other hand, through an analysis 

of the correlational structure of motion sensing across different contrast conditions, it is 

slightly suggested that the strength of motion surround suppression may have a modulatory 

effect on the aforesaid structure of spatial frequency selective mechanisms.  

In conclusion, the present thesis successfully achieves an exploration of the motion interaction 

mechanism’s functioning, mapping it as a function of spatial frequency, temporal frequency 

and contrast. Additionally, this map is complemented in its spatial frequency axis with 

information coming from an individual differences approach. 
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RESUMEN 

Caracterización funcional de mecanismos visuales inhibitorios en la percepción del 

movimiento 

En sus primeras etapas, la percepción del movimiento ha sido tradicionalmente 

concebida como un proceso en el que diferentes sensores —sintonizados en orientación, 

frecuencia espacial y frecuencia temporal— operan en paralelo y de manera independiente 

sobre la información proveniente del mundo exterior. Esta noción clave de procesamiento 

independiente en paralelo de los sensores fue cuestionada en 1987, cuando Derrington y 

Henning reportaron errores sistemáticos en la discriminación de la dirección del 

movimiento cuando se les presentaban a observadores humanos estímulos compuestos 

durante un breve periodo de tiempo. Estos estímulos compuestos estaban integrados por 

componentes de escala espacial gruesa y fina que excitaban, al mismo tiempo, sensores de 

movimiento sintonizados a altas y bajas frecuencias espaciales. El hecho de que la 

activación conjunta de dichos sensores sintonizados de manera diferente produjera errores 

en la discriminación del movimiento nunca podría haber sido predicho bajo un esquema de 

procesamiento en paralelo de sensores de movimiento independientes. Así, en 2007, 

Serrano-Pedraza, Goddard y Derrington propusieron un modelo computacional en el que la 

información procedente de los sensores sintonizados en bajas y altas frecuencias espaciales 

experimentaba interacciones inhibitorias en etapas posteriores del procesamiento del 

movimiento. El modelo tuvo éxito a la hora de replicar los principales resultados 

recientemente encontrados, desbancando así la noción hasta el momento imperante de un 

procesamiento independiente y paralelo. Se han realizado numerosos esfuerzos tratando de 

arrojar luz sobre la naturaleza de este fenómeno de interacción. De este modo, se ha 

descubierto que diversos parámetros (i.e. el tamaño estimular, la frecuencia espacial, el 

contraste, etc.) tienen un efecto modulador sobre el mismo.  

En este sentido, la presente tesis tiene como objetivo obtener una caracterización 

funcional más profunda de algunos de los aspectos que ejercen dicho efecto modulador 

sobre la fuerza de la interacción. Específicamente, esta investigación explora 

exhaustivamente el efecto de las frecuencias espaciales relativas y su contraste en 

estímulos compuestos (integrados por dos funciones de Gabor 2D que se mueven a la 

misma velocidad y con la misma dirección); además, también se explora 
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exhaustivamente el efecto que la velocidad de movimiento o la frecuencia temporal 

tienen sobre la interacción.  

Los resultados con respecto a las dos cuestiones expuestas sugieren, en primer lugar, 

que el contraste tiene un efecto sobre la fuerza de la interacción inhibitoria. Asimismo, 

el contenido espectral de los estímulos compuestos tiene también un efecto modulador 

de la interacción. De este modo, el efecto del contraste modula la fuerza de la 

interacción en función del contenido en frecuencia espacial del estímulo compuesto. En 

cualquier caso, las interacciones más fuertes (i.e. que dificultan la discriminación de la 

dirección de movimiento) generalmente tienen lugar cuando el contraste del 

componente de baja frecuencia espacial en un estímulo compuesto es menor que el del 

componente de alta frecuencia espacial. Esto puede verse en estímulos compuestos que 

integran componentes de frecuencia espacial alta y baja los cuales se desplazan 

coherentemente con la misma velocidad.  

En segundo lugar, la acción del mecanismo inhibitorio se ve modulada por la frecuencia 

temporal; sugiriéndose una sintonía en frecuencia temporal del mecanismo. Esto puede 

ser apreciado como una curva paso-banda para el rendimiento en discriminación de la 

dirección del movimiento en función de la frecuencia temporal; ello evidenciado sobre 

estímulos compuestos integrados por un componente estático de frecuencia espacial 

grueso y un componente de frecuencia espacial fina en movimiento (solo dadas ciertas 

combinaciones de frecuencias espaciales altas y bajas).  

Los resultados con respecto a los dos aspectos mencionados —la modulación de la fuerza 

de interacción en función del contraste y la frecuencia espacial; y la frecuencia temporal— 

son replicados exitosamente a través de un modelo computacional. De manera relevante, 

el modelo computacional utilizado es precisamente uno que implementa interacciones 

inhibitorias entre las salidas de los sensores de movimiento sintonizados en escalas 

espaciales gruesas y finas (i.e.  Serrano-Pedraza et al., 2007).  

Un último asunto que esta tesis busca elucidar es la organización de los mecanismos de 

movimiento subyacentes selectivos en frecuencia espacial. Para lograr este objetivo, se 

utiliza un enfoque basado en las diferencias individuales. Así, se reporta un continuo de 

al menos tres mecanismos de movimiento subyacentes selectivos sobre frecuencias 

espaciales bajas, intermedias y altas para diferentes condiciones de contraste y 
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frecuencia temporal. De modo interesante, los mecanismos identificados coinciden con 

las frecuencias espaciales que deben ser combinadas para lograr la activación del 

mecanismo inhibitorio. Dicho de otra manera, las combinaciones de frecuencias 

espaciales que son procesadas por un mismo mecanismo (e.g. solo frecuencias 

espaciales bajas, o solo frecuencias espaciales medias) no provocan una activación del 

mecanismo inhibitorio (o provocan una activación mínima). Así pues, asumiendo que 

los mecanismos encontrados selectivos en frecuencia espacial sirven de sustento para 

una posterior interacción inhibitoria, este hallazgo plantea un esquema de posibles 

combinaciones de frecuencia espacial que teóricamente podrían inducir fuertes 

activaciones del mecanismo inhibitorio estudiado. Por otro lado, a través de un análisis 

de la estructura correlacional de los datos en diferentes condiciones de contraste, se 

sugiere levemente la posibilidad de que la fuerza de la supresión de movimiento centro-

periferia pudiera tener un efecto modulador sobre la estructura de mecanismos 

selectivos en frecuencia espacial.  

En conclusión, la presente tesis logra con éxito una exploración del funcionamiento del 

mecanismo de interacción, mapeándolo en función de la frecuencia espacial, la frecuencia 

temporal y el contraste. Además, este mapa se complementa en su eje de frecuencia 

espacial con información proveniente de un enfoque de diferencias individuales. 
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1. GENERAL INTRODUCTION

1.1. THE PROBLEM OF PERCEPTION 

Perceptual systems could be considered the gate through which living organisms 

obtain information from the physical world they are embedded in; which, of course, is of 

tremendous importance when it comes to the survival of such organisms. In other words, 

perceptual systems —shaped throughout millions of years of natural selection— serve as 

tools through which meaningful mental representations about the outside world are 

constructed (Marr & Nishihara, 1978) so that living organisms can successfully cope in it.  

Let us shrink our aim for a moment, though. Let us focus, among all the existing 

perceptual systems, on the particular case of the human visual system. Images are 

constantly being projected onto our retinas. That is to say, visual sensors are constantly 

capturing the visual physical information in our environments, which can be described 

as patterns of electromagnetic energy in the visible range, and with a certain 

spatiotemporal configuration. Provided this first step, understanding how we, humans, 

elaborate a mental representation of what is happening in the visual scene from the 

aforementioned images being projected is a major question that needs to be answered in 

a second step. This next step is, in fact, the main concern in the study of visual 

perception. The events taking place in the physical world must somehow be coded and 

processed by the visual system for us to have a useful representation of the 

environment; that is, a perception of it. This may seem a rather immediate and effortless 

process (“something moves in front of us and we see it moving”). However, there is an 

enormous complexity lying in it. Once the physical information has arrived at the retina 

and the light has been absorbed by our photoreceptors, the process of seeing —the 

incredibly complex process of perceiving— is determined by the processing executed in 

our visual system2 (e.g. motion perception, for example, relies on complex

computations performed along the visual pathways). Thus, the human visual system —

2 Actually, the process of seing may be influenced by other perceptual modalities rather than just the 
visual one (see, for instance, Shams & Kim, 2010). 
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and any perceptual system in general— is revealed to be active rather than passive in the 

sense that their input information is continuously being operated.  

To digress a moment, let us consider the case of a telecommunications system that 

processes an input signal at one place and delivers it to a second place where it outputs 

the processed signal. An ideal system supposed to carry the original signal without 

corrupting it would process the signal in such a way that it remained unchanged when 

outputting it in the target location. On the contrary, when it comes to perceptual systems 

in general, and the visual system in particular, no such rule is followed at the time of 

processing sensory inputs, neither does it make sense to follow it. Now we need to go 

back for a moment to the point addressed in the first paragraph of this thesis, which 

versed about how living organisms needed to generate meaningful representations of the 

outside world through their perceptual systems to survive in it. Given the enormous 

complexity and number of physical patterns of information in a given environment (e.g. 

neural processing capacity is overwhelmingly exceeded by sensory inputs (Eriksen & 

Eriksen, 1974; Marois & Ivanoff, 2005)), it seems reasonable to think that an effective 

and efficient perceptual system should transform the incoming signals in such a way 

that any aspects relevant to survival were optimally enhanced and non-relevant aspects 

suppressed. In other words, if a mathematical function were used to model a perceptual 

system, this could no longer be a function that did not exert any change in the inputting 

information. Once more, active processing turns out to be a defining characteristic of 

any perceptual system, like the visual one. 

A classical way to study visual perception is through the use of visual illusions (e.g. 

Hermann, 1870. See also the illusions by Mario Ponzo (1882–1960), Johann Christian 

Poggendorff (1796–1877), Ernst Mach (1838–1916), and Franz Carl Müller-Lyer (1857–

1916), which carry the names of their discoverers). What visual illusions do is bring 

attention to cases in which our perceptions (that could feasibly be real) do not match, in a 

very obvious way, the physical characteristics of the stimulation coming from the outside 

world (i.e. length, size, colour, etc.); this is what we call non-veridical perception. 

Through this mismatch between a physical pattern of stimulation and the perception of it, 

illusions serve to demonstrate that active computations are indeed taking place in our 

nervous system, operating on the physical stimulation caught by the different sensors. In 
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this regard, visual illusions not only serve as demonstrations for our perceptual 

processing, but have become a powerful tool in the study of the mechanisms involved in 

visual perception (e.g. Eagleman, 2001). At this point, what needs to be understood is that 

these mechanisms, which obviously operate during non-veridical perception, do also 

operate in those cases where there is no obvious mismatch between the physical 

stimulation and the perception of it (veridical perception). In short, the same perceptual 

mechanisms acting in non-veridical perception act in veridical perception. The only 

difference is that in the case of non-veridical visual perception, stimuli have been 

artificially modified so that the computations exerted by our visual system —the 

transformations they do on the physical patterns of stimulation— become evident.   

1.2. THE PROCESSING OF MOTION IN THE VISUAL SYSTEM: A 

GENERAL VIEW 

This thesis will be focussing on visual perception; more precisely, on motion 

perception. And, of course, motion perception falls into the same problem exposed 

before: some computation, rather than simply representing the physical stimulation 

arriving at our visual sensors unchanged, is needed for motion to be perceived. A good 

example illustrating this fact comes, as one may expect, from a given kind of perceptual 

illusions: motion perception illusions (e.g. Crane, 1988; Pinna & Brelstaff, 2000). Let us 

take the case of the missing fundamental illusion. What defines this illusion is that, as 

illustrated in Figure 1, when a rightward moving3 square-wave grating has its

fundamental component from the Fourier series (i.e. first harmonic) removed, it appears 

to move leftwards when presented in quarter-cycle jumps of a particular duration, 

although its edges and features move rightwards (and vice versa) (Adelson & Bergen, 

1985). This motion perception reversal does, of course, tell us something about the 

nature of the motion processing being performed in the visual system. Interestingly, our 

perception experience under missing fundamental gratings indicates that, in this 

3 See  Figures 4 and 5, in “1.1. The basic unit for motion detection and the whole motion sensing functional 
architecture which makes use of it”, to understand how directional motion can be graphically represented in 
space-time coordinates.. 
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particular example, feature tracking4 is not a feasible mechanism to explain the

perception of motion for these stimuli. In fact, if it were, motion direction would be 

perceived in the same direction as that of the edges and features (which actually move 

rightwards). However, this is not the case. On the contrary, the direction of motion is 

perceived opposite. Indeed, if one takes a look at the Fourier spectrum (spatiotemporal 

frequency spectrum) of a quarter-cycle jump moving square-wave grating once its 

fundamental Fourier component has been removed, most of its energy (i.e. the energy 

coming from the second harmonic) indicates motion in the direction opposite to the one 

when the fundamental component remains. Therefore, a motion energy mechanism 

based on the “Motion from Fourier Components Principle” (Chubb & Sperling, 1988) 

rather than a feature tracking one is a feasible explanation for the empirical results 

observed with Missing Fundamental stimuli (Adelson & Bergen, 1985; Baro & 

Levinson, 1988; Georgeson & Shackleton, 1989; Georgeson & Shackleton, 

1992; Georgeson & Harris, 1990). Any reader already familiar with computational 

models of motion sensing based on the computation of motion energy may now want to 

check “5.2. Appendix 2: An explanation for the missing fundamental illusion through 

computational modelling”. Here, a more detailed explanation of why this illusion takes 

place is provided. Readers unfamiliar with computational models of motion perception 

may better wait until they read the “1.4. Deeper insight into the computational structure 

of motion sensing” section from this thesis’ General Introduction.  Other motion 

illusions, such as the reverse-phi illusion (Anstis, 1970) have also been able to be 

explained through the aforesaid “Motion from Fourier Components Principle”. In this 

last illusion, visual pattern pairs shifted in space are presented stroboscopically with 

their contrast polarity inverted simultaneously. Motion for stimuli like these are 

perceived in a direction reversed to that implied by the spatial shift between the images 

in the pair. Both the missing fundamental and reverse-phi illusions can be explained by 

the fact that a high amount of motion energy indicates a direction of motion opposite to 

that implied by local spatial patterns. Nevertheless, this would not have been obvious 

4 Feature tracking refers to identifying a particular trait in an image and analyzing how its position 
changes over time in a way that motion is perceived. 
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unless the spatiotemporal frequency spectrum had been analysed5. In short, examples of 

motion illusions have been exposed; and these have revealed an important computation 

in motion processing: the “Motion from Fourier Components Principle”. Hopefully, the 

importance of visual illusions in the study of perception has now been truly understood 

through the examples exposed above.  

Figure 1. Illustration of the missing fundamental illusion. Top panels represent the spatiotemporal 
plots (x-t plot). Top left panel: square-wave stimulus (0.5 c/deg) moving rightwards. Top right 
panel: square-wave stimulus with the first harmonic removed (i.e. missing fundamental). Bottom 
panels show the spatiotemporal amplitude spectrum of the top x-t plots. Bottom-left panel: the 
energy of the first harmonic is located over quadrants 1 & 3 (which stand for rightward motion). 
Bottom-right panel: spatiotemporal spectrum of the missing fundamental square-wave stimulus. 
Note that although the edges in the x-t plot are moving rightwards, the energy of the current first 
harmonic (1.5 c/deg) is located in a way signalling the opposite direction of motion (quadrants 2 
& 4). (Image created by Ignacio Serrano-Pedraza. For a video example of the stimuli, visit 
https://www.ucm.es/serranopedrazalab/other). To understand the spatiotemporal representation 
of motion depicted in the top panels, see Figures 4 and 5, in “1.1. The basic unit for motion 
detection and the whole motion sensing functional architecture which makes use of it”. 

5 One may here be able to appreciate the importance of Fourier analysis in the study of motion perception. 
Defining motion in a temporal-frequency space definitely served as a breeding ground for further 
advances in motion psychophysics.  
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We have until now illustrated the fact that motion perception, just like visual 

processing in general, arises as a result of the action of a given set of mechanisms 

actively operating over the incoming stimulus information. Of course, motion 

perception is a complex field where many aspects can be explored, among which we 

have dealt with the example of a motion energy mechanism that serves as a feasible 

explanation at least for the understanding of some phenomena, such as the missing 

fundamental or the reverse-phi illusion. The reader must bear in mind, though, that 

other kinds of motion do exist where Fourier analysis and motion from Fourier 

components are no longer pertinent. These include, as stated in an excellent review 

by Burr & Thompson (2011), bi-stable motion displays (Pantle and Picciano, 

1976; Ternus, 1950), “short-range” and “long-range” division (Braddick, 1980), and, 

of course, second-order motion or contrast modulated motion6 (Badcock and

Derrington, 1985; Derrington and Badcock, 1985; Derrington and Henning, 1987).  

However, the present thesis focusses on a kind of motion for which Fourier analysis 

remains relevant, called first-order motion or luminance motion7, and for which

motion perception from Fourier components has been proved to have vast 

explanatory power.  It is at this point that we may ask ourselves what the mechanism 

for perceiving motion looks like. Namely, what we want to know is the 

computational structure responsible for motion perception of first-order motion. In 

order to achieve this, we must first look back in time. Already in 1956, Hassenstein 

& Reichardt (1965a, 1956b) (see also Reichardt, 1957, 1961), through the study of 

motion perception in the beetle (Chlorophanus viridis), proposed a very simple 

architecture detecting motion which would serve as a starting point for other more 

elaborated models (Van Santen & Sperling, 1984). What Hassenstein and Reichardt 

6 Second order motion or contrast modulated motion refers to motions defined by contrast, texture or 
flicker (e.g. flickering bar. See Clifford & Vaina, 1999, their Figure 3). This kind of motion can also be 
termed non-Fourier motion due to second order moving stimuli containing no overall motion energy in 
the Fourier spectrum. 

7 The term First order motion or luminance motion alludes to those motions that are defined by 
spatiotemporal changes in luminance. First order motion is often referred to as Fourier motion, as it does 
display motion energy in Fourier’s spectral domain. 
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did was devise an amazingly simple hypothetical neural circuitry which successfully 

detected motion, and called it Hassenstein-Reichardt detector (simply called 

Reichardt detector). A Reichardt detector in its simplest form detects motion 

through the action of two subunits (a and b). These are spatially displaced in a 

motion sensor (e.g. the retina, or a compound eye in the case of insects), and both 

input to a third unit in the brain. Importantly, the output of subunit a is delayed in 

time with respect to subunit b. Thus, provided a bar moving across the visual 

sensor from a to b, if its motion has a timing such that when the bar reaches b, the 

input from a, which is delayed, arrives at the target brain cell at the same time, 

then this brain cell will fire, indicating motion (see Borst & Egelhaaf, 1989). Put 

differently, a Reichardt detector performs a spatiotemporal correlation between 

two inputs with a different location in space and time. As a consequence, a change 

in luminance in one spatial location is correlated with another change in luminance 

in a different location that follows. Up to this point, a very simple computation has 

been explained which very elegantly explains motion processing. Credit needs also 

to be given to Barlow & Hill (1963), who found how the detection of motion 

direction was accomplished by retinal ganglion cells in rabbits. In this sense, an 

equivalent computation to that shown by Hassenstein and Reichardt was found, but 

this time implemented in a retinal circuitry.  

The Reichardt detector has served as an incendiary spark for other more elaborated 

models, based on its notion, to appear (in their 1985 article, van Santen & Sperling, 

in fact, call these elaborated models “Elaborated Reichardt detectors”, meant to fit in 

a better way the properties of the vertebrate visual system). To illustrate this point, 

let us now recall a previous paragraph, in which the concept of a motion energy 

mechanism based on the “Motion from Fourier Components Principle” was brought 

up. Reality is that further models have inspired themselves on Reichardt’s premise 

to elaborate similar motion detectors now sensitive towards motion energy (see the 

section “1.4. Deeper insight into the computational structure of motion sensing”).  

In this line, the main motion processing model we will be addressing in this thesis 

relies on spatiotemporal filters that extract the motion energy of the moving stimuli. 

Computations in this regard become rather intuitive when physical motion is 
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depicted in the Fourier domain. Coming back to the aforementioned model, in the 

early stages of motion processing, motion information has been conceptualized as 

operated by spatially localized (operating at different locations of a visual sensor, 

such as the retina) motion sensors sensitive to directional motion energy. These are 

tuned to spatial frequency, spatial orientation, temporal frequency, and direction of 

motion, and also operate independently and in a parallel fashion. This last thing 

means that the output of a given motion sensor, with a given tuning, does not exert 

any influence on the ongoing action of a different motion sensor (Levinson & 

Sekuler, 1975a; Adelson & Movshon, 1982; Adelson & Bergen, 1985; Anderson & 

Burr, 1985, 1989, 1991; Anderson, Burr, & Morrone, 1991; Cameron, Baker & 

Boulton, 1992). The aforesaid structure for motion sensing has been successful in 

explaining different perceptual phenomena previously evidenced in the literature, as, 

for example, apparent motion, the missing-fundamental illusion (as already 

exemplified), etc., (to see computational models replicating these phenomena, check 

Adelson & Bergen, 1985; Watson & Ahumada, 1985; van Santen & Sperling, 1985).  

1.3. INHIBITORY INTERACTIONS BETWEEN MOTION SENSORS 

TUNED TO COARSE-SCALE AND FINE-SCALE SPATIAL PATTERNS 

The reported computational structure of spatiotemporally tuned independent 

motion sensors operating in parallel seems, in principle, to be a feasible architecture 

for the functioning of our visual system in the early stages of motion processing. 

However, Derrington & Henning (1987) challenged this notion of independent 

parallel processing through the study of motion perception with briefly presented 

moving complex stimuli8 (comprised of several spatial frequencies) consisting of a

moving fine-scale pattern added to a coarse-scale static pattern. In their paper, they 

stated the following: “The available models of visual detection selectively based on 

Reichardt’s notion fail to predict the systematic errors that human observers make 

with briefly exposed complex stimuli” (Derrington & Henning, 1987, p. 74).  

8 The terms “complex stimulus” and “compound stimulus” are used interchangeably throughout this thesis. 
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Neither the motion sensing model introduced by Hassenstein and Reichardt (1956a, 

1956b), nor any of the other more elaborate models based on it (i.e. Adelson & 

Bergen, 1985; Watson & Ahumada, 1985; van Santen & Sperling, 1985) were able 

to explain the newly observed events. This flaw had precisely been brought to the 

spotlight through the use of briefly exposed complex stimuli composed of, similarly 

oriented in space, coarse and fine-scale patterns which excited two differently tuned 

motion sensors at the same time. That is, coarse-scale spatially tuned motion sensors 

and fine-scale tuned sensors. In particular, motion direction discrimination for a 

given complex stimulus (a fine-scale pattern drifting over a static coarse-scale 

pattern) had been noticed to become impaired with respect to its integrating single 

components (Derrington & Henning, 1987). This meant that the joint action of 

coarsely and finely tuned sensor types was producing some behaviour that had gone 

unnoticed before; a behaviour that could not be predicted by the simple addition of 

the outputs of the different motion sensors involved. A new line of research was 

opened since that moment which would try to shed light on the nature of what 

looked to be some interaction between the differently tuned motion sensors 

(Derrington & Henning, 1987; Henning & Derrington, 1988; Derrington, Fine, & 

Henning, 1993; Nishida, Yanagi, & Sato, 1995; Serrano-Pedraza, Goddard, & 

Derrington, 2007; Serrano-Pedraza & Derrington, 2010; Serrano-Pedraza, 

Gamonoso-Cruz, Sierra-Vazquez & Derrington, 2013; see also the ‘‘Interaction 

across different spatial scales’’ section in Nishida, 2011).  

Various efforts meant to psychophysically characterize this interaction phenomenon 

have been made throughout the years. In this way, the functioning of the motion 

interaction mechanism has been reported not to be affected by dichoptic presentation 

(Derrington et al., 1993), the interaction being effective both for discrete and 

continuous motion (Derrington & Henning, 1987). Also, this phenomenon has been 

seen to be stronger for short presentation times (lower than 100 msec; Derrington & 

Henning, 1987), but a strong effect has been found when stimuli were presented for 

longer presentation durations too (Serrano-Pedraza et al., 2007). Moreover, the 

interaction is dependent upon several stimulus parameters, among which one may 

highlight the spatial and temporal frequencies of the spectral components 

(Derrington & Henning, 1987; Henning & Derrington, 1988). In this regard, when a 
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static coarse-scale pattern is added to a moving fine-scale one, interactions (in this 

case, evidenced as errors in motion direction discrimination even in the form of 

motion perception reversals) have only been found to happen for a given range of 

spatial frequencies. On the other hand, reversals have been observed when a moving 

fine-scale component of 3 c/deg spatial frequency (added to a 1 c/deg static pattern) 

drifts with a temporal frequency of 4-7 Hz or higher. Furthermore, the effect of the 

interaction depends on the stimulus size (Serrano-Pedraza & Derrington, 2010) as 

well as the relative contrast of the coarse and fine spectral components (Henning & 

Derrington, 1988; Serrano-Pedraza & Derrington, 2010). When it comes to this 

point, errors in motion direction discrimination for complex stimuli have been seen 

to be jointly influenced by contrast and size in a way that the most catastrophic 

failures in motion discrimination happen for large stimuli and only for a certain  

range of ratios between the contrast of the coarse and fine-scale components 

(Serrano-Pedraza & Derrington, 2010). Furthermore, the interaction effect becomes 

reduced when stimulus size is reduced from 2.8 deg to 0.35 deg. This is 

hypothesized to be due to a reduction in size causing a differential decrement in the 

response of the low spatial frequency tuned motion sensors compared to the high 

spatial frequency ones. On the other hand, the effect of the interaction on motion 

discrimination is larger than the effect caused by motion surround suppression9

(Serrano-Pedraza et al., 2013). More precisely, what Serrano-Pedraza et al. (2013) 

found was that at high contrasts, complex stimuli composed of moving fine-scale 

patterns and static coarse-scale ones gave rise to an increase in duration thresholds10

with increasing size. This increase was also evidenced at low contrasts, although in a 

9 Motion surround suppression is a perceptual mechanism by which performance in discriminating the 
motion of a high contrast stimulus becomes impaired with increasing size (i.e. Tadin, Lappin, Gilroy, & 
Blake, 2003; Tadin & Lappin, 2005; Glasser & Tadin, 2010; Serrano-Pedraza, Hogg, & Read, 2011). Its 
neurophysiological ground can be found in the centre-surround antagonism that characterizes the 
receptive fields of motion sensors in visual area MT (Allman, Miezin, & McGuiness, 1985a, 1985b; 
Tanaka et al., 1986; Born & Tootell, 1992; Tadin et al., 2003). This centre-surround antagonism causes a 
cell’s response to be suppressed when a stimulus in the surround moves in the same direction as a 
stimulus in the centre. 

10 Duration thresholds indicate the minimum time a given moving stimulus needs to be presented in order 
for its direction of motion to be correctly guessed with a certain probability. 
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more moderate fashion. On the contrary, in the case of simple stimuli (composed of only 

one spatial frequency component), a much slighter increase in duration thresholds with 

increasing size was evidenced at high contrasts with respect to compound stimuli, and a 

facilitation effect occurred for them at low contrasts (less presentation time to correctly 

discriminate the direction of motion of the drifting stimuli was needed). In light of these 

results, the antagonism between motion sensors tuned to different scales seems to be a 

rather more complex issue than surround suppression, which suggests that the aforesaid 

phenomena (antagonism between motion sensors and surround suppression) could be 

mediated by different mechanisms.  

To finish with the body of empirical evidence characterizing the interaction 

phenomenon, the relative phase of the compound stimuli has no effect on the 

strength of the interaction for complex stimuli comprised of a static coarse-scale 

component added to a moving fine-scale one (Henning & Derrington, 1988). This 

last matter is a key issue for rejecting low-level human motion sensing models based 

on simple gradient-based motion detectors11 (Marr & Ullman, 1981) as these do 

show a great dependence on phase. On the contrary, human observers do not. A 

motion energy mechanism, like the one the following paragraph makes reference to, 

is thereupon a much feasible option. 

Most of the psychophysical findings described so far have been reproduced by a 

simple motion sensing model based on previous energy models like the ones from 

Adelson & Bergen (1985) and Watson & Ahumada (1985). Unlike these two 

models, the upgraded model from Serrano-Pedraza et al. (2007) includes a stage that 

exerts its action after the motion energy of a given drifting stimulus has been 

extracted by the different spatiotemporally tuned motion sensors. What this stage 

does is emulate the interaction between sensors tuned to low and high spatial 

frequencies, through reciprocal inhibitions between them. With this model 

replicating the main psychophysical findings, the mathematical architecture 

implying an inhibitory interaction between motion sensors tuned to coarse and fine 
                                                 

11 Gradient-based motion detection achieves motion processing by estimating the local retinal image 
velocity through the quotient between the spatial and the temporal luminance gradients. On the contrary, a 
Reichardt detector correlates the luminance levels in two adjacent points in the image. 
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scales has gained credibility. That is to say, the reported inhibitory interaction seems 

to be a feasible candidate producing the systematic errors in motion perception 

previously reported in the literature. However, cases have also been observed where 

a facilitation effect in the discrimination of motion takes place when a 1 c/deg 

component drifts over a 3 c/deg static component (Serrano-Pedraza et al., 2013). In 

any case, the authors showed that such results were also reproduced by the model 

implementing reciprocal inhibitions between motion sensors tuned to different 

scales. Nevertheless, the present thesis focusses on those cases were impairments in 

motion discrimination due to interactions are observed. 

To finish with, the interaction phenomenon is presumed to take place in later stages 

of motion processing, as suggested by Serrano-Pedraza, et al. (2007), after the 

oriented motion energy has been calculated as in classical motion sensing models 

like the one from Adelson & Bergen (1985) or Watson & Ahumada (1985). These 

models are based on the response properties of V1 neurons, while Serrano-Pedraza 

et al. (2007) propose a further step (an inhibitory stage) for which no 

neurophysiological ground has been yet clearly uncovered. In this regard, most 

probably the interaction has its neurophysiological instantiation in cortical areas 

exerting their function later than V1 (i.e. MT, MST or further). Indeed, the 

interaction between motion scales has been seen to occur after binocular interaction 

has taken place (Derrington et al., 1993; Serrano-Pedraza, Arranz-Paraíso, Romero-

Ferreiro & Read, 2015), which suggests cortical areas further in the processing 

stream than V1. 

1.4. DEEPER INSIGHT INTO THE COMPUTATIONAL STRUCTURE OF 

MOTION SENSING 

We have, at some moment, explained in a brief way how motion is computed 

in the visual system in the early stages of motion perception. More precisely, we 

have seen that motion is processed by spatially localized motion sensors with 

different spatial and temporal frequency tunings (also spatial orientation and 

direction selectivity) (Levinson & Sekuler, 1975a; Adelson & Movshon, 1982;
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Adelson & Bergen, 1985; Anderson & Burr, 1985, 1989, 1991; Anderson, Burr, & 

Morrone, 1991; Cameron, Baker & Boulton, 1992). However, it is now pertinent to 

proceed with a deeper explanation of the most basic computational structure capable 

of processing visual motion.  

In doing so, we need to talk separately, first about the selectivity of the visual 

system towards spatial frequency and, finally, about its sensitivity towards temporal 

frequency. Regarding the first point, spatial visual processing is carried out by a 

subset of independent sensors sensitive to spatial frequency and orientation 

(Campbell & Robson, 1968; Blakemore & Campbell, 1969; Graham & Nachmias, 

1971; Wilson & Bergen, 1979; Watson, 1982; Daugman, 1984; Wilson & Gelb, 

1984). These sensors are spatially localized and have receptive fields that operate 

over the whole retinal image. Each of them is specialized in processing a particular 

type of information in that image; namely, that within the spatial frequency and 

orientation range to which the sensor is tuned (an idea supported by the so-called 

multiple-channel vision theory; Campbell & Robson, 1968; Blakemore & Campbell, 

1969). Some early neurophysiological evidence supporting this notion, taken from 

cats and primates, has described the cells in the visual cortex as being functionally 

and anatomically organised in orientation columns (spatial orientation processing 

modules; Hubel & Wiesel, 1962, 1963, 1968, 1974, 1977) and spatial frequency 

columns (Tootel, Silverman & De Valois, 1980) or sheets (spatial frequency 

processing modules; Maffei & Fiorentini, 1977). 
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Figure 2. Example of an image filtered by two different spatial processing channels. A. Pairs of 
representations in the spatial (left) and the spectral domain (right) are shown for a picture of the 
Petronas Twin Towers. B. Point Spread Functions, on the left, and Modulation Transfer 
Functions, on the right, of psychophysical channels tuned to a spatial frequency of 8 c/deg and 
an orientation of 30 deg (upper panels) and a spatial frequency of 2 c/deg and an orientation of 0 
deg (lower panels). C. Resulting images after the filtering performed by the previous 
psychophysical channels. Left panels represent the images in the spatial domain, and right 
panels correspond to their 2D Fourier amplitude spectra. The software used to create these 
images can be found in: www.ucm.es/serranopedrazalab/software-1. 

When it comes to spatial vision, the visual system performs an analysis of the incoming 

retinal images by separately processing their different spatial scales or spatial 

frequencies in different orientations. An example of this is illustrated in Figure 2. First, 

an image of the Petronas Twin Towers and its 2D amplitude spectrum is shown. Later, 

the point spread function of a visual channel centred on a spatial frequency of 8 c/deg 

and an orientation of 30 deg is depicted. This is a 2D Gabor function, which is the 

characteristic function for simple cells in the cortex of cats and primates (Marĉelja, 



37 

1980) and has been already used to describe formally the spatial visual sensors (Watson, 

1983; Daugman, 1984). Next, the 2D amplitude spectrum of the aforesaid sensor is 

shown (its Modulation Transfer Function). Finally, we can see what the image of the 

Petronas Twin Towers looks like when processed by the channel with a spatial 

frequency tuning centred on 8 c/deg with an orientation tuning centred on 30 deg. Note 

how the processed image now only displays the information under that constraint 

(features with a spatial frequency around 8 c/deg and an orientation around 30 deg). In 

fact, if one takes a look at the 2D amplitude spectrum of the processed image, it can be 

appreciated how the only remaining information from the original image is that under 

the processing range of the visual channel (see its modulation transfer function). That 

visual channel, as already said, acts as a filter selecting and operating over a narrow 

range of spatial frequencies and orientations (one octave and 30 deg bandwidth, 

respectively). The same computation described above is shown for the case of a channel 

centred on a spatial frequency of 2 c/deg and an orientation of 0 deg. 

To recap, we have seen how the visual system achieves the spatial processing of the 

inputting retinal images. This only refers to static images, though. We therefore need to 

address how sensors in spatial vision can be complemented so that motion can also be 

computed. In other words, while we have already described the spatial processing stage, 

still a temporal processing stage is missing. In this second stage, past inputs must be 

operated so that a response in the present moment is produced. In this line, temporal 

processing channels have been described in the past literature (see Tolhurst, 1973; 

Kulikowski & Tohlhurst, 1973; Watson & Nachmias, 1977; Moulden, Renshaw, 

Mather, 1984; Anderson & Burr, 1985). These have been conceived as being, in 

general, two in number: one sustained and one transient. More specifically, Hess & 

Snowden (1992) suggest that for each spatial frequency channel, there exist two 

temporal channels; one which attenuates temporal frequencies higher than 8 Hz (slow or 
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sustained) and another one that attenuates temporal frequencies, both higher and lower 

than 8 Hz (fast or transient)12.

Motion perception can be achieved through the action of spatiotemporally oriented 

sensors sensitive to spatial and temporal frequency. These sensors are direction-

selective in the sense that they are responsive towards a preferred direction of motion, 

as numerous psychophysical (i.e. Sekuler & Ganz, 1963) as well as neurophysiological 

evidence (i.e. Bender & Teuber, 1949; Reichardt, 1961) suggests. The sections that 

follow will be relying on the previously explained points (spatial processing sensors and 

temporal channels) in order to show how a direction-selective motion sensor can be 

achieved through a mathematical combination of spatial and temporal filters. 

1.5. THE BASIC UNIT FOR MOTION DETECTION AND THE WHOLE 

MOTION SENSING FUNCTIONAL ARCHITECTURE THAT MAKES 

USE OF IT 

This section intends to make explicit how a very basic unit for detecting motion 

selective for a given direction of motion can be constructed. Further, we will show as 

well how a more complex architecture responsible for motion detection, regardless of 

the spatial phase of a moving stimulus13, can be built. This whole functional

architecture for detecting motion we refer to makes use of the aforesaid basic motion 

12 Psychophysical studies in humans have shown a low-pass and a band-pass temporal frequency tuning 
(Robson, 1966). Temporal channels associated with those tunings have respectively been termed as 
sustained and transient (Cleland, Dubin, & Levick, 1971; Kulikowski & Tolhurst, 1973). From a 
neurophysiological point of view, both simple and complex V1 neurons in primates have temporal 
frequency response profiles that match the properties of the aforementioned temporal channels. These 
neurons display low-pass and band-pass response functions (Foster, Gaska, Nagler & Pollen, 1985; Hawken, 
Shapley & Grosof, 1996), and show maximal responses to static and moving features respectively. 

13 The very basic motion sensing unit that we will be showing first, has responses to moving stimuli that are 
dependent on their spatial phase. This is not a desirable property as it does not match neither our experience 
of motion perception nor the response properties of V1 complex cells (Adelson & Bergen, 1985). An 
upgrade to solve this flaw will be shown afterwards in the form of a more complex functional architecture. 
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sensitive units, taking them as building blocks. In achieving this section’s purpose, we 

will be mainly following the model from Adelson & Bergen (1985) (see their Figure 

18b), which is reasonably similar to the models from van Santen & Sperling (1985) or 

Watson & Ahumada (1985).  

THE BASIC UNIT FOR MOTION DETECTION 

Here, it will be made clear how the combination of spatial and temporal filters can 

give rise to a basic motion sensitive unit. Let us first expose what a physical 

characterization of a moving stimulus looks like: In its simplest form, motion might be 

conceived as an object’s position over different spatial coordinates along different 

moments in time. Figure 3 depicts a bar represented in the x and y spatial coordinates 

that changes its location along three different moments in time. 

Figure 3. Basic illustration of 2D motion. A dark bar is shown at three different spatial locations 
along three different moments in time. In this example, the bar is moving rightwards. (Adapted 
from Adelson & Bergen, 1985, their Figure 1). 

The above conception can be made more concise by adding a third axis —a temporal 

axis— to the two axes representing space. Once more, motion turns out to be a change 

in spatial position along a temporal axis, as clearly seen in Figure 4. One may realize 

that each of the temporal moments shown in Figure 4 represents a different temporal 

slice in Figure 3. 
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Figure 4. Basic illustration of 2D motion in space and time coordinates. A dark bar is located over 
different positions in space along different moments in the time axis. In this example, the bar is 
moving rightwards. (Adapted from Adelson & Bergen, 1985, their Figure 2b). 

In the particular case of lateral or frontoparallel motion, luminance changes along the x-

axis and remains constant along the y-axis. Motion images like these are called 1D14, 

and in order to achieve them from the previous representation of motion (see Figure 4), 

the y spatial axis needs to be eliminated; thus only leaving the x spatial axis (along 

which horizontal motion occurs) and the temporal axis. Motion can now be seen to 

happen whenever a tilt in space and time exists. This is represented in Figure 5, where 

the varying angle of that tilt gives rise to different speeds of motion. Also, rightward 

and leftward motions arise depending on the orientation of such tilt. Finally, no motion 

occurs when there is no tilt (speed is 0 deg/sec). 

 

Figure 5. Space-time representation of a dark bar moving at different speeds and with different 
directions: The bar is represented moving leftwards (two left panels) and rightwards (two right 
panels) with different speeds (the more pronounced the space-time tilt of the representation, the 
higher the speed). The middle panel depicts a static bar, hence its 0 speed. (Adapted from 
Adelson & Bergen 1985, their Figure 5). 
                                                 

14 In this thesis we will be using sinewave stimuli with a given spatial orientation moving laterally: either 
rightwards or leftwards. However, because these are spatially windowed by a 2D Gaussian function, they 
are called quasi-1D rather than 1D. That is, in our case, stimulus luminance does not remain constant 
neither along the x spatial axis, nor along the y spatial axis. 
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Provided the above characterization of motion, we may now ask ourselves what a basic 

motion sensing unit capable of detecting it should look like. The answer to the question 

is quite easy: a basic unit for detecting motion shall be oriented in space and time, just 

like motion is, in order to be sensitive to it. For the sake of illustrating this issue, we will 

first consider the very simple case of a Reichardt detector. As we will see, it is 

composed of two spatially separated receptive fields represented in space and time 

coordinates. Finally, we will take the case of the basic motion sensitive unit we have 

been talking about, which, as we will also explain, consists of a spatiotemporally 

oriented receptive field. Both examples can, of course, detect motion. As will be shown, 

even the simple Reichardt detector shows a somewhat oriented structure in the space-

time domain (needed to be motion sensitive). However, its upgraded version, our 

motion sensitive unit, which as we will see is more convenient, achieves this through a 

receptive field that has been elongated in space and time.  

Figure 6A depicts the architecture of a Reichardt detector sensitive to rightward motion. 

Recall how simple Reichardt detectors are composed of two spatially separated subunits 

(a and b, e.g. different spatial locations in the retina, or different ommatidia in the case 

of insects’ compound eyes, here characterized by receptive fields schematically 

represented as circles) feeding into a third unit or detector in the brain (c) (i.e. the 

detector inputs are multiplied). In the case of a rightward motion Reichardt detector (see 

Figure 6A), subunit a feeds into detector c with some temporal delay with respect 

subunit b. Therefore, when a stimulus moves rightwards, it first elicits a response from 

subunit a. If that stimulus reaches b at the same time subunit a feeds into c (which in 

fact becomes possible precisely because of the temporal delay from subunit a to c), then 

motion detector c fires, indicating that motion has been detected. Obviously, there needs 

to be different Reichardt detectors with different temporal delays and spatial separations 

in such a way that different speed tunings can be achieved. Taking a look at Figure 6D, 

one can see a space-time representation of the Reichardt detector which we have just 

explained, sensitive towards rightward motion. The spatial separation of its subunits is 

made evident in this representation, each of them receiving the moving stimulus in 

different moments in time (first subunit a and then subunit b). Therefore, a delay in the 

feeding of subunit a into motion detector c becomes necessary so that the outputs from 

both subunits can reach c at the same time. This way of representing a Reichardt 
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detector has also the advantage of now making us able to discern a space-time 

orientation in its global structure. Simply appreciate how the diagonal from subunit a to 

b has a space-time tilt.  

Figure 6B shows a leftward motion sensitive Reichardt detector. As one may see, the 

temporal delay through which a subunit feeds into motion detector c is now introduced 

in subunit b rather than a. The integration of a rightward and a leftward motion 

sensitive Reichardt detector into a single architecture gives rise to a circuitry capable of 

detecting both directions of motion (Figure 6C).   

Figure 6. Hassenstein-Reichardt detector. A, B. Through a simple circuit of spatially separated 
subunits a and b feeding into a third unit c, or motion detector (where the signals are 
multiplied), detectors sensitive to rightward (A) and leftward motion (B) can be constructed by 
adding a delay in the feeding into c on either one of the subunits a or b (delay on a for a 
rightward sensitive detector or on b for a leftward sensitive one). C. A wider architecture 
detecting both leftward and rightward motion can be created by putting together the rightward 
and leftward sensing circuits. D. Spatiotemporal representation of a rightward motion sensitive 
circuit. It shows the spatial separation of the units as well as the temporal separation of one with 
respect to the other. A temporal delay must therefore be introduced into the firstly excited 
subunit for motion to be detected. 

Having explained the Reichardt detector, we can now proceed to explain what another 

very basic motion detecting unit looks like. This unit will be used as a building block 

for a whole more complex functional architecture detecting motion.  
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To obtain the aforesaid motion sensitive unit, a receptive field needs to be 

spatiotemporally oriented (Adelson & Bergen, 1985; Watson & Ahumada, 1985; van 

Santen & Sperling, 1985) (see Figure 7). These kinds of receptive fields are typically 

constructed by using weighting functions with both positive and negative weights. The 

receptive field spatiotemporally depicted in Figure 7A is sensitive to the rightward 

motion of a stimulus. Notice how this receptive field, now tilted in space and time, 

matches the spatiotemporal tilt produced by a moving bar whose motion can be detected 

by the unit (Figure 7B). The spatiotemporal orientation of that unit, also regarded as 

space-time inseparability, has already been found early in the visual cortex in the 

receptive fields of some V1 simple cells (DeAangelis, Ohzawa & Freeman, 1993; 

McLean & Palmer, 1988, 1989; Reid, Soodak & Shapley, 1987).  

 

Figure 7. A. Spatiotemporal representation of a motion unit sensitive towards rightward motion. 
Positive and negative weights characterize its receptive field. Consider, on the other hand, how 
the rightward motion selectivity of the unit is achieved by spatiotemporally tilting its receptive 
field. B. The unit displayed is able to detect the rightward motion of a drifting bar. 

At this point, it is worth observing how a rightward motion sensitive unit responds to 

rightward motion. Figure 8 shows, at its left, the motion profiles of bars which are first 

static, then move sinusoidally, and finally remain static. When, as seen in Figure 8A, 

that motion profile is convolved by the spatiotemporal impulse response of a motion 

sensitive unit selective for rightward motion (represented on the middle), that motion 

unit produces an output (right image) according to which only rightward motion is 

detected. Figure 8B represents the processing of motion for the same profile performed 

by a leftward sensitive motion unit; producing an output that signals leftward motion. 
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Figure 8. Illustration of the motion selectivity of different motion sensing units over different 
motion profiles. Left panels: Space-time plots representing the motion of a moving black bar 
over a grey background which first remains static, then moves sinusoidally, and finally remains 
static once more. Middle panels: Spatiotemporal profiles depicting the receptive field of a 
motion unit sensitive towards rightward motion (A) and receptive fields selective to leftward 
motion (B and C). Right panels: When the spatiotemporal profiles of the moving stimuli are 
convolved with those of the motion sensitive units, one can appreciate how their outputs inform 
about either rightward or leftward motion. C. The same leftward sensitive motion unit shown in 
B is depicted here, but it now processes a motion profile whose contrast polarity has been 
inverted. The response profiles shown in B and C are different, which reveals a phase-
dependent response of the motion sensitive units. (Panels A and B are adapted from Figure 8 of 
Adelson & Bergen, 1985). 

The described unit is, however, sensitive to the spatial phase of moving stimuli. This 

means that its response depends on how a moving pattern lines with its receptive field at 

each moment in time. Thus, an oscillating response is outputted as a function of the 

alternation of light and dark features in a moving stimulus (see Figure 8 to check how 

black/white oscillations can be seen on the responses of the units). This means that two 

stimuli with different contrast polarities (i.e. changed in luminance from black to white), 

but with exactly the same motion profiles, will produce different responses from the same 
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motion sensitive unit processing them. More precisely, if we had two identically moving 

stimuli, but with opposite contrast polarities, the responses from a given unit to them 

should be different. This comparison can be made by closely taking a look at Figures 8B 

and 8C. A leftward sensitive motion unit is shown that processes two identical motion 

patterns that differ between each other in their contrast polarity. A close look into the 

output responses shows different profiles (although both detecting leftward motion), 

which is indicative of a phase sensitivity of the motion unit. 

As Adelson & Bergen (1985) say, a constant response for a constant motion rather 

than an oscillating one (phase-dependent) is preferred, which, in fact, matches our 

experience of constant motion. Phase-independent responses are indeed a 

characteristic of the behaviour of many direction-selective V1 complex cells. A 

solution for the phase-dependence flaw comes in the form of a functional architecture 

exerting different operations along its path, and which relies strongly on quadrature 

pairs of spatial and temporal filters. These are pairs of filters with some spatial 

displacement between each other (e.g. pi/2 rad phase difference between filters) and 

also some temporal displacement (e.g. calculating the Hilbert transform: a pair of 

functions that are Hilbert transforms of each other form a quadrature pair). 

THE WHOLE FUNCTIONAL ARCHITECTURE FOR MOTION SENSING 

We now proceed to explain how the basic motion sensing unit displayed 

previously can be built through the combination of spatial and temporal impulse 

response functions. Remember how we had explained before that motion perception 

could be achieved by extending a spatial processing stage with a temporal processing 

one. As has already been said, basic motion sensing units can be used as building blocks 

in a more complex and convenient architecture for motion sensing, which, as we will 

see, is not affected by the spatial phase of a moving stimulus.  In this regard, quadrature 

pairs of spatial and temporal filters can be combined, giving rise to quadrature pairs of 

directionally selective motion sensors (Watson & Ahumada, 1985). Together, these can 

overcome the phase-dependency problem. Said differently, the reported sensors extract 

the motion energy of a moving stimulus, regardless of its phase. The reader may now 
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recall the “Motion from Fourier Components Principle” which we brought up earlier in 

this thesis’s General Introduction. In particular, we said that motion perception could be 

achieved through an analysis by the visual system extracting the motion energy of an 

incoming stimulus. As we explained, this analysis is performed by sets of direction-

selective motion sensors with a spatial orientation tuning, operating over different 

ranges of spatial and temporal frequency (spatiotemporal frequency tuning). Having 

said that, a more detailed explanation of the motion sensing architecture will now 

proceed. No mathematical description is intended in this section. In any case, any reader 

curious about it may check “5.1. Appendix 1: Computational modelling”. Bear in mind, 

though, that the model described there includes a stage reproducing inhibitory 

interactions between motion sensors. However, this stage is added modularly to others 

similar to the ones described in this section.  

The architecture that comprises the motion energy model for motion sensing starts with 

two spatial receptive fields (the spatial component of the model). These are Gabor 

functions with a particular orientation and spatial frequency. For the sake of achieving a 

directional selectivity in later stages of the motion processing architecture, these 

receptive fields are set in quadrature with each other. That means that one Gabor 

function has a phase of 0 deg, and its quadrature pair has a phase of 𝜋/2 rad (90 deg), 

just like depicted in Figure 9. Bear in mind that different spatial orientations and spatial 

frequencies can be set in quadrature depending on the tuning intended for a sensor 

resulting from the architecture. 

 

Figure 9. Spatial weighting functions or impulse response functions of 0 deg oriented spatial 
receptive fields with a spatial frequency tuning of 1 c/deg. These are Gabor functions set in 
quadrature one from another, meaning that one receptive field has a spatial phase of 0 deg (left 
panel) and the other has a 𝜋/2 rad (90 deg) one (right panel). This is just the starting point of a 
more complex architecture detecting motion. 
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Once the spatial component of the model has been described, a temporal component is 

further needed in order to achieve a spatiotemporal orientation for the resulting basic 

motion sensitive unit. Remember these units produce phase-dependent responses to 

motion, and will be used as building blocks whose combination will make it possible to 

extract motion energy within a given spatiotemporal band. The above spatial weighting 

functions (the spatial component of the model) must be multiplied with temporal 

impulse response functions that, once more, are in quadrature with each other. These 

represent the temporal response profiles of slow and fast temporal channels15, described

at the beginning of this “1.4. Deeper insight into the computational structure of motion 

sensing” section. Figure 10 shows the spatial profile of the spatial impulse response 

function with 0 deg phase. Two temporal impulse responses are depicted too (in this 

example they are not in quadrature; the parameters are taken from Adelson & Bergen, 

1985). The multiplication of the spatial function with each temporal impulse response 

gives rise to the spatiotemporally separable impulse responses shown at the bottom16.

These show no orientation in space and time (i.e. they are space-time separable), so they 

are selective neither to rightward nor to leftward motion. A further step is needed in 

order to achieve this selectivity. 

Figure 10. Space-time separable filters resulting from the multiplication of spatial and temporal 
impulse response functions. A. A 0 deg phase spatial function is multiplied by a faster temporal 
function. B. A 0 deg phase spatial function is multiplied by a slower temporal function. (Image 
created by Ignacio Serrano-Pedraza). 

15 Earlier we talked about slow or sustained temporal channels and fast or transient channels. In the 
modelling case that concerns us, both of the two temporal functions we are using are transient (one of 
them is faster and the other one is slower).  

16 This process can similarly be performed with the spatial 𝜋 2⁄  rad phase quadrature pair. 
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Motion direction selectivity is achieved by calculating the sums and differences among 

different pairs of non-direction-selective impulse response functions, as shown in Figure 

11. The result is two pairs of rightward and leftward motion sensitive basic units which

are in spatiotemporal quadrature with each other. 

Figure 11. Example of direction-selective receptive fields (basic motion sensing units)17 
sensitive to leftward and rightward motion (E & F and G & H respectively) resulting from 
taking the sums and differences between the non-direction-selective spatiotemporal receptive 
fields above (A, B, C and D). These pairs of direction-selective receptive fields are 
approximately in quadrature with respect to each other. Their response to motion is dependent 
upon the spatial phase of a moving stimulus, though. (Image created by Ignacio Serrano-Pedraza 
based on Figure 10 from Adelson and Bergen 1985 and following Watson & Ahumada, 1985).

Nonetheless, these units are sensitive to the spatial phase of a moving stimulus, as one 

may recall from Figure 8. However, by operating each of their outputs in conjunction 

with the output from their quadrature pairs, phase-independent responses can be 

obtained. More precisely, by squaring the outputs of each motion sensing unit and then 

summing the result of each quadrature pair, one can obtain a measurement of the motion 

17 The reader may appreciate that the profiles of these receptive fields are different to those represented in 
Figures 7 and 8, even though in both cases basic motion sensing units are being represented. This is 
because in the case of Figures 7 and 8, temporal impulse response functions taken from Adelson & 
Bergen (1985) are being used. However, in the present case, the temporal impulse response functions 
being used are taken from Watson & Ahumada (1985).    
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energy extracted by, what we now call a motion sensor18 (Figure 12). Such

measurement is sensitive to the direction of motion, but dismisses the sign of the 

stimulus contrast (see Figure 13 from Adelson & Bergen, 1985).  

Figure 12. Example of phase-independent motion energy extraction by a quadrature pair of 
phase-sensitive basic units sensitive to rightward motion. Phase-independent motion energy can 
be computed by squaring the outputs from the convolution between each phase-dependent unit 
and the spatiotemporal profile of a moving stimulus (shown above). Finally, these squared 
outputs must be summed. 

At this point, it is relevant to provide a neurophysiological ground for the motion 

sensing architecture we have been explaining. The computations displayed so far, which 

give rise to a phase-independent measurement of motion energy (Adelson & Bergen, 

1985; Watson & Ahumada; 1985), fairly match the properties of the direction-selective 

V1 complex cells first described by Hubel & Wiesel (1962) (Emerson, Bergen, & 

Adelson, 1992). Nonetheless, directional selectivity in the striate cortex seems to have 

18 We say that a motion sensor results from the architecture we have explained until now, which uses 
quadrature pair motion sensing units as its integrating elements. 
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its origin back in some V1 simple cells. These do show, as already said, tuning in spatial 

and temporal frequency (this can also be thought of as a tilt in space and time; i.e. 

DeAangelis et al., 1993; McLean & Palmer, 1988, 1989; Reid et al., 1987). The 

aforesaid cells' responses, however, present modulations as a function of the spatial 

phase of a moving stimulus (see Figure 8B, 8C). This means that they are phase-

dependent (Hubel & Wiesel, 1962). Therefore, and considering that V1 complex cells 

take the inputs of several simple cells, phase-independence in the first ones could 

perhaps be achieved by pooling the responses from several simple cells with different 

phase profiles in their receptive fields (Alonso & Martinez, 1998; Emerson, et al., 1992; 

Hubel & Wiesel, 1962; Movshon, Thompson & Tolhurst, 1978. Check Antolík & 

Bednar, 2011 for a computational neuroscience model). This may be considered 

equivalent to the stage in the model from Adelson & Bergen (1985) in which the 

outputs of different linear units in quadrature with each other are squared and summed. 

This way, the phase-independence observed in V1 complex cells is accomplished. As a 

matter of fact, Liu, Gaska, Jacobson & Pollen (1992) provide evidence that V1 simple 

cells which are members in a quadrature-phase pair send excitatory projections to the 

same complex cell. Further, the range over which V1 simple cells display their spatial 

phases is the one required to obtain quadrature (Pollen & Ronner 1981; Field & 

Tolhurst, 1986; also, check Hamilton, Albrecht & Geisler, 1989 to see how V1 simple 

cells behave as expected from the Adelson & Bergen (1985) and Watson & Ahumada 

(1985) models). Nonetheless, one should also consider other possibilities apart from 

phase-insensitivity arising as a consequence of a pooling of different V1 simple cells 

with different phase profiles (Lau, Stanley & Dan, 2002). Phase-insensitivity may also 

be a consequence of the active dendrites of pyramidal neurons non-linearly integrating 

thalamic outputs (Mel, Ruderman & Archie, 1998) or cortical cells with different 

ON/OFF locations with recurrent excitations between each other (Chance, Nelson & 

Abbott, 1999). In this sense, it is more cautious to simply argue, as Lau et al. (2002) 

say, that the responses of complex cells approximately match the sum of a small number 

of computational subunits resemblant to V1 simple cells.  

Coming back to the functional architecture of motion sensing, Figure 13 sums up the 

whole process through which the motion direction of a stimulus, 𝐼(𝑥, 𝑦, 𝑡) (𝑥 and 𝑦 spatial 

coordinates and 𝑡 time coordinate), is computed. This particular architecture will be used 
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in the model simulations of this thesis. First, the spatial component of the stimulus, in 

each of the temporal moments along which it moves, is operated by each of the spatial 

functions in quadrature (once more, to see the exact mathematical operations, check “5.1. 

Appendix 1: Computational modelling”). For each spatial quadrature pair, the result of 

such operation is then convolved by the two different temporal filters (fast and slow) in 

quadrature with each other (i.e. ℎ1 is the Hilbert transform of ℎ2). The responses 

produced are not informative about the direction of motion of the moving stimulus, 

𝐼(𝑥, 𝑦, 𝑡). Therefore, in a subsequent step, the sums and differences among different pairs 

of temporally filtered signals are computed in such a way that directional motion is 

extracted. However, this output is still dependent upon the phase of the stimulus. 

Consequently, it is also squared, and, finally, the squared outputs are summed between 

each of the quadrature pairs in order to extract the energy. The integral with respect to 

time of the resulting signal serves as an approximate measurement of the motion energy 

(leftward and rightward) in the tuning range of the processing architecture.   

Figure 13. Whole functional architecture extracting directional motion energy from a moving 
stimulus, 𝐼(𝑥, 𝑦, 𝑡): First, the inner product of the stimulus with a quadrature pair of spatial 
impulse response functions is taken. Then the outputs are convolved with slower and faster 
temporal impulse response functions (ℎ1(𝑡) and ℎ2(𝑡)). Next, the sums and differences between 
the resulting outputs are calculated and then squared. Finally, directional motion energy, either 
rightward or leftward, is obtained by summing pairs of squared outputs and calculating their 
integrals with respect to time.
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It is important to say that motion perception is the result of the action of opponent 

mechanisms. These mechanisms are instantiated in mutually suppressive populations of 

neurons that are responsive to opposite directions of motion (i.e. Heeger, Boynton, 

Demb, Seidemann & Newsome, 1999). The importance of motion opponency in the 

perception of motion has indeed been made evident throughout numerous past 

perceptual studies (Levinson and Sekuler, 1975b; Mather and Moulden, 1983; van 

Santen and Sperling, 1984; Stromeyer, Klein, Kronauer & Madsen, 1984; Lubin, 1992; 

Qian, Andersen & Adelson, 1994; Zemany, Stromeyer, Chaparro & Kronauer, 1998). 

An example illustrating this point can be seen when two identical sinewave patterns 

moving in opposite directions are superimposed. When someone is presented with this 

kind of stimulus, a rather surprising perceptual experience is produced. The sinewave 

pattern appears to flicker statically, with no rightward or leftward motion, just as if the 

opposing motions of the superimposed grating had cancelled one another. In terms of 

the model being explained, this means that motion perception involves an imbalance 

between leftward and rightward motion signals in order for a motion percept to arise. 

Therefore, having calculated the rightward and leftward motion energies in a moving 

stimulus, one final computation is still missing. That is, opposite rightward and leftward 

motion energies still need to be combined to produce the percept of a given direction of 

motion. This can be achieved, for instance, by taking the arithmetic difference between 

them divided by their sum in such a way that a positive output indicates rightward 

motion and a negative one is indicative of leftward motion. 

1.6. THE MOTION PERCEPTUAL SYSTEM AS TILED BY NUMEROUS 

SENSORS WITH DIFFERENT SPATIOTEMPORAL FREQUENCY 

TUNINGS  

Until now, we have explained how a given motion sensor with a particular 

spatiotemporal tuning extracts motion energy under such tuning constraint. However, in 

terms of motion processing, our visual system is composed of several sensors spanning 

different spatial and temporal frequency tunings (just like moving images are composed 

of lots of different spatial and temporal frequency components). To better understand 
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this point, let us introduce another way of representing a direction-selective motion 

sensing unit; different from the representation in space and time coordinates. The 

spatiotemporal impulse response of that unit can be translated into the Fourier Domain 

as its spatiotemporal Modulation Transfer Function, now expressed in terms of spatial 

and temporal frequency (Figure 14).  

Figure 14. Spatiotemporal and Fourier (spatiotemporal frequency) representations of a motion 
sensing unit. A. Spatiotemporal representation of a motion sensing unit sensitive to rightward 
motion. The spatial and temporal impulse response functions giving rise to it are depicted on its 
right. B. The above unit is now represented in the Fourier domain (spatiotemporal spectrum) in 
terms of its temporal frequency and spatial frequency tuning. Its temporal frequency profile is 
depicted on the right. Below, the impulse response (space-time domain) and modulation transfer 
functions (frequency domain) of the slower and faster temporal channels are represented. 
(Image created by Ignacio Serrano-Pedraza).
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The direction selectivity of a motion unit represented in the Fourier Domain can be told 

just by checking on which quadrants its domain lays. If this domain lays over a diagonal 

involving quadrants 1 and 3, then direction selectivity is for rightward motion. Leftward 

motion selectivity occurs when the diagonal spans quadrants 2 and 4, as shown in 

Figure 15. This Figure represents differently tuned units both in the space-time domain 

and in the Fourier or spectral domain. Besides, Figure 15 shows how direction-selective 

motion units can also have different spatial frequency tunings. This can be seen by 

taking a look at the units’ processing range in the spatial frequency axis, in the Fourier 

representations. The aforesaid range is shifted depending on the units’ spatial frequency 

tuning. The spatiotemporal domain, at least in the range of spatial and temporal 

frequencies that can be seen (see Watson, Ahumada & Farrel, 1986, their “window of 

visibility”) is tiled by several of these motion sensitive units with different spatial and 

temporal frequency tunings.  

Figure 15. Examples of leftward (A & B) and rightward (C & D) motion sensing units 
represented in the space-time (upper panels) and spatiotemporal frequency domains (lower 
panels). These also show a given spatial frequency tuning, either being centred on a spatial 
frequency of 1 c/deg (A & C) or 3 c/deg (B & D). (Image created by Ignacio Serrano-Pedraza).

As has already been said, provided a particular tuning for a given motion sensor, this 

one processes motion only in a particular range of spatial and temporal frequencies 

given by its tuning bandwidth. For this concept to be clearly understood, let us now 
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represent a given stimulus’s motion in the Fourier Domain. Before, we had represented 

the motion of a single bar in the space-time domain. However, this time, instead of a 

bar, we will be addressing the case where a Gabor patch with a particular spatial 

frequency moves. Figure 16 first shows, in the space-time domain, the motion profile of 

Gabor functions of 1 and 3 c/deg spatial frequency moving rightwards. In the middle 

panel, this motion in the space-time domain is translated into spatial and temporal 

frequency coordinates (Fourier domain). Below, rightward sensitive motion units tuned 

to spatial frequencies of 1 and 3 c/deg are represented. It can be appreciated how these 

optimally process the motion from the 1 and 3 c/deg Gabors respectively, as their 

motion energy lies within the bandwidth range of the respective units.  

Figure 16. Gabor function moving stimuli with different spatial frequencies and motion 
processing units with different spatial frequency tunings. A. Space-time plots representing the 
rightward motion of a 1 c/deg (left panel) and a 3 c/deg Gabor function. B. The motion energy 
of the above moving Gabors is depicted in the frequency domain. C. Modulation transfer 
functions of rightward sensitive motion units tuned to spatial frequencies of 1 and 3 c/deg. See 
how the motion energies of the moving Gabor functions fall into the processing range of these 
units. Video examples of the stimuli can be found in https://www.ucm.es/serranopedrazalab/. 
(Image created by Ignacio Serrano-Pedraza).

https://www.ucm.es/serranopedrazalab/
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1.7. THE APERTURE PROBLEM 

To recap, a set of direction-selective, spatiotemporal frequency and orientation 

tuned phase-independent motion sensors exclusively sensitive towards motion energy 

exist in the visual system. These tile the Fourier Domain in such a way that motion in 

given ranges of spatial and temporal frequencies (with a given spatial orientation) are 

processed by separate sensors.  

Motion sensors have receptive fields, which, as we have seen, describe the response 

properties of V1 complex cells. These compute the visual events being projected onto 

different locations of the retina. More specifically, an array of sensors (characterized by 

receptive fields with a particular spatiotemporal frequency and orientation tuning) cover 

the whole visual field; each sensor processing the motion information lying in the 

spatial location where it is placed. Obviously, only that information to which the sensor 

is tuned is processed by that specific sensor (i.e. low spatial frequencies with 30 deg 

orientation drifting with a temporal frequency of 3 Hz are processed by particular 

sensors whose tuning match the aforesaid specifications). In this line, Figure 17 shows a 

natural image, presumably projected onto the retina, with the spatial locations of an 

array of sensors represented over it. For simplicity, the locations are schematically 

represented as perfect circles regularly spread over the retinal image. 

Figure 17. Schematic representation of the spatial locations over which multiple motion sensors 
with a particular tuning operate. Each sensor only operates over a restricted location of the 
image projected onto the retina (its receptive field).
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The fact that each motion sensor only covers a small portion of a moving image poses a 

well-known problem in the field of motion perception: the aperture problem. Cells in 

the visual system processing motion typically have receptive fields that are small in 

size. In this regard, they respond as viewing a scene through an aperture. Just imagine 

observing the motion of a long straight line through a small circular aperture, like in 

Figure 18A (Binder, Hirokawa & Windhorst, 2008. See also Palmer, 1999, p. 479, his 

“The Aperture Problem” section). This line is represented as moving upward to the right 

along two different moments in time (𝑡1 and 𝑡2). Only a portion of the line, spanning the

whole aperture can be seen; the rest of it is occluded. The different vectors shown from 

the 𝑡1 line to the 𝑡2 line represent the different directions and speeds (given by the

length of the vectors) with which the line could be perceived as moving.  

Figure 18. Illustration of the aperture problem. The motion of a line seen through an aperture is 
represented as a change in its position along two moments in time (𝑡1 and 𝑡2). A. The line is
occluded in both of its edges. An ambiguity in determining its speed and direction of motion 
exists, represented as multiple different motion vectors illustrating the possible motions that the 
line could have from 𝑡1 to 𝑡2. The red vector is the one indicating the motion observers under
these circumstances usually perceive. B. A line is shown which is not occluded in one of its 
edges. Although an ambiguity for its motion exists for the intermediate points in it (multiple 
black possible motion vectors), the point on its edge unambiguously determines the perceived 
motion (red vector). This motion coincides with the actual one.  
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In this sense, the aperture problem is a problem about local ambiguity of the speed and 

the direction of motion of an image out of which only a confined section is visible. 

Another way of explaining this issue is by treating it as a problem of correspondence. 

Namely, when viewed through an aperture, an ambiguity exists about the initial location 

of a point in an image and its final location after motion has taken place. This can be 

seen in our moving line example in the following way: The different vectors may also 

represent the starting location of a given point of the line and its different possible 

ending locations (each of them implies a different direction and speed). In this sense, the 

correspondence between the different points along the line and their position after 

motion cannot be unambiguously determined. In scenarios such as this, observers tend 

to perceive the motion of the line perpendicular to its orientation. This is signalled by 

the red vector in Figure 18A, which also is the vector that implies the minimum speed 

and distance the line has apparently travelled.  

However, in this same line example, when there exists at least one point visible through 

the aperture for which no correspondence ambiguity exists, the perception of motion for 

the entire line relies on it (unless there are no other unambiguous points with conflicting 

motion information). This is the case when at least one of the line’s ends can be seen 

through the aperture (see Figure 18B). Although a correspondence ambiguity does exist 

for the intermediate points in the line (black vectors placed over it), there is a point at 

the edge of the line which can unambiguously signal motion (red vector). This is the 

motion that will be perceived, and it indeed matches the actual motion of the line (black 

vector from 𝑡1 to 𝑡2).

A well-known illusion that demonstrates how our visual system uses unambiguously 

moving points in an image to determine the perceived direction of motion is the 

barberpole illusion (Guilford, 1929; Palmer, 1999, p. 480, on his “The Aperture 

Problem” section). In it, a cylinder with helix stripes rotates; and therefore, the stripes in 

it move laterally. However, the experience of motion perception is that of a vertical 

motion in which the stripes approach one of the extremes of the pole. Figure 19A 

represents this illusion. The stripes in the barberpole are actually moving rightwards, 

but observers experience an upward motion. 
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Figure 19. Illustration of the barberpole illusion. A. The stripes have a rightward veridical 
direction of motion (blue arrow). However, upward motion is perceived (red arrow). B. Different 
motion sensor locations are represented over the pole. The sensors located on its centre experience 
motion ambiguity (several possible black motion vectors). On the other hand, the sensors located 
on the edges of the pole inform about unambiguous motion signals (red vector). C. Sensors 
located on the vertical edges of the pole also inform about non-ambiguous motion signals which 
match the veridical direction of motion (blue vector). However, motion is still perceived upward, 
as if it were dominated by the signals coming from the horizontal edges of the barberpole. 

If one takes a look at Figure 19B, the spatial locations of several motion sensors are 

represented over the barberpole. The sensors in the middle of the pole evidence a 

correspondence ambiguity for the moving points on the stripe. This is illustrated by 

several possible motion vectors originating from a certain point. Nonetheless, no 

ambiguity exists in the motion processed by the sensors on the edge of the pole. Only 

one possible direction and speed exists there, and this is the one normally experienced 

by observers. But, what about the sensors in the upper and lower edges of the 

barberpole? These do also act over spatial locations where no ambiguity exists for 

motion (Figure 19C). Only one motion vector is possible there, and is in fact the 

veridical one. The fact that the direction of motion informed by these sensors is not the 

perceived one simply means that motion perception is being overwhelmed by the larger 

number of unambiguous signals coming from the lateral edges of the pole. Indeed, if the 

barberpole were shortened and widened to a certain point, the veridical direction of 

motion would be experienced (Wallach, 1935). 
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To sum up, the aperture problem has been exposed. It has been defined as a problem of 

local ambiguity arising from different possible directions and speeds of a point in an 

image when it is viewed from a constrained aperture. Moreover, we have seen through 

the barber pole illusion how points in an image informing about an unambiguous 

motion are used to determine the perceived moving direction and speed of a whole 

image. Despite this last thing, most importantly, the reader should by now have a clear 

idea that motion sensors operate over restricted portions of an image, and thus, suffer 

from the aperture problem.  

The motion energy model we have explained previously has sensor receptive fields taken 

from the response properties of V1 complex cells. Once more, these receptive fields have a 

constrained size, and are therefore subject to the aperture problem, being unable to provide 

a proper estimation of an object’s motion as a whole. Consider the example of a rightward 

moving square (Figure 20A). A local analysis of the motion of each of its parts performed 

by restricted size sensor receptive fields yields different motion vectors depending on the 

location where motion is computed (see how a correct estimation of direction and speed is 

only provided over the unambiguously moving vertices of the square).  

 

Figure 20. Illustration showing how the global motion of a complex object is computed. A. A 
square is represented drifting rightwards. The local analysis of motion performed on its different 
parts by differently located sensors informs about differently oriented motion vectors. B. The 
constraint line in a given aperture is provided by the line representing the multiple ending 
locations of a point in a line that moves from a temporal moment 𝑡1  and finishes its motion at 
𝑡2. C. The intersection of constraint lines from different apertures gives rise to a motion vector 
(red) that specifies the perceived motion of the object as a whole. 
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So, how does our visual system correctly inform about the motion of an object that spans 

a size bigger than that of a V1 complex cell’s receptive field? In other words, how does 

our visual system solve the aperture problem? Adelson & Movshon (1982) proposed a 

simple computation through which the local motion analyses performed by each spatially 

located sensor are combined. This computation is called intersection of constraints, but in 

order to understand it, let us first explain what a constraint line is. Figure 20B shows an 

amplified section over which a motion sensor operates. A bar is seen moving from 𝑡1 to

𝑡2, and motion vectors originate from an initial location and end in other different possible

locations. In this regard, the constraint line is the line that specifies the multiple possible 

ending locations. The intersection of constraints computation is shown in Figure 20C. It 

simply pools the constraint lines from differently located motion sensors and defines the 

perceived motion of the whole object as the vector common to the pooled constraints 

lines. That is, the vector where constraint lines intersect (shown in red). One may see how 

this vector computed from an intersection of constraints matches the veridical motion of 

the whole object. If one recalls the notion of motion opponency which was explained 

before, one may see how it relates to the pooling of constraint lines we are now talking 

about. In fact, this pooling may be regarded as a special case of motion opponency 

(Nishida, 2011). Just like a pooling of opposite directions of motion makes them become 

mutually cancelled (motion opponency), a pooling of orthogonal directions informed by 

different motion sensors results in the perception of a diagonal motion (intersection of 

constraints; Curran & Braddick, 2000). 

Figure 21. Schematic representation of the spatial locations over which V1 receptive fields are 
placed (grey circles). In red, MT receptive fields are superimposed. These receive inputs from 
several V1 neurons processing different spatially placed retinal locations. This way, their 
aperture problem can be solved. 
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Physiologically, the intersection of constraints is believed to be accomplished 

through a pooling of V1 receptive fields performed in MT (by MT pattern cells) 

(Movshon, Adelson, Gizzi & Newsome, 1985). MT cells display large receptive 

fields that embrace multiple V1 receptive fields at a time. See Figure 21, on which 

schematic MT receptive fields shown in red cover multiple V1 receptive fields 

shown in grey. This way, an integration of the local information coming from V1 

can be achieved, solving their so-called aperture problem. Heeger (1987) and 

Simoncelli & Heeger (1998) proposed a computational model that computed the 

intersection of constraints through connections from V1 to MT. 

The model that will be used in this thesis to perform simulations does not implement a 

solution for the aperture problem. In fact, it only performs stimulus motion energy 

extraction through simulating V1 complex cells, without any pooling of their activity 

meant to implement the intersection of constraints happening in MT. In any case, this 

is not necessary as the stimuli used along this thesis are Gabor patches with a single 

spatial orientation, laterally moving either rightwards or leftwards, with all of their 

local motion vectors signalling the same velocity. However, the relevance of the 

aperture problem in the motion perception literature is undeniable, from what we 

thought that dedicating a section to it in this thesis was almost mandatory. In any case, 

it has served us to introduce a computation taking place in MT which pools the inputs 

of different spatially located V1 receptive fields. In this line, the forthcoming section, 

“1.9. Upgrading the computational structure of motion sensing: Implementation of an 

inhibitory interaction stage”, introduces a motion sensing model that does not solve 

the aperture problem, but does perform computations meant to simulate an interaction 

stage between motion sensors tuned to coarse and fine-scale patterns in moving 

images. As will be seen from the architecture of the model, this stage takes place after 

V1 cells have computed motion energy of a drifting stimulus. Thus, such stage is 

suggested to take place in areas later than V1, perhaps MT (or areas even later in the 

motion processing pathway). Indeed, the interaction, which combines the outputs of 
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coarsely and finely tuned sensors, takes place after a pooling across the spatial 

locations of the V1 sensors has taken place19. 

 

1.8. COMBINING THE INFORMATION FROM THE DIFFERENTLY TUNED 

MOTION SENSORS: INTERACTIONS BETWEEN COARSE AND FINE 

SPATIAL FREQUENCY TUNED SENSORS 

A set of spatiotemporal frequency tuned sensors exist in the visual system which 

covers the Fourier Domain in such a way that motion in given ranges of spatial and 

temporal frequency are processed by separate sensors. A legitimate question would then 

be how our visual system operates the outputs of each separate sensor to produce the 

final percept of motion. That is, provided a complex motion where different spatial 

frequency components coexist, how does each sensor contribute to the motion percept? 

Do interactions between motion sensors arise, or is the information processed by each 

of them combined in a linear manner (i.e. simple additive pooling of the sensors 

outputs)? Classical models of motion perception assume that the differently tuned 

sensors in the visual system act independently and in parallel. However, provided that 

the responses from the different sensors must be combined in order to give rise to a 

single, unitary percept, we shall ask ourselves about how that combination takes place, 

perhaps in a way contrary to the independent and parallel notion of motion processing. 

This problem is exemplified in a simple way in Figure 22. The motion of a complex 

stimulus where two spatial frequency components (1 and 3 c/deg) move at the same 

time and with the same speed is represented (Figure 22A, left panel). Each component 

can be appreciated in the Fourier domain (3 c/deg, 1 c/deg; Figure 22A, right panel), 

and each is processed optimally by a given sensor with a given spatial frequency tuning 

and direction selectivity (Figure 22B, panels framed in red). The matter of study is, once 

                                                 

19 As will be seen, the model simulations carried out in this thesis (see “5.1. Appendix 1: Computational 
modelling”) use a single spatial location for the sensors. That means that our simulations do not 
implement any pooling across sensor locations. This allows keeping the model simpler, as, in fact, 
implementing several sensor locations would be overkill. 
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more, how the outputs of each sensor are combined. In other words, we wonder whether 

differently tuned sensors act independently or interact in an inhibitory way. We know, 

in fact, that the last option is the one taking place (see Serrano-Pedraza et al., 2007): 

Inhibitory interactions between motion sensors do happen in later stages of motion 

processing, once motion energy has already been extracted by the individual motion 

sensors (i.e. spatiotemporal channels). However, provided an interaction between 

motion sensors took place, we still want to deepen our knowledge about the way it 

happens and how it may become affected (i.e. by manipulating contrast, drifting speed, 

or spatial frequency). That is, indeed, the main focus of the present thesis. 

Figure 22. Motion energy sensors processing complex moving stimuli. A. The space-time plot 
of a rightward moving Gabor function composed of a rightward moving 1c/deg and 3c/deg 
component is shown (left panel). Its representation in the Fourier domain (right panel) shows 
rightward motion energy both for a 1 c/deg spatial component and a 3 c/deg component. B. A 
set of leftward sensitive (two panels on the left) and rightward sensitive (two panels on the 
right) motion energy sensors are represented. See how the amplitude spectrum of the moving 
Gabor function falls into the processing range of the rightward sensitive sensors tuned to 1 c/deg 
and 3 c/deg (marked in red). A video example of the stimulus can be found in 
https://www.ucm.es/serranopedrazalab/. 

https://www.ucm.es/serranopedrazalab/
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1.9. UPGRADING THE COMPUTATIONAL STRUCTURE OF MOTION 

SENSING: IMPLEMENTATION OF AN INHIBITORY INTERACTION STAGE 

Throughout the previous pages, the idea of an inhibitory interaction between 

coarsely and finely tuned motion sensors has repeatedly been adressed. However, still we 

have not explained anything about how classical models of motion sensing may be 

upgraded to make use of this notion. In this line, Serrano-Pedraza et al. (2007) proposed a 

model based on classical ones, but adding an interaction stage. This section aims to 

explain this model and how it produces interactions when it is fed with complex stimuli 

exciting coarsely and finely tuned motion sensors. Our thesis will be using this same 

model, although with a few little changes (none of them structural). The reader may 

notice how our following explanation of the model will pretty much match the previous 

one in “1.4. Deeper insight into the computational structure of motion sensing”. This is 

not surprising provided that Serrano-Pedraza et al. (2007) base their model on Adelson & 

Bergen (1985). However, an additional stage —an interaction stage— will be 

implemented. The maths involved in the model that we will be explaining here are not 

discussed in depth. However, “5.1. Appendix 1: Computational modelling” does provide 

a deeper explanation of the equations used and other specific issues related to the 

simulations done throughout this thesis. 



66 



67 

 

 

 



68 

Figure 23. Computational model from Serrano-Pedraza et al. (2007). A. Inputting stimuli: a 1 
c/deg filtered noise component remains static and a 3 c/deg noise component drifts rightwards. 
Three presentation durations are shown: 25 msec, 75 msec and 200 msec (from left to right). B. 
Orientation tunings of the spatial filters and their locations in space are shown. C. 
Psychophysical architecture which operates over the inputting stimuli over a series of stages 
(i.e. spatial processing, temporal filtering) and finally provides a measurement of leftward and 
rightward motion energy. The process is shown for a low spatial frequency tuned motion sensor 
(left) and a high spatial frequency tuned sensor (right). D. Pooling of the leftward and rightward 
responses across the spatial locations of the high and low spatial frequency tuned sensors. E. 
Inhibitory interaction stage. Subtraction and half-wave rectification between low and high 
spatial frequency tuned motion sensors is performed. F. The outputs from the previous stage are 
pooled across the different orientation tunings of the sensors. G. The tuning scale (low or high 
spatial frequency) that shows the biggest difference between leftward and rightward motion 
energy is selected. H. A direction index is calculated using those leftward and rightward motion 
energies. I. Using the previous direction index, a probability of correct responses is calculated 
through a Gaussian cumulative function. J. The probability of correct responses for the 25 msec, 
75 msec and 200 msec presented stimuli is shown plotted against stimulus presentation 
duration. Note that the model predicts motion direction discrimination reversals at very short 
presentation durations. (Image created by Ignacio Serrano-Pedraza). 

Figure 23 (repeated in “5.1. Appendix 1: Computational modelling”, and named Figure 

Appx 1) shows graphically the whole modelling process in which interactions between 

motion sensors occur. First, a complex stimulus (A) with three different presentation 

durations (25 msec, 75 msec and 200 msec) is fed into the computational model. In this 

illustrative example, moving band-pass filtered noise centred over a spatial frequency of 

3 c/deg added to static band-pass filtered noise centred over 1 c/deg is shown at 

different stimulus presentation durations (see Figure 24 for an explanation of how to 

generate random noise centred on given spatial frequencies). The whole functional 

architecture processing the stimuli is shown in C for a sensor tuned to low spatial 

frequencies (1 c/deg; left) and a sensor tuned to high spatial frequencies (3 c/deg; right). 

Notice how this architecture is the same one explained in Figure 13, although now it is 

represented for two sensors with different spatial frequency tunings.  
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Figure 24. Anisotropically band-pass filtered white noise centred on spatial frequencies of 1 
c/deg and 3 c/deg. A. Plot in the spatial domain showing the aforementioned noise in terms 
of 𝑥 and 𝑦 spatial coordinates. Filtered noise centred on spatial frequencies of 1 c/deg and 3 
c/deg is added together.  B. Representation of its amplitude in the Fourier domain. The 1 
c/deg centred noise is shown as two noise blobs closer to the origin whereas the 3 c/deg 
centred noise displays blobs further. Notice that only the spatial content is being 
represented (no temporal frequency axis is being shown). C. Amplitudes of the 1 and 3 
c/deg filtered noises. One can appreciate that the amplitudes of the different  spectral 
components display a Gaussian shape with the maximum amplitude being that on which the 
noise is centred. Although not shown, different drifting stimulus types can be made by 
adding motion to these noise components (e.g. 1 c/deg noise remains stat ic and 3 c/deg 
drifts rightwards). (Image taken from Serrano-Pedraza et al., 2007). 

With that being said, a moving image 𝐼(𝑥, 𝑦, 𝑡) is processed by the different spatial 

frequency tuned sensors (obviously, the 1 c/deg noise component is optimally processed 

by the sensor centred over that frequency and the same applies for the 3 c/deg noise 

component). A spatial processing stage first takes place. In it, a given spatial component 

(𝑥, 𝑦) is operated along the different moments in time (𝑡) by pairs of spatial weighting 

functions set in phase quadrature one with respect the other (C, a). These spatial 

weighting functions are placed at different spatial locations and have different 

orientation tunings20 (B). The outputs from each quadrature spatial weighting function

are then processed by pairs of temporal filters set in temporal quadrature 

(ℎ1(𝑡), ℎ2(𝑡))21 (C, b). Further, sums and differences between the outputs of the

20 In the case of the model we will be using in this thesis to run our simulations (see “5.1. Appendix 1: 
Computational modelling”), for simplicity, only the central spatial location (0 deg) and an orientation 
tuning of 0 deg are implemented. 

21 In the model simulations run throughout this thesis (see “5.1. Appendix 1: Computational modelling”), 
these functions are taken from Watson & Ahumada (1985). 
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temporal filters are calculated; after, these are squared and then summed between 

spatiotemporal quadrature pairs. Finally, the integral of the result is computed with 

respect to time in such a way that a measurement of rightward (𝑅) or leftward (𝐿) 

motion energy is obtained in the tuning range of the motion sensors (with a spatial 

frequency tuning either of 1 c/deg (𝑅𝐿𝐹 , 𝐿𝐿𝐹) or 3 c/deg (𝑅𝐻𝐹 , 𝐿𝐻𝐹)) (C, c).This way, the

low spatial frequency tuned sensor responds optimally to the 1 c/deg component 

whereas the high spatial frequency tuned sensor responds to the 3 c/deg component. 

After motion energy has been computed, a pooling across the different spatial locations 

of the sensors happens20 (sums of the leftward and rightward motion energies, for the

differently tuned motion sensors, across the different spatial locations) (D). Then, an 

interaction stage between spatial frequency tuned motion sensors is implemented (E). 

This is the crucial moment in which our so-called inhibitory interaction happens. In it, 

subtraction and halfway rectification between low spatial frequency and high spatial 

frequency tuned sensors takes place. The outputs of this stage are then pooled (summed) 

across the different spatial orientation tunings of the sensors20 (F).

In G, the scale (LF of HF) with the biggest difference between leftward and rightward 

motion energy is chosen, and then a direction index is computed (H) using the leftward 

and rightward motion energy of the selected scale. This direction index is finally 

transformed into a probability of correct responses in a motion direction discrimination 

task using a normal cumulative distribution function (I). 

In the very end, performance is plotted against a given physical parameter (e.g. stimulus 

presentation duration in the example, but also drifting speed, drifting temporal 

frequency, etc.) (J). 

Taking a look at this last section J, one can clearly appreciate something which we 

already announced before: At short stimulus presentation durations, systematic errors in 

motion direction discrimination take place when coarse and fine spatial features are 

added together in a drifting stimulus. To see this, the reader may simply take a look at 

the very low proportion of correct responses obtained for the shortest stimulus 
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presentation duration. In this case, consistent motion perception reversals for these 

kinds of stimuli can be observed22.

But why do these systematic errors in motion direction discrimination disappear at 

longer presentation times? As seen from the model, inhibitory interactions between the 

sensors involved always take place regardless of presentation duration (i.e. the 

inhibitory interaction stage is always present and active). However, these interactions 

only become behaviourally manifested (in the form of systematic errors) at short 

stimulus durations. Thus, some idiosyncratic difference in shortly presented stimuli 

must exist that allows for interactions to be observable. In order to illustrate this, let us 

compare the spectrum of a shortly presented complex stimulus (Figure 25A) against the 

spectrum of a complex stimulus presented for a longer time (Figure 25B). Both stimuli 

are composed of filtered Gaussian noise centred on spatial frequencies of 1 and 3 c/deg. 

The 1 c/deg noise is static while the 3 c/deg noise moves rightwards. 

22 It is not shown here, but if performance in motion discrimination for a complex stimulus were 
compared with performance for its integrating components, performance for the former would be seen to 
be impaired with respect to the later for short presentation durations. Moreover, no systematic errors 
discriminating the motion of the simple integrating components would be seen, although performance 
would improve with increasing presentation duration. 
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Figure 25. Space-time plots along with Fourier representations of complex stimuli made by 
adding a static 1c/deg filtered Gaussian noise component and a rightward drifting 3 c/deg 
filtered Gaussian noise component. A. Short stimulus presentation duration: 25 msec. B. Longer 
presentation duration: 200 msec. (Image adapted from Serrano-Pedraza et al., 2007). 

If one takes a look at the Fourier spectra of the stimuli shown in Figure 25, an evident 

difference between short and long presentation times can be told: long presentation 

times reduce the amplitude spectrum along the temporal frequency axis whereas short 

presentation times enlarge it. Therefore, taking a look at the 3 c/deg noise component, 

its motion energy is seen to be restricted to the rightward direction of motion at long 

presentation durations (it only lies over quadrants 1 & 3) (Figure 25B). However, at 

short stimulus durations (Figure 25A), some motion energy of the 3 c/deg noise 

component also lies over the leftward motion quadrants (opposite motion). In the case 

of the 1 c/deg noise, its energy equally spans rightward and leftward motion quadrants 

for both duration times due to it being static. Anyway, the amplitude spectrum shrinks 

for longer presentations (Figure 25B) and widens for shorter ones (Figure 25A). In 

short, the key aspect in this comparison between long and short presentation durations is 
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that short durations may introduce motion energy in a direction opposite to the 

veridical23 one. Let us now demonstrate why this causes our psychophysical structure 

for motion sensing (model by Serrano-Pedraza et al., 2007) to misjudge the veridical 

direction of motion once an inhibitory interaction stage is implemented. 

23 Taking a look at the Fourier representation, for instance, of the motion of a briefly presented 
component drifting rightwards, there may also exist motion energy indicating leftward motion. In this 
case, one ought not to discriminate between rightward motion being the veridical one and leftward motion 
being not veridical. In the end, both directions are physically present. However, out of simplicity, we will 
refer to the firstly intended direction of motion as the veridical one (i.e. rightward in this case). Any other 
direction arising as a by-product of stimulus presentation duration will be referred as non-veridical (i.e. 
leftward motion in this example).  

(+)2 
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Figure 26. Motion processing performed for complex stimuli made by adding a static low 
spatial frequency component of 1 c/deg and a drifting high spatial frequency component of 3 
c/deg (a). The processing is shown for two different stimulus presentation durations:  200 msec 
(A) and 25 msec (B). The processing represented corresponds to Figure 23E, and explains step 
by step the extraction of motion energy for the stimuli displayed. The moving image first 
undergoes a spatial processing stage (b). Phase quadrature pairs of spatial weighting functions 
characterize this step, providing a spatial processing (i.e. inner product) of the stimuli. 
Quadrature pairs are shown for a low spatial frequency tuned motion sensor (at the left of the 
blue bar) and a high spatial frequency tuned motion sensor (at the right of the blue bar). 
Quadrature temporal impulse response functions are shown in c, and the output of the spatial 
processing stage that is convolved with each temporal impulse response function is depicted in 
d. Sums and differences between the previous outputs are taken, and these are then squared (e).
The results from the previous stage are added between spatiotemporal quadrature outputs, 
providing leftward and rightward responses of the sensors as a function of time (f). Although 
not shown, leftward and rightward motion energy can be computed by taking the integral with 
respect to time of such responses. (Image created by Ignacio Serrano-Pedraza).

(+)2 
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Figure 26 shows the processing performed by the previously explained model for a 

complex stimulus made by adding a 3 c/deg moving component and a 1 c/deg static 

component (these components are sinewave gratings, not filtered Gaussian noise as in 

the previous example). This processing is exemplified for a long stimulus presentation 

duration (200 msec; Figure 26A) and a short stimulus presentation duration (25 msec; 

Figure 26B). The process that will now be described is the one already explained in 

Figure 23C. The reader may therefore find the following paragraph repetitive, but 

hopefully, the explanation will be made very clear. 

In both presentation duration examples, a complex stimulus (a) first undergoes a spatial 

processing stage (b) where quadrature pairs of spatial sensors tuned to a low (1 c/deg; 

panels to the left of the blue bar) or a high spatial frequency (3 c/deg; panels to the right of 

the blue bar) carry out the first processing (i.e. the inner product is calculated). Then their 

outputs are convolved with pairs of temporal filters also in quadrature with each other (c). 

The result of their processing is shown in d as a function of time. In the next stage (e), the 

sums and differences between these outputs are taken, and then, squared. Following, the 

squares become summed between spatiotemporal quadrature pairs (f). This way, response 

profiles of low spatial frequency (𝐿𝐹) and high spatial frequency (𝐻𝐹) tuned sensors are 

obtained for leftward (𝐿) and rightward (𝑅) motions (𝐿𝐿𝐹 , 𝑅𝐿𝐹 and 𝐿𝐻𝐹 , 𝑅𝐻𝐹 respectively). 

The integral with respect to time of the results in f would compute leftward (𝐿) and 

rightward (𝑅) motion energy for each spatial frequency tuned motion sensor.  

At this point, it is relevant to compare the outputs of the sensors (coarse and finely 

tuned) shown in g between the long (Figure 26A) and the short stimulus presentation 

durations (Figure 26B). Different profiles can be seen. In the case of the stimulus 

presented for a long time, the 𝑅𝐻𝐹 sensor displays the largest motion energy response 

whereas 𝑅𝐿𝐹 shows no response. This makes sense because due to the long presentation 

time, presumably no motion energy for the 3 c/deg component lies in the leftward 

direction of motion (the direction opposite to the veridical one, which is rightward). All 

the 3 c/deg energy lies in the rightward motion quadrants, thus producing a large 

response in the 𝑅 sensor tuned to that spatial frequency (𝑅𝐻𝐹). On the other hand, the 

static 1 c/deg component has equal motion energy for both directions of motion, 

therefore the equal motion energy responses of the  𝐿𝐿𝐹 , 𝑅𝐿𝐹 sensors. In the case where 
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the stimulus is presented for a short time, also the 𝑅𝐻𝐹 sensor displays the largest

motion energy response. However, there is also some motion energy being computed by 

the 𝐿𝐻𝐹 motion sensor. This is because some motion energy of the drifting 3 c/deg

component is also lying in the quadrants indicating a leftward direction of motion. As 

already said, this happens due to the enlargement of the motion amplitude spectra at 

short durations. In fact, this enlargement is made even more evident when taking a look 

at the response profiles of the sensors tuned to low spatial frequencies (𝐿𝐿𝐹  and 𝑅𝐿𝐹).

Once more, they exhibit equal responses. However, they are now more pronounced 

because the 1 c/deg component displays even more motion energy in both directions. 

Provided these response profiles of the differently tuned motion sensors, our inhibitory 

interaction stage (see Figure 23E) produces inhibitions between the motion energies of 

coarsely and finely tuned sensors. Because new motion excitation profiles of sensors 

arise under short stimulus presentation scenarios, interaction patterns giving rise to 

motion direction misjudgements may take place. Namely, inhibitions cancelling motion 

energy in the veridical direction of motion may occur. This can make maximal sensor 

responses to appear for sensors tuned to the opposite direction of motion. The 

processing of the stimuli in this example (Figure 26) would therefore continue in the 

same way as explained in Figure 23, producing motion perception reversals in the case 

of the short presentation duration. 
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Figure 27. Space-time plots along with Fourier representations of complex stimuli made by adding 
a 1c/deg and a 3 c/deg component. A. Both components moving rightward at the same time and at 
the same speed (1m+3m c/deg). B. The 1 c/deg component remains static while the 3 c/deg 
component drifts rightward. The stimulus presentation duration is 25 msec. Video examples of 
similar stimuli (presented for a longer time) can be found in https://www.ucm.es/serranopedrazalab/. 

The example we have illustrated has used a complex stimulus where a 1 c/deg component 

was static and a 3 c/deg component moved rightwards. Nonetheless, other different 

stimulus types can be tested (e.g. both components moving at the same time and with the 

same speed: 1m+3m c/deg). In general, the important thing to note is that at short 

presentation durations like the ones shown in Figure 27, an intrusion of motion energy in 

the non-veridical motion direction happens (the veridical direction of motion is rightward, 

which corresponds to quadrants 1 and 3). Further, this intrusion may be responsible for 

the inhibitory interaction between motion sensors to become behaviourally manifested in 

the form of systematic errors when judging the direction of motion.  

https://www.ucm.es/serranopedrazalab/
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2. OBJECTIVES

How are the outputs of the different motion sensors tuned to different spatial 

frequencies combined to give rise to a motion percept? Does such combination follow a 

simple additive pooling of the outputs or does it involve complex interactions between 

motion sensors? Provided complex interactions took place (which is the case), what 

parameters exert an influence on the way those interactions happen? These questions 

illustrate the main matter on which this thesis project focusses. As already exposed in 

the General Introduction, inhibitory interactions between motion sensors do actually 

take place (see Serrano-Pedraza, Gamonoso-Cruz, Sierra-Vazquez & Derrington, 2013 

for inhibitory interactions producing a facilitatory effect in motion discrimination for 

compound stimuli; the present thesis does not intend to study this issue, though). In fact, 

several attempts at characterizing these interactions have been made throughout the last 

years. However, there is still much left to be known: a deeper exploration of the motion 

interaction mechanism shedding light on the different stimulus parameters modulating it 

needs to be performed to fill some of the existing information vacuums regarding this 

topic. Of course, a complete functional characterization of the aforesaid mechanism 

would be a rather ambitious —even unattainable— pretension. Thus, for the sake of 

assuming a humbler ambition, the present work will be focussing on achieving an 

exploration of the interaction between motion sensors regarding the speed (or temporal 

frequency) of the moving stimuli, their contrast and their spatial frequency. 

Additionally, in its final study, this thesis will make use of an individual differences 

approach to study motion perception. Individual differences approaches systematically 

study the individual differences present in the data instead of treating them as noise. The 

reasoning followed is that variability in data is often the result of actual subject 

variability in optical, neural, and cognitive processes (Mollon, Bosten, Peterzell, & 

Webster, 2017). An exploration of the different groups of spatial frequency sensors 

selective to different spatial frequency ranges will be intended using the aforesaid 

approach. Finally, we will provide possible links between the extracted groups and the 

coarsely and finely tuned motion sensors showing interactions. 
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2.1. OBJECTIVE 1: EFFECT OF SPATIAL FREQUENCY AND CONTRAST 

ON THE MOTION INTERACTION MECHANISM 

Interactions can be extrapolated when performance in a motion direction 

discrimination task for a stimulus containing coarse and fine spatial features 

(complex stimulus) is impaired with respect to performance for its simple 

components in isolation. “3.1. Empirical Study I” will be examining the interaction 

between motion sensors with a particular kind of complex stimulus where both low 

and high spatial frequencies move coherently at the same speed. Modulations of the 

functioning of the motion interaction mechanism will be examined under different 

spatial frequency and contrast manipulations. 

Computational modelling 

Only can we say we have understood a given event when we are able to reproduce 

it through a comprehensible structure. The rationale behind computational modelling 

lies in the conception that provided a computational structure (our model) capable of 

reproducing the empirical events taking place, we should be able to use that 

comprehensible structure as a valid24  explanation for the functioning of the mechanism

under study. This is very valuable in order to devise how the mechanism would react 

even under new non-tested situations. 

Some of the main results coming from this study will thus be attempted to be replicated 

through a computational motion sensing model. This model will incorporate a stage 

emulating the inhibitory interactions supposed to take place between motion sensors. 

Provided the computational model successfully replicated our empirical results, we 

should be able to say that an inhibitory mechanism between motion sensors tuned to 

coarse and fine scales seems to be a feasible candidate to explain the results. 

24 Perhaps, in science, it is more appropriate to say temporarily valid. 
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2.2. OBJECTIVE 2: EFFECT OF SPEED OR TEMPORAL FREQUENCY ON 

THE MOTION INTERACTION MECHANISM 

“3.2. Empirical Study II” will be addressing the effect of the drifting speed (or 

temporal frequency) of the spectral components in a compound stimulus on the 

interaction. Different relative spatial frequency pairs will be used. The aim is to test 

whether the inhibitory mechanism has any tuning either in speed or temporal frequency. 

Such tuning should be evidenced as a given modulation of performance as a function of 

speed or temporal frequency for complex stimuli, different from the modulation for the 

simple drifting components in isolation. 

Computational modelling 

Computational modelling will be conducted in a way that a comprehensible 

structure implementing inhibitory interactions between motion sensors will intend to 

replicate the main findings in this study. Success in replicating such findings will imply 

a possible involvement of the motion interaction mechanism in the events observed. 

2.3. OBJECTIVE 3: IDENTIFICATION OF SPATIAL FREQUENCY 

SELECTIVE MOTION SENSING MECHANISMS THROUGH AN 

INDIVIDUAL DIFFERENCES APPROACH  

Individual differences in motion direction discrimination for suprathreshold 

simple drifting stimuli with different spatial frequencies shall be tested to fulfill this 

objective. This way, we aim to uncover distinct neural mechanisms segregating motion 

sensors selective to different spatial frequency ranges. 

In other words, “3.3. Empirical Study III” will use an individual differences approach, 

performing analyses of covariance as well as factor analyses meant to identify a 

simple factorial structure explaining the variance of the data collected. Furthermore, 

“3.3. Empirical Study III” will try to tell, using different contrast conditions, whether 

motion surround suppression has any influence modulating a given structure of spatial 

frequency selective motion sensing mechanisms (identified through the analysis of 
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individual differences). In another line, a possibly arising structure of spatial 

frequency selective mechanisms will be tested across different drifting temporal 

frequency conditions. 

Finally, the possibility is considered that any extracted structure of mechanisms could be 

linked to the phenomenon of the inhibitory interactions between motion sensors (see the 

“Additional lines” section at the end of “3.3. Empirical Study III”). Coarse-scale and fine-

scale motion sensors which show inhibitory interactions exist, this being the premise of 

the present thesis project. Because of this, individual differences analyses may at least 

identify low spatial frequency and high spatial frequency underlying mechanisms 

processing the motion of simple drifting stimuli. We hypothesize that the motion 

interaction mechanism under study, operating in later stages of motion processing, may 

rely on such segregation. In any case, this objective does not conclusively aim to prove 

this point. It just represents a starting place for further investigations employing an 

individual differences approach to uncover the interaction mechanism.  

Importantly, Objective 3 constitutes an effort to characterize the visual inhibitory 

functioning in motion perception given that its results may shed light on the phenomena 

of motion surround suppression and the interaction between motion sensors.  

2.4. REFERENCES 

Mollon, J. D., Bosten, J. M., Peterzell, D. H., & Webster, M. A. (2017). Individual 
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(2013). Comparing the effect of the interaction between fine and coarse scales and 
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3. EMPIRICAL STUDIES

3.1. EMPIRICAL STUDY I: EFFECT OF SPATIAL FREQUENCY AND 

CONTRAST ON THE MOTION INTERACTION MECHANISM 

This study corresponds to an already published scientific paper: 

Luna, R., & Serrano-Pedraza, I. (2020). Interaction between motion scales: When 
performance in motion discrimination is worse for a compound stimulus than for its 
integrating components. Vision Research, 167, 60–69. doi:10.1016/j.visres.2019.12.002 

PREFACE 

In an attempt to fulfil our first objective in this thesis (“2.1. Objective 1: Effect of 

spatial frequency and contrast on the motion interaction mechanism”, in the “2. Objectives” 

section), the present study aims to uncover any characteristics of the interaction mechanism 

regarding its functioning under different stimulus spatial frequency and contrast scenarios. 

An exploration will be achieved showing how the mechanism’s action becomes jointly 

modulated by the contrast and the spatial frequency of the components in a compound 

stimulus; given that this stimulus activates low and high spatial frequency tuned motion 

sensors supposed to interact. The compound stimuli that will be tested here are ones in 

which both components move coherently at the same speed (LSFm+HSFm). 

In short, this study —just like any other one in this thesis— supposes a mapping of the 

mechanism’s functioning; ultimately, a functional characterization of it. In this 

occasion, the function of the mechanism is mapped with respect to the varying relative 

spatial frequencies in drifting compound stimuli and their contrast, revealing a joint 

dependency of contrast and spatial frequency when modulating the activation of the 

inhibitory mechanism. Additionally, computational modelling is provided too, 

demonstrating that the results obtained are a consequence of the interaction we are 

exploring (see “5.1. Appendix 1: Computational modelling” in this thesis for the model, 

or “Appendix A” of the scientific paper included in “3.2. Empirical Study II”). This 

way, any mapping provided can be regarded as a feasibly true map of the mechanism’s 

action rather than the action of any other unknown visual process.  
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A B S T R A C T

Motion direction discrimination becomes impaired when combinations of drifting high spatial frequency (HSF)
and static low spatial frequency (LSF) patterns are merged into a compound stimulus. Such impairment has been
suggested to occur due to an interaction between motion sensors tuned to coarse and fine scale spatial patterns.
This interaction is modulated by different stimulus parameters like temporal frequency, size, the spectral
components mixed, and their relative contrast. The present research precisely aims to explore in a deeper way
the interaction’s dependency upon the spatial frequency and the relative contrast of the components when both
move coherently. Two experiments were therefore performed measuring duration thresholds (Experiment 1) and
proportion of correct responses (Experiment 2) in a motion direction discrimination task. Stimuli were vertical
Gabor patches of 4 deg diameter horizontally drifting with a speed of 2 deg/sec. Simple LSF and HSF stimuli as
well as complex stimuli where both components moved coherently (LSFm + HSFm) were used. These were
grouped in the following LSF and HSF pairs: 0.25–0.75, 0.5–1.5, 1–3 and 2–6 c/deg. Each component had a
Michelson contrast of 28% or 7%, giving rise to different relative contrast combinations. Most interestingly, the
results show a decrease in performance for complex stimuli with respect to each of their simple components
when the LSF component has a lower contrast than the HSF one. The decrease depends on the particular spatial
frequencies mixed in a stimulus. Further knowledge about the inhibitory mechanism is thus provided, revealing
its joint dependency upon contrast and spatial frequency.

1. Introduction

Errors in motion direction discrimination have previously been re-
ported to systematically arise in humans under specific stimulus con-
ditions. These conditions refer to drifting stimuli which add together
coarse and fine scale patterns (Derrington & Henning, 1987; Henning &
Derrington, 1988; Derrington, Fine, & Henning, 1993; Nishida, Yanagi,
& Sato, 1995; Serrano-Pedraza, Goddard, & Derrington, 2007; Serrano-
Pedraza & Derrington, 2010; Serrano-Pedraza, Gamonoso-Cruz, Sierra-
Vázquez, & Derrington, 2013; Gekas, Meso, Masson, & Mamassian,
2017; Luna & Serrano-Pedraza, 2018; see also the ‘‘Interaction across
different spatial scales’’ section in Nishida, 2011). The systematic mo-
tion direction discrimination errors are evident when, at short stimulus
presentation durations, a low spatial frequency static pattern is added
to a moving high spatial frequency one, giving rise to a compound
stimulus (Derrington & Henning, 1987). The occurrence of these errors

has been regarded to the existence, in later stages of motion processing,
of an inhibitory mechanism producing an interaction between motion
sensors tuned to coarse and fine features (Serrano-Pedraza, Goddard, &
Derrington, 2007).

Energy models of human visual motion sensing conceive motion as
computed by motion sensors operating in parallel that are spatially
localized and are spatial frequency, temporal frequency, and orienta-
tion tuned (Adelson & Bergen, 1985; Adelson & Movshon, 1982;
Anderson & Burr, 1985, 1989, 1991; Anderson, Burr, & Morrone, 1991;
Cameron, Baker, & Boulton, 1992; Levinson & Sekuler, 1975). The
aforesaid energy models have been successful in explaining different
phenomena that had been reported in the literature. These include re-
verse Phi, apparent motion, the missing-fundamental illusion, etc.,
(Adelson & Bergen, 1985; Van Santen & Sperling, 1985; Watson &
Ahumada, 1985). With that being said, the relevance of the findings
reporting systematic errors in motion direction discrimination lies in
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3.2. EMPIRICAL STUDY II: EFFECT OF DRIFTING SPEED OR 

TEMPORAL FREQUENCY ON THE MOTION INTERACTION 

MECHANISM 

This study corresponds to an already published scientific paper: 

Luna, R., & Serrano-Pedraza, I. (2018). Temporal frequency modulates the strength of 
the inhibitory interaction between motion sensors tuned to coarse and fine scales. 
Journal of Vision, 18(13):17, 1-19. doi:10.1167/18.13.17 

PREFACE 

A mapping of the mechanism’s functioning is intended in this study aimed at 

elucidating how it responds as a function of the speed (or temporal frequency) of the 

drifting stimuli. This way, the points described in “2.2. Objective 2: Effect of speed or 

temporal frequency on the motion interaction mechanism” (see the “2. Objectives” 

section) shall be addressed.  

May a modulation of motion direction discrimination performance for the different 

stimuli tested be seen as a function of their speed or temporal frequency? May this 

modulation for compound stimuli be different from that observed for the simple drifting 

components? Shall the answer for both questions be positive, a possible tuning either in 

speed or temporal frequency could be postulated for our interaction mechanism.  

This study will test motion direction discrimination for different spatial frequency pairs 

integrating compound stimuli (e.g. 1 and 3 c/deg, 0.5 and 1.5 c/deg, 1 and 6 c/deg, etc.). 

Let us suppose a possible tuning for the motion interaction mechanism existed (i.e. a 

bandpass modulation of the performance results for a complex stimulus as a function of 

speed or temporal frequency). When tested along the reported spatial frequency pairs, is 

the presumed tuning function for a compound stimulus similar between them? Does the 

tuning similarity happen when plotting the direction discrimination performance results 

as a function of stimulus speed or temporal frequency  (𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =

𝑠𝑝𝑎𝑡𝑖𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 × 𝑠𝑝𝑒𝑒𝑑)? If the answer to this question were positive either for 
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the speed or the temporal frequency axis, then, either a speed or a temporal frequency 

tuning for the mechanism could be stated. On the contrary, the presumed tuning 

functions could be different between relative spatial frequency pairs (1 and 3 c/deg, 0.5 

and 1.5 c/deg, 1 and 6 c/deg, etc.), both when plotted over a speed or a temporal 

frequency axis. In such case, no speed or temporal frequency tuning would be implied. 

The shedding of light over nature of the tuning of the interaction —which turns out to be 

a temporal frequency tuning— is complemented with a computational modelling section 

with an implementation of inhibitory interactions between motion sensors tuned to 

coarse and fine scales (see “5.1. Appendix 1: Computational modelling” in this thesis 

for the model, or “Appendix A” of the scientific paper included in this study). With the 

empirical results successfully being replicated by our model, this suggests that the 

results observed truly arise as a consequence of an inhibitory interaction between the 

sensors, reinforcing the idea that the mechanism is temporal frequency tuned.  
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The perceived direction of motion of a brief moving fine
scale pattern reverses when a static coarse scale pattern
is added to it (Henning & Derrington, 1988). This
impairment in motion direction discrimination has been
explained by the inhibitory interaction between motion
sensors tuned to fine and coarse scales. This interaction
depends on the particular spatial frequencies mixed, the
size of the stimulus, and the relative contrast of the
components (Serrano-Pedraza, Goddard, & Derrington,
2007; Serrano-Pedraza & Derrington, 2010). In this
research we wanted to study the effect of speed or
temporal frequency on the interaction between motion
sensors. We performed three experiments where we
measured duration thresholds in a motion direction
discrimination task, and we also measured the
proportion of correct responses. The stimuli used in the
experiments were horizontally drifting vertical Gabor
patches of 48 diameter (2rxy). In the first two
experiments, five stimulus configurations of moving (m)
and static (s) components were used: two simple stimuli,
1m c/8 and 3m c/8; and three complex stimuli, 1mþ 3m,
1mþ 3s, and 1s þ 3m. Results show that for all
conditions but 1s þ 3m, duration thresholds decrease
(proportion of correct responses increase) with
increasing speed. However, in condition 1s þ 3m,
duration thresholds increase from 0.58/s to 28/s and then
decrease with increasing speed. In the third experiment
we tested whether the interaction between scales is
tuned to speed or temporal frequency using different
conditions: 1sþ 4m, 1sþ 6m, 0.5sþ 1.5m, and 2sþ 6m.
Results from duration thresholds suggest that the
strength of the inhibitory interaction between motion
sensors tuned to coarse and fine scales is temporal
frequency tuned with a maximum around 6 Hz and a
minimum between 6 and 12 Hz in the case of the
proportion of correct responses.

Introduction

The basic idea about motion perception is that in the
early stages of visual processing, motion is extracted by
localized motion sensors tuned to spatial frequency,
temporal frequency, and orientation, which work in
parallel (Levinson & Sekuler, 1975; Adelson & Mov-
shon, 1982; Anderson & Burr, 1987, 1989, 1991;
Anderson, Burr, & Morrone, 1991). Classical energy

models of human visual motion sensing have success-
fully implemented this basic structure to explain
different motion phenomena like apparent motion, the
missing-fundamental illusion, reverse Phi, etc., (Adel-
son & Bergen, 1985; Watson & Ahumada, 1985; van
Santen & Sperling, 1985). However, there is a lot of
psychophysical evidence suggesting the existence of an

inhibitory mechanism that produces an interaction
between motion sensors tuned to different scales in
later stages of motion processing. In this line, human
observers have been reported to make systematic errors
in motion direction discrimination of very briefly
presented motion stimuli containing features designed
to activate motion sensors tuned to high and low
spatial frequencies (Derrington & Henning, 1987;

Henning & Derrington, 1988; Derrington, Fine, &
Henning, 1993; Nishida, Yanagi, & Sato, 1995;
Serrano-Pedraza et al., 2007; Serrano-Pedraza &
Derrington, 2010; Serrano-Pedraza, Gamonoso-Cruz,
Sierra-Vazquel, & Derrington, 2013; see also the
‘‘Interaction across different spatial scales’’ section in
Nishida, 2011). In particular, at short durations, when

a moving high spatial frequency pattern is added to a
static low spatial frequency pattern, humans make

Citation: Luna, R., & Serrano-Pedraza, I. (2018). Temporal frequency modulates the strength of the inhibitory interaction
between motion sensors tuned to coarse and fine scales. Journal of Vision, 18(13):17, 1–19, https://doi.org/10.1167/18.13.17.
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systematic motion discrimination errors (Derrington &
Henning, 1987).

Previous research has revealed different characteris-
tics of this inhibitory mechanism. The interaction
between coarse and fine scales is stronger at short
durations (lower than 100 ms), although there is a
strong effect for longer durations too (Serrano-Pedraza
et al., 2007). This interaction is also very strong when
the low spatial frequency component is lower than 1 c/8
and the high spatial frequency component is higher
than 3 c/8 (Derrington & Henning, 1987; Henning &
Derrington, 1988). On the other hand, the aforemen-
tioned interaction is not affected by the relative phase
of the compound stimuli (Henning & Derrington,
1988), is stronger for large stimuli (Serrano-Pedraza &
Derrington, 2010), depends on the relative contrast of
the low and high spatial frequency components
(Henning & Derrington, 1988; Serrano-Pedraza &
Derrington, 2010), and has a larger effect on motion
discrimination than on motion surround suppression
(Serrano-Pedraza et al., 2013).

A simple model based on the energy models for
motion perception that includes an inhibitory stage
where sensors tuned to high and low spatial frequencies
interact has successfully explained many of these
psychophysical results (Serrano-Pedraza et al., 2007).
The model predicts motion direction discrimination
errors when the sensors tuned to low spatial frequencies
(coarse sensors) have a strong signal for opposite
directions of motion (briefly presented static stimuli)
and when the sensors tuned to high spatial frequencies
(fine sensors) have a strong signal for only one
direction. This means that modulations of the strength
of the signal or modulations of the strength of the
output of the motion sensors tuned to high and low
spatial frequencies should have an effect on motion
direction discrimination. For example, for a complex
stimulus composed of a static low-spatial frequency
component added to a moving high-spatial frequency
component, the interaction is stronger (e.g., motion
perception is reversed) for a particular range of
contrasts of the moving component and disappears for
low and high contrasts (Serrano-Pedraza & Derrington,
2010). Classical models of motion sensing compute the
direction of motion by simulating direction selective
simple cells (Adelson & Bergen, 1985; Watson &
Ahumada, 1985). Moreover, neurophysiological data
show that these simple cells have either space-time
inseparable receptive fields or a separable tuning for
spatial and temporal frequency (DeAngelis, Ohzawa, &
Freeman, 1993; Priebe, Lisberger, & Movshon, 2006).
Thus, temporal frequency modulates the strength of the
responses of direction selective simple cells (Priebe et
al., 2006). It is interesting to note that although these
direction selective simple cells may show a separable
tuning for spatial frequency and temporal frequency

(i.e., they are not speed tuned like complex cells or MT
cells, e.g., Priebe et al., 2006), the speed of the stimulus
can also modulate the strength of the cell’s response.
According to Serrano-Pedraza et al.’s (2007) model, the
interaction between scales takes place after motion
sensors tuned to coarse and fine scales have produced
their output, therefore, it is expected that the temporal
frequency (or speed) of the moving component will
have an effect on the strength of the interaction
between scales. Because there are no previous studies
that have explored in depth this prediction, the main
objective of the present study is to explore the effect of
different stimulus speeds (or temporal frequencies) on
motion direction discrimination for complex stimuli
composed of different combinations of fine and coarse
scales.

In the present study we have performed three
experiments measuring duration thresholds and pro-
portion of correct discriminations for different combi-
nations of low and high spatial frequencies drifting at
different speeds (or temporal frequencies). Our results
from Experiments 1 and 2 show that the strength of the
interaction between motion sensors tuned to coarse and
fine-scale patterns is modulated by the speed (or the
temporal frequency) of the moving component. More-
over, this modulation is different depending on the
complex stimulus type (i.e., both coarse and fine scales
moving at the same time and with the same direction
and speed, a static fine scale pattern added to a moving
coarse scale pattern or a static coarse scale pattern
added to a moving fine scale pattern). Our results from
Experiment 3 show that the strength of the interaction
is specifically modulated by the temporal frequency of
the moving component. Furthermore, the inhibitory
interaction shows a band-pass tuning function with a
peak at 6 Hz when measuring duration thresholds and
around 6 Hz and 12 Hz when measuring the proportion
of correct responses. The presence of this band-pass
tuning function depends on the particular combination
of spatial frequencies for the static and the moving
components.

Finally, we have run simulations using the model
developed by Serrano-Pedraza et al., 2007, but this time
including a few modifications (i.e., the temporal
impulse response). The model is based on the classical
motion energy models (Adelson & Bergen, 1985;
Watson & Ahumada, 1985; van Santen & Sperling,
1985), but it additionally includes a stage where the
outputs of motion sensors tuned to different scales
interact. Although the model is too simple to be
realistic, it reproduces most of our psychophysical
results. In particular, it shows that the speed (or the
temporal frequency) of the moving component modu-
lates the strength of the interaction between motion
sensors tuned to different spatial scales.
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Methods

Subjects

Six human subjects (aged 21-42), three males and
three females (DBW, GCM, ISP, RLV, SAP, and
ZPR), took part in Experiment 1. Subjects DBW,
GCM, SAP, and ZPR were not aware of the purpose of
the study. In Experiment 2, we tested four human
subjects: two males and two females (DBW, PGG,
RLV, and SAP); just like in Experiment 3 (OBG, PGG,
RLV, and SAP; two males and two females). This time
only RLV was aware of the purpose of the study. All
subjects had normal or corrected-to-normal vision. The
participant’s normal visual acuity was checked using
the visual test Sloan ETDRS 2000 letter series
(Precision Vision, Lasalle, IL) (tested at 40 cm and 3
m). We also measured the participant’s stereoscopic
visual acuity by using the Frisby (Stereotest Ltd,
Sheffield, UK) stereotest (60 cm distance). Only
participants with visual acuity lower than logMAR ¼
0.5 (in both eyes) and participants with stereovision
(stereoacuity lower than 500 arcsec) took part in the
experiments. The experiments were carried out in a
dark room, using a chin rest (UHCOTech HeadSpot,
Houston, TX) to stabilize the subject’s head and to
control the observation distance. To minimize tracking
eye movements, the subjects were instructed to
maintain fixation on a small cross (0.2588 3 0.2588) in
the center of the screen before the stimuli were
presented. All subjects signed an informed consent
before taking the experiment. Experimental procedures
were approved by the Universidad Complutense de
Madrid Ethics Committee.

Equipment

The stimuli were presented on a gamma-corrected
17-in. Eizo Flex Scan T565 monitor (Eizo Corp.,
Hakusan, Japan) under the control of a Mac Pro 3.7
GHz Quad Core Intel Xeon E5 (graphics card AMD
FirePro D300 2048 MB) running MATLAB (Math-
Works, Natick, MA) using the Psychophysics Toolbox
extensions (Brainard, 1997; Pelli, 1997; Kleiner, Brai-
nard, & Pelli, 2007; www.psychtoolbox.org). The
output was processed by a DataPixx Lite box (Vpixx
Technologies Inc., Montreal, Canada) that gave us a
minimum of 14 bits of gray-scale resolution. The
monitor was gamma corrected using a Minolta LS-100
photometer (Konica Minolta Optics, Inc., Osaka,
Japan) with routines programed in MATLAB to
automatize the calibration process. The screen had a
resolution of 8003 600 pixels (horizontal3 vertical), a

vertical frame rate of 148 Hz, and a mean luminance of
49.1 cd/m2.

Stimuli

All stimuli were created in MATLAB. The stimuli
images had 5123 512 pixels, were presented in the
center of the monitor in a square of 19.53 19.5 cm at a
distance set to 100 cm, and subtended a visual angle of
11.38 3 11.38. The display had a spatial resolution of
45.9 pixels/8. The stimuli used in all experiments were
Gabor patches (vertical gratings spatially windowed by
a 2D Gaussian function). The standard deviations of
the 2D spatial Gaussian window were rx ¼ ry ¼ 28 (see
Equation 1). Two types of stimuli were used: simple
drifting vertical Gabor patches comprised of only one
spatial frequency and complex vertical Gabor patches
resulting from the addition of the two simple Gabor
patches. The equation of the simple drifting Gabor
patch is described as follows:

L x; y; tð Þ ¼ L0

"

1þm tð Þ exp � x̂2

2r2x
� ŷ2

2r2y
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The equation of a complex moving stimulus is as
follows:

L x; y; tð Þ ¼ L0
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where x̂ ¼ x cos hð Þ þ y sin hð Þ and
ŷ ¼ �x sin hð Þ þ y cos hð Þ; x and y are the on-screen
positions; h is the orientation, in degrees (all stimuli had
a vertical orientation), h ¼ 08; L0 is the mean luminance
L0 ¼ 49:1 cd=m2
� �

; q1 and q2 are the spatial frequen-
cies in cycles per degree (c/8); /1 and /2 are the phases
of the Gabor patches, in radians (in all experiments the
phases of the spatial components were randomized); rx
and ry are the spatial standard deviations of the
Gaussian window, in degrees of visual angle (8); v is the
speed of the moving pattern, in degrees per second (8/s);
and m is the Michelson contrast as a function of time
given by

m tð Þ ¼ M3 exp �t2
�

2r2t
� �

n o

ð3Þ

where t is time, in milliseconds (ms); M is the peak
contrast, and rt is the temporal standard deviation.
Simple Gabor patches had a peak contrast of 0.275. On
the other hand, the final contrast of the complex Gabor
patches resulted from the addition of two simple
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Gabors of 0.275 contrast. In the Procedure section we

will describe the Bayesian staircase method that

controls the parameter rt in order to obtain the

duration thresholds (23rt0). Figure 1 shows examples

of the stimuli used in the experiments.

In Experiments 1 and 2, we tested five different

conditions: (a) Drifting Gabor patch of 1 c/8 (1m); (b)

Drifting Gabor patch of 3 c/8 (3m); (c) Complex

stimulus composed of two drifting Gabor patches of 1

and 3 c/8 (1mþ3m); (d) Complex stimulus composed of

two Gabor patches, 1 c/8 moving added to 3 c/8 static

(1mþ 3s); and (e) Complex stimulus composed of two

Gabor patches, 1 c/8 static added to 3 c/8 moving (1sþ
3m) (see Figure 1). In Experiment 3, we tested seven

conditions: (a) Drifting Gabor patch of 4 c/8 (4m); (b)

Drifting Gabor patch of 6 c/8 (6m); (c) Drifting Gabor

patch of 1.5 c/8 (1.5m); (d) Complex stimulus composed

of two Gabor patches, 1 c/8 static added to 4 c/8moving

(1sþ 4m); (e) Complex stimulus composed of two

Gabor patches, 1 c/8 static added to 6 c/8 moving (1sþ
6m); (f) Complex stimulus composed of two Gabor

patches, 0.5 c/8 static added to 1.5 c/8 moving (0.5sþ
1.5m); (g) Complex stimulus composed of two Gabor

patches, 2 c/8 static added to 6 c/8 moving (2sþ 6m).

Procedure

In Experiment 1 we measured duration thresholds;
that is, the minimum presentation time needed for a
subject to discriminate the correct direction of motion
of a stimulus, resulting in a performance of 82% correct
responses during a motion direction discrimination
task. Duration thresholds were defined as twice the
standard deviation of the Gaussian temporal function,
23rt0 (see Equation 3). To measure these thresholds,
we used adaptive Bayesian staircases (Treutwein, 1995)
in a forced-choice direction discrimination task. The
characteristics of the Bayesian staircases were as
follows: (a) The prior probability-density function was
uniform (Emerson, 1986) with a starting duration of
200 msec. (b) A logistic function was used as the model
likelihood function (adapted from Garcı́a-Pérez, 1998,
his appendix A), with a spread value of 1; a delta
parameter of 0.01; a lapse rate of 0.01; and a guess rate
of 0.5. (c) The temporal presentation of the stimuli was
determined by a Gaussian temporal window that
controlled the stimulus contrast as a function of its time
(see Equation 3). The value of the temporal standard
deviation (in logarithmic values) for each trial was
obtained from the mean of the posterior probability
distribution (Emerson, 1986; King-Smith, Grigsby,

Figure 1. Examples of space-time plots of the stimuli used in Experiments 1 and 2 are shown in the upper panels. In the lower panels

their corresponding Fourier spatiotemporal amplitude spectra are depicted. Quadrants 1 and 3 show the amplitude corresponding to

a rightward motion; while 2 and 4 show that of a leftward motion. The examples have a Michelson contrast of 0.4, are presented for a

duration of 50 ms (23rt), have a size of 23rxy (rxy¼ 28) and are all horizontally drifting rightwards. (A) Drifting simple stimulus of 1

c/8 spatial frequency (1m). (B) Drifting simple stimulus of 3 c/8 spatial frequency (3m). (C) Complex stimulus made by adding two

moving Gabor patches of 1 c/8 and 3 c/8 (1mþ 3m). (D) Complex stimulus made by adding a moving Gabor patch of 1 c/8 and a static

Gabor patch of 3 c/8 (1mþ 3s). (E) Complex stimulus made by adding a moving Gabor patch of 3 c/8 and a static Gabor patch of 1 c/8

(1s þ 3m). In all these examples, all moving components drift at a speed of 28/s.

Journal of Vision (2018) 18(13):17, 1–19 Luna & Serrano-Pedraza 4

114 



Vingrys, Benes, & Supowit, 1994). (d) The staircase
stopped after 40 trials (Madigan & Williams, 1987;
Anderson, 2003). (e) The final threshold was estimated
from the mean of the final probability-density function.
Three threshold estimations per condition were ob-
tained for each subject.

In Experiment 2, we measured the proportion of
correct responses (i.e., motion perceived in the direction
of the moving stimulus) in a forced-choice discrimina-
tion motion task. Proportions were calculated across 40
trials for each of the stimulus conditions and stimulus
durations. The stimulus presentation durations were 25
and 50 ms (23 rt, rt ¼ 12.5 and 25 ms).

In Experiment 3, we measured both duration
thresholds and proportion correct responses as in
Experiments 1 and 2.

Results

Experiment 1: Effect of speed on motion
direction discrimination of complex stimuli

The main objective of Experiment 1 is to determine
the effect of speed on the interaction between motion
sensors tuned to different spatial scales for different
types of complex stimuli. In this experiment and in
Experiment 2 we will be talking about speed (and not
temporal frequency) because we want to use this same
dimension used in previous research (Serrano-Pedraza
et al., 2007; Serrano-Pedraza et al., 2010; Serrano-
Pedraza et al., 2013) to compare conditions where only
one component is moving (e.g., 1m, 3m, 1sþ 3m, 1mþ
3s) or the two components of the complex stimulus are
moving (e.g., 1mþ 3m). For example, for the condition
1mþ 3m, the speed of both simple components, which is
the same, corresponds to different temporal frequencies
(e.g., a speed of 48/s corresponds to 4 Hz and 12 Hz for 1
c/8 and 3 c/8 respectively).

We therefore measured duration thresholds for six
subjects in a motion direction discrimination task using
simple and complex stimuli for five different drifting
speeds: 0.58/s, 18/s, 28/s, 48/s, and 88/s. Figure 2 shows
the duration thresholds (in log10 ms) as a function of
speed for the five stimulus conditions tested. The
condition with the lowest averaged thresholds for all
speeds was 3m (green squares), the next conditions with
similar duration thresholds were 1m (red dots) and 1m
þ 3m (blue triangles), then, with higher thresholds, we
had the condition 1m þ 3s (magenta triangles), and
finally, the condition with the highest thresholds was 1s
þ 3m (black upright triangles).

From the averaged results, we can conclude that in
all conditions but 1sþ3m, duration thresholds decrease
with increasing speed. That is, our ability to discrim-

inate motion direction improves with increasing speed.
Similar results have been found using high contrast
gratings (Lappin, Tadin, Nyquist, & Corn, 2009; see
their Figure 2B). However, in the condition where the
low spatial frequency is static, and the high spatial
frequency component is moving (1sþ3m; black upright
triangles), the averaged results show that duration
thresholds increase with increasing speed up to 28/s and
then decrease. This result, for this particular condition,
reveals that the speed (or the temporal frequency) of
the moving component modulates the strength of the
suggested inhibitory mechanism responsible for the
interaction between motion sensors tuned to coarse and
fine spatial scales in a band-pass fashion. Provided
these results, one might be tempted to suggest that the
interaction mechanism under study is either speed or
temporal frequency tuned. However, further verifica-
tions still need to be performed to clarify this point.
These will be addressed in Experiment 3. In any case,
taking a look at each subject, individual differences
regarding the 1s þ 3m compound stimulus can be
appreciated. Participants RLV, SAP, and ZPR do show
a band-pass function. However, ISP shows a low-pass
tuning function, DBW shows no tuning and GCM’s
results for this stimulus are ill defined.

To estimate the inhibitory strength of the interaction
between motion scales, we computed an inhibition index
using the logarithmic ratio of the duration thresholds for
complex to simple stimuli (log10(Dcomplex/Dsimple)). This
can also be obtained by subtracting the logarithmic values
of the duration thresholds, log10(Dcomplex)�log10(Dsimple);
where Dcomplex and Dsimple are the duration thresholds, in
ms, for the complex and the corresponding simple moving
stimuli respectively. This index had been used before to
estimate the strength of motion surround suppression
(Tadin et al., 2006).

Figure 3 shows the average logarithmic ratios of the
duration thresholds for complex to simple stimuli as a
function of the speed of the moving components.
Ratios larger than 0 indicate that the complex stimuli
have a higher duration threshold than the simple ones.
Figure 3A shows that for condition 1mþ 3s, its ratio to
1m is greater than 0 for speeds lower than 18/s.
Conversely, for speeds higher than 28/s there is no such
effect. However, for the condition 1s þ 3m, the ratios
increase with increasing speed up to 28/s, and then the
strength of the interaction becomes almost constant.
Thus, although duration thresholds (see Figure 2)
suggest a band pass tuning function for speed, ratios
show that the strength of the interaction increases with
increasing speed, reaching an asymptotic value at about
28/s. Figure 3B shows the logarithmic ratios of the
complex stimulus 1mþ3m to the simple stimuli 1m and
3m as a function of speed. The results indicate that
duration thresholds for both components moving
together are higher (for all speeds tested) than the
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thresholds for the simple stimulus 3m. On the other

hand, duration thresholds for both components moving

coherently at the same speed are lower than the

thresholds for the simple stimulus 1m (for the speed of

28/s and lower speeds). These results reveal that when

the task is to discriminate the motion direction of a

complex stimulus (1m þ 3m), the visual system

performs worse than when detecting only one of the

components of the complex stimulus (in this case, 3m).

Interestingly, duration thresholds for this complex

stimulus are similar to the thresholds for the low spatial

frequency component, in agreement with previous

Figure 2. Results from Experiment 1. Duration thresholds (in log10 ms) for simple (1 and 3 c/8) and complex stimuli (1mþ 3m; 1mþ
3s; 1sþ 3m) as a function of speed. The top panels show the individual data (mean 6 SEM). The bottom panel shows the average of

six subjects. Each symbol represents the mean 6 SEM. Note that the x-axis is represented on a logarithmic scale.
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results (Hayashi, Sugita, Nishida, & Kawano, 2010).
This suggests that subjects judge motion direction of a
complex stimulus composed of coarse and fine features
moving coherently at the same speed, using predomi-
nantly motion signals from the low spatial frequency
component.

Experiment 2: The effect of speed on motion
discrimination for short durations

In Experiment 1, the most interesting result was that,
for the stimulus condition 1sþ 3m, the averaged results
showed that duration thresholds were modulated by
speed (or temporal frequency) in a band-pass fashion,
with a maximum at about 28/s (6 Hz) (see Figure 2,
upright black triangles). Nevertheless, as already said,
no claims about a pure speed or a temporal frequency
tuning of the inhibitory mechanism (independent of
spatial frequency) can be made. Experiment 3 (will be
explained) was in fact performed to shed light on this
issue. Bear in mind, though, the individual differences
reported in the previous section, which did not show a
band-pass tuning function for every subject.

Previous results have shown strong perceptual
reversals for the condition 1s þ 3m at very short
presentation durations (19 and 68 ms) and for different
temporal frequencies (Derrington & Henning, 1987).
Those results reveal that perceptual reversals also
depend on the speed of the moving spectral compo-
nents, with the strongest effect happening at 8 Hz (2.68/

s), which is similar to the maximum we have found
using duration thresholds in Experiment 1. Neverthe-
less, Derrington and Henning (1987) only tested the
condition 1s þ 3m, so the effect of speed on motion
perception at short presentation times for other
complex stimuli composed of different combinations of
simple stimuli (1mþ 3s and 1mþ 3m) still has not been
explored. Therefore, In Experiment 2 we have extended
the results from Derrington and Henning (1987) by
measuring five stimulus conditions (the same ones
tested in Experiment 1). In doing that, we have
measured the proportion of correct responses in a
motion direction discrimination task for two short
stimulus presentation durations (23rt¼ 25 and 50 ms)
and five different drifting speeds (0.58/s, 18/s, 28/s, 48/s,
& 88/s). For each condition, presentation time, and
speed, we ran 40 trials.

Figure 4 sums up the performance of the observers in
Experiment 2. Figures 4AC and 4BD show the
performance for presentation times of 50 ms and 25 ms,
respectively. In all panels, symbols represent the
average proportion of correct responses (6 95% score
confidence interval) for simple and complex stimuli as a
function of the speed of the moving components.

As it can be seen from Figure 4C, the proportion of
correct responses for the simple stimuli (red dots and
green squares) decreases with decreasing speed, in
agreement with the results from Experiment 1, where
duration thresholds decreased with increasing speed
(the lower the proportion of correct responses, the
higher the duration thresholds). For speeds lower than

Figure 3. Strength of the inhibitory interaction obtained from the results of Experiment 1. (A) Logarithmic ratios of the complex

stimuli 1mþ 3s (red triangles) and 1sþ 3m (green triangles) to the simple stimuli 1m and 3m, respectively. (B) Logarithmic ratios of

the complex stimulus 1mþ 3m to the simple stimuli 1m (red triangles) and 3m (green triangles). Each symbol represents the mean 6

SEM for six subjects. Positive values mean that duration thresholds for the complex stimuli are higher than duration thresholds for

the simple stimuli.
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Figure 4. Results from Experiment 2 for four subjects. Each symbol represents the proportion of correct responses (mean 6 95%

score confidence interval) as a function of the speed of the moving stimuli (in the case of simple stimuli) or the moving spectral

component or components (in the case of complex stimuli). (A) Individual results for 50 ms presentation time. (B) Individual results

for 25 ms presentation time. (C) Average results for 50 ms presentation time (duration of the Gaussian temporal window, 23 rt,

where rt¼25 ms). (D) Average results for 25 ms presentation time (rt¼12.5 ms). Red dots, 1 c/8; green squares, 3 c/8; blue triangles,

1m þ 3m; magenta triangles, 1m þ 3s; and black triangles, 1sþ 3m. For each subject, the proportion of correct responses was

obtained from 40 trials per condition and speed.
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88/s, the proportion of correct responses for the low
spatial frequency stimulus (1m) is always lower than
that for the high spatial frequency stimulus (3m), again
in agreement with Experiment 1, where duration
thresholds for the simple stimulus, 3m, were lower than
those for 1m. For the complex stimuli, 1m þ 3m (blue
triangles) and 1mþ 3s (magenta triangles), the
proportion of correct responses also decreases with
decreasing speed in agreement with the results from
Experiment 1. Finally, the results for the condition 1sþ
3m show a U-shape pattern with stronger reversals
(perception of motion in the opposite direction) for
speeds between 28/s and 48/s (temporal frequencies
between 6 and 12 Hz). Once again, these results are in
agreement with the results from Experiment 1, where
performance was modulated by the speed (or temporal
frequency) of the high spatial frequency moving
component, and the highest duration threshold was
obtained for 28/s (i.e., 6 Hz), thus depicting a band-pass
shape.

Figure 4D shows a lower proportion of correct
responses for all stimulus conditions. Regarding the
condition 1s þ 3m, performance keeps stable at the
chance level for speeds of 0.58/s, 18/s, and 28/s, and then
decreases with increasing speed. It is now for speed 88/s
that performance is maximally impaired. Reversals can
in fact be appreciated for this speed, and to a lesser
extent, for the speed of 48/s.

Experiment 3: Testing whether the interaction is
speed or temporal frequency tuned

Results from Experiments 1 and 2 reveal that for the
condition 1sþ3m, the speed (or temporal frequency) of
the moving component modulates the strength of the
interaction. Given that we have tested only one spatial
frequency for the moving component (i.e., 3 c/8), we are
not in a position to make any assumptions on the band-
pass function evidenced in duration thresholds or in
proportion correct responses being speed tuned or
temporal frequency tuned. Therefore, we have per-
formed a third experiment testing four human subjects
in seven different stimulus conditions: three simple
stimuli, 1.5m c/8, 4m c/8, 6m c/8, and four complex
stimuli, 0.5sþ 1.5m c/8, 1sþ 4m c/8, 1sþ 6m c/8, and 2s
þ 6m c/8. The rationale behind this is that by having
more spatial frequency pairs than only 1s þ 3m, if a
band-pass tuning is still found that has its peak at a
given speed or temporal frequency (common for the
different pairs of complex stimuli with different spectral
components), then a specific tuning does exist. More-
over, by checking whether that peak is common to the
different stimuli either when representing the results
against speed or representing them against temporal
frequency, one should be able to specify the tuning

nature of the interaction mechanism, either speed or
temporal frequency tuned. Bear in mind that for
different spatial frequencies, the same drifting speed
corresponds to different temporal frequencies, so a
common tuning peak for temporal frequency (temporal
frequency tuning) is translated into different peaks for
speed (therefore, no speed tuning) and vice versa. To
put this idea into practice, we measured both duration
thresholds and proportion of correct responses for the
different stimulus conditions. In the case of the
proportion of correct responses, we used a stimulus
presentation duration of 50 ms, which is the presenta-
tion time for which a band-pass modulation was
evidenced in Experiment 2 (see Figure 4A and 4C). In
the present experiment, the speeds of the moving
components were calculated to have the same temporal
frequencies as in Experiment 1 (i.e., 1.5, 3, 6, 12, and 24
Hz).

In any case, it is worth saying that previous research
has shown that when the spatial frequency of the static
component is higher than 2 c/8 and the spatial
frequency of the moving component differs signifi-
cantly from the spatial frequency of the static
component, then the interaction is reduced (Derrington
& Henning, 1987). Thus, we expect a larger interaction
for the conditions 0.5sþ1.5m and 1sþ3m than for 1sþ
4m, 1s þ 6m, or 2s þ 6m.

Figures 5 and 6 show the results from Experiment 3
(we have split the results into two figures for clarity).
The results for the conditions 3m and 1s þ 3m,
represented in both figures, are taken from Experi-
ments 1 and 2. Figure 5 shows the results for simple
stimuli (3m, 4m, and 6m) and complex stimuli (1s þ
3m, 1sþ4m, 1sþ6m, and 2sþ6m). Figures 5A and 5B
show individual data for the proportion of correct
responses and duration thresholds, respectively. Fig-
ures 5B and 5C show the averaged results.

Figures 5A and 5C show that the results for the
simple stimuli (3m, 4m, and 6m) show similar patterns.
This is, the proportion of correct responses becomes
reduced for temporal frequencies lower than 3 Hz. On
the other hand, for the conditions 1s þ 4m (gray
triangles), 1s þ 6m (white up-triangles), and 2s þ 6m
(white down-triangles), although the effect of the
interaction is still very strong, results do not show a
clear band-pass tuning for temporal frequency. Only
condition 1sþ 4m shows a slight band-pass tuning with
a small trough in the proportion of correct responses at
12 Hz. Thus, from these conditions still we cannot
conclude whether the interaction between scales is
speed or temporal frequency tuned.

Figures 5B and 5D show duration thresholds (in log10
ms) as a function of temporal frequency. Results for
simple stimuli show, once more, similar patterns: duration
thresholds are very alike, and they become reduced with
increasing temporal frequency. In the case of the complex
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Figure 5. Results from Experiment 3. (A) Individual data. Proportion of correct responses as a function of the temporal frequency of

the moving component. Each symbol represents the proportion of correct responses (mean 6 95% score confidence interval) as a

function of the temporal frequency of the moving component for simple (4m and 6m c/8) and complex stimuli (1sþ4m; 1sþ6m; and

2sþ 6m c/8). For each subject, the proportion of correct responses was obtained from 40 trials per stimulus condition and speed. (B)

Individual data. Duration thresholds (in log10 ms) as a function of temporal frequency. (C) Averaged data from the panels presented in

(A) (N¼ 4 subjects) and from Figure 4C (N¼ 4 subjects). Each symbol represents the proportion of correct responses (mean 6 95%

score confidence interval) as a function of the temporal frequency of the moving component for simple (3m, 4m, and 6m c/8) and

complex stimuli (1sþ3m; 1sþ4m; 1sþ6m; and 2sþ6m c/8). (D) Averaged data from the panels presented in (B) (N¼4 subjects) and

from Figure 2 (N¼ 6 subjects). Each symbol represents the mean 6 SEM of four subjects. (E) Strength of the inhibitory interaction

(log ratio of complex to simple stimuli) obtained from the results of Experiment 1 (black triangles) and Experiment 3 (gray triangles,

white up-triangles, and white down-triangles).
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stimuli, we have found, as expected, that the interaction is

stronger (i.e., higher duration thresholds) for 1sþ 3m

than for the other two conditions. Additionally, the

condition 1sþ 4m shows a stronger interaction than 1sþ

6m or 2sþ 6m. Moreover, the shape of the data shows

that the tuning curve is evident in conditions 1sþ 3m and

in 1sþ 4m, and disappears for 1sþ 6m and 2sþ 6m.

Furthermore, in both conditions (1sþ3m and in 1sþ4m)

Figure 6. Results from Experiment 3. (A) Individual data. Proportion of correct responses as a function of the temporal frequency of

the moving component. Each symbol represents the proportion of correct responses (mean 6 95% score confidence interval) as a

function of the temporal frequency of the moving component for simple (1.5m) and complex stimuli (0.5s þ 1.5m c/8). For each

subject, the proportion of correct responses was obtained from 40 trials per condition and speed. (B) Individual data. Duration

thresholds (in log10 ms) as a function of temporal frequency. (C) Averaged data from the panels in (A) (N¼4 subjects) and from Figure

4C (N ¼ 4 subjects). Each symbol represents the proportion of correct responses (mean 6 95% score confidence interval) as a

function of the temporal frequency of the moving component for simple (1.5m and 3m c/8) and complex stimuli (1sþ 3m and 0.5sþ
1.5m c/8). (D) Averaged data from the panels in (B) (N¼ 4 subjects) and from Figure 2 (N¼ 6 subjects). Each symbol represents the

mean 6 SEM of four subjects. (E) Strength of the inhibitory interaction (log ratio of complex to simple stimuli) obtained from the

results of Experiment 1 (black triangles) and Experiment 3 (white up-triangles).

Journal of Vision (2018) 18(13):17, 1–19 Luna & Serrano-Pedraza 11

121 



the maximum duration threshold appears at 6 Hz. Thus,
these results suggest that the interaction between coarse
and fine scales is tuned to temporal frequency, but only
for a particular combination of spatial frequencies.

Figure 5E shows the log ratios of the duration
thresholds for the complex stimuli to the simple stimuli.
Results show that the strength of the interaction is
reduced when the spatial frequency of the moving
component increases. The four conditions show a
similar pattern: the strength increases up to 6 Hz and
then keeps constant. Thus, the ratios do not show
selectivity for temporal frequency.

Figure 6 shows the results for the conditions 1.5m
and 0.5sþ 1.5m. We have added the conditions 3m and
1s þ 3m for comparison. Figures 6A and 6B show the
individual data whereas Figures 6C and 6D show the
averaged data.

Figures 6A and 6C show that the proportion of
correct responses for the simple stimulus (1.5m)
become reduced with decreasing temporal frequency.
For the complex stimulus (0.5sþ 1.5m), the proportion
of correct responses shows a clear band-pass tuning for
temporal frequency with a minimum at 12 Hz both for
the individual and the averaged results. Only subject
PGG shows a minimum between 6 and 12 Hz.

Figures 6B and 6D show that duration thresholds for
the simple stimulus (1.5m) become reduced with
increasing temporal frequency (same pattern as that
found for 3m, 4m and 6m). For the complex stimulus
(0.5sþ 1.5m), duration thresholds show a peak at 6Hz
for everyone but RLV, whose peak appears at a
temporal frequency of 3Hz. Finally, the averaged data
for duration thresholds suggests a temporal frequency
band-pass tuning function with a peak at 6Hz.

Figure 6E shows the log ratios of the duration
threshold for the complex stimulus (0.5sþ 1.5m) to the
simple stimulus (1.5m). Again, ratios increase up to 6
Hz and then keep constant.

Model simulations

Serrano-Pedraza et al. (2007) proposed a simple
model to explain the perceptual reversals of briefly
presented visual complex stimuli composed of a static
low spatial frequency component and a moving high
spatial frequency component (i.e., 1s þ 3m). Here we
wanted to test whether this same basic model could
reproduce some of the results presented in Experiment
2. Our basic motion analyzer uses the computational
approach from the Adelson & Bergen (1985) motion
energy detector and the filter parameters from the
Watson and Ahumada (1985) linear motion sensor.
The model implemented here has two differences with
respect to Serrano-Pedraza et al.’s model (see a full
description in Appendix A). First, we are not using

spatial sensors for many different positions and
orientations (we are only using vertical sensors centered
on the stimulus position), and second, we have
implemented the temporal impulse response suggested
by Watson & Ahumada, (1985) with parameters that fit
the results from Robson (1966). Basically, the model
contains two spatial sensors of spatial frequencies 1 and
3 c/deg. Each spatial sensor computes the inner product
with the stimulus (multiplying the sensor by the
stimulus across time) and then the inner product is
convolved with the temporal impulse response. Next,
we calculate the oriented energy integrating across
time, following Adelson and Bergen (1985; see their
Figure 18b). Later, the response of the high frequency
sensor is subtracted from the response of the low
frequency sensor (and vice versa) for the same direction
of motion (right or left). Responses are then half-wave
rectified and, finally, the definitive response of the
model is taken from the spatial frequency channel that
has the highest difference between the right and left
responses. The highest difference is then converted to a
direction index, which is translated into a performance
score using a sigmoidal response function to obtain the
probability of correct responses.

We run the simulations using the same stimulus
conditions and presentation durations used in Exper-
iment 2. Figure 7A and 7B show the simulation results
for two presentation times, 50 and 25 ms, respectively.
Figure 7A reproduces the main findings from Exper-
iment 2 (see Figure 4A). It shows that for the simple
stimuli (1m and 3m) and for two of the complex stimuli
(1m þ 3m and 1m þ 3s), the proportion of correct
responses decreases with decreasing speed. The model
also predicts a worse performance for the condition 1m
þ 3m (blue triangles) than for the simple stimuli. This
last prediction is not in agreement with the averaged
data, although one subject, DBW (Figure 4A), shows
results that are similar to the model predictions. In fact,
in Serrano-Pedraza et al. (2007), three participants (two
authors and one unexperienced observer) showed
strong impairments for the condition 1m þ 3m, using
anisotropic noise. These results suggest that the
interaction in the condition 1mþ 3m is not present in
all subjects. For the condition 1sþ3m (black triangles),
the model predicts a U-shape similar to the one found
in humans’ results, with a minimum between 28/s and
48/s (6 and 12 Hz). However, the model predicts a lower
proportion of correct responses than those found in the
empirical results. Nevertheless, it is important to note
that the model has not been fitted to the data, so we are
more interested in the shape of the predictions than in
the particular values predicted by the model.

Figure 7B shows a reduction in the proportion of
correct responses which is in agreement with the results
presented in Figure 4B. Conversely, for the condition
1s þ 3m (black triangles), the prediction does not
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reproduce our empirical results. Although the propor-
tions of correct responses for this stimulus are higher
than those of the prediction for 50 ms, the U-shape is
still preserved, but is not present in the empirical
results.

Finally, the model also predicts very similar results
when using a different temporal impulse response
(Adelson & Bergen, 1985) (results not shown).

Limitations of the model

The model proposed is too simple to be completely
realistic, but it serves to demonstrate that the subtrac-
tion of sensor responses reproduces some of the basic
failures and reversals evidenced in motion perception.
However, as seen in Figure 7B, the model fails to
reproduce the results for the condition 1sþ 3m at very
short durations (25 ms). It should also be noted that we
also tried to replicate the results presented in Figure 2
by changing the presentation durations in the model
until we got a probability of correct responses of 0.82
(the same used in the Bayesian staircases). However, in
the condition 1sþ 3m, for the speed of 0.58/s, the model
predicted a worse performance as we increased the
presentation time. Also, for the speed of 88/s, the
model’s prediction never went higher than a probability
of 0.5. Therefore, the model in its current state cannot
account for the results of duration thresholds. The
same model, but changing different parameters such as
the spatial frequency of the sensors, their gains, the

temporal impulse response functions, etc. could ac-
count for some of the results obtained from Experiment
3, in particular, the ones about the proportion of
correct responses. Future work will focus on improving
the current model to predict the results from duration
thresholds and for different combinations of spatial
frequencies for the static and moving components.

Discussion

Motion direction discrimination of a fine scale
pattern is impaired when a static coarse scale pattern is
added to it (Derrington & Henning, 1987). Previous
studies have tried to characterize this phenomenon by
manipulating different stimulus characteristics like the
presentation time, the size, the relative contrast, the
spatial frequency, etc. (Derrington & Henning, 1987;
Henning & Derrington, 1988; Derrington et al., 1993;
Serrano-Pedraza et al., 2007). All the results obtained
suggest that an inhibitory interaction between motion
sensors tuned to different fine and coarse scales
underlies this phenomenon. Finally, a simple model
implementing this idea has successfully explained some
of the results (Serrano-Pedraza et al., 2007).

Here, we have performed three experiments to test
the effect of speed (or temporal frequency) on motion
direction discrimination for different types of complex
stimuli, and we have also tested a basic motion model
to explain some of the results obtained.

Figure 7. Model simulations for the results from Experiment 2. Each symbol represents the proportion of correct responses as a

function of the speed of the moving stimulus (in the case of simple stimuli) or the moving spectral component (in the case of complex

stimuli). (A) Results for 50 ms presentation time (duration of the Gaussian temporal window, 23rt, where rt¼25 ms). (B) Results for

25 ms presentation time (rt ¼ 12.5 ms). Red dots, 1 c/8; green squares, 3 c/8; blue triangles, 1mþ 3m; magenta triangles, 1mþ 3s;

and black triangles, 1s þ 3m.
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In Experiment 1, for the first time, we have measured
duration thresholds for two simple and three complex
stimuli as a function of the speed of the moving
components. Our results show that for all conditions
but 1s þ 3m (1 c/8 static added to a moving 3 c/8),
duration thresholds decrease with increasing speed (see
Figure 2), not showing any speed (or temporal
frequency) band-pass tuning. A similar result was
previously found by Lappin et al. (2009) using gratings
with high contrasts. This result is not very surprising
given that duration thresholds are the minimum time
needed to detect the correct direction of motion, so
when the stimulus moves slowly, more time is needed to
correctly discriminate its direction. However, the
averaged results for all subjects when a static pattern
was added to a moving pattern (1sþ 3m) show that
duration thresholds increase with increasing speed up
to 28/s (6 Hz) and then decrease, showing a band-pass
shape (see our Figure 2). It is important to notice that
duration thresholds for 3c/8 do not show any band-pass
tuning for speed or temporal frequency. Therefore,
speed seems to modulate the strength of the afore-
mentioned inhibitory interaction, which in principle
could suggest that the hypothetical interaction between
motion sensors is speed tuned. However, given that we
have only tested one single spatial frequency for the
moving component (i.e., 1s þ 3m), we cannot confirm
with this experiment that the interaction is purely speed
tuned. Temporal frequency tuning must be taken into
consideration too (such consideration will be addressed
later). In any case, one must consider the individual
differences evidenced, which only show a band-pass
tuning for three out of six subjects. Therefore, caution
should be taken when generalizing these results: a
band-pass tuning function might be evidenced for some
subjects, but not for all of them; be it because the
stimulus choice is not optimal for them to have such
tuning or because no band-pass tuning actually exists
for them. In a further analysis, we have calculated the
logarithmic ratio of the duration thresholds of the
complex stimulus (1sþ 3m) to the simple stimulus (3m)
in order to measure the strength of the interaction.
Results show that the strength of the interaction
increases with speed up to 28/s (6 Hz) and then
stabilizes (see Figure 3A). Therefore, the band-pass
shape is only present when representing duration
thresholds, and not logarithmic ratios, as a function of
speed (or temporal frequency). Regarding the case
when a static fine-scale pattern was added to a moving
coarse-scale pattern (1m þ 3s), previous results from
Serrano-Pedraza et al. (2013) showed that a facilitation
effect occurred at high contrasts when a 1 c/8 pattern
moving at a speed of 28/s was added to a 3c/8 static
pattern. However, at low contrasts, duration thresholds
were similar to the case when the moving pattern was

presented alone. This, in fact, is reflected in the results
from Experiment 1.

There is another relevant result that concerns the
complex stimulus where both coarse and fine scales
move together coherently at the same speed (1mþ 3m).
Performance for this stimulus is generally impaired
with respect to the high spatial frequency stimulus (3m)
at least for the slowest speeds tested. It is surprising
that although this complex stimulus contains informa-
tion from fine scales, for which our human visual
system performs better in motion direction discrimi-
nation, it does not seem to take advantage of that
information. In fact, performance for the complex
stimulus generally resembles that for the simple low
spatial frequency stimulus (1m), in agreement with
previous results (Hayashi et al., 2010).

In Experiment 2, we have measured the proportion
of correct responses for the same five stimulus
conditions tested in Experiment 1, two presentation
times (25 and 50 ms) and five different speeds. For all
conditions except 1s þ 3m and for both presentation
times, the proportion of correct responses increases
with increasing speed, in agreement with the results of
Experiment 1. Also, performance is generally enhanced
when the stimulus presentation time is increased from
25 to 50 ms. This can be easily explained through the
spatiotemporal spectrum of the stimuli: shorter pre-
sentation times introduce more energy in the opposite
direction of motion, making the task harder (see Figure
1A). However, for the condition 1sþ 3m, presented for
50 ms (Figure 4A), our results show that the proportion
of correct responses as a function of speed (or temporal
frequency) depicts a U-shape, and for speeds of 28/s
and 48/s (6 Hz and 12 Hz), it is below the chance level
(perception of motion is reversed). The aforesaid U-
shape disappears at very short durations (25 ms), where
the proportion of correct responses for 0.58/s, 18/s, and
28/s lies at the chance level. More experiments changing
the contrast and increasing the size of the stimuli would
clarify whether the tuning is still present at very short
durations. Derrington and Henning (1987) measured
the proportion of correct responses only for the
condition 1s þ 3m for different temporal frequencies
and two durations of 18 and 68 ms. The results they
obtained showed strong perceptual reversals, with the
stronger effect happening at 8 Hz (2.68/s). Their data
suggests that speed modulates the strength of the
interaction, but given the strength of the reversals, it is
hard to conclude from their results that the interaction
between scales is tuned to a particular temporal
frequency or speed. Finally, the stronger interactions
found by Derrington and Henning (1987) are probably
related to the larger size of the stimuli they used, 7.58 3
6.258. Bear in mind that in our study we have used 48
(i.e. 2rxy), and in a previous study, we showed that
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perceptual reversals increased with increasing stimulus
size (Serrano-Pedraza & Derrington, 2010).

In Experiment 3, we have measured duration
thresholds and proportion of correct responses for
different combinations of spatial frequencies (1sþ 4m,
1sþ 6m, 0.5sþ 1.5m, and 2sþ 6m c/8). Our aim was to
confirm whether the band-pass tuning function found
for the condition 1s þ 3m in Experiments 1 and 2 was
speed or temporal frequency tuned by checking
whether a band-pass tuning function still appeared with
a common peak either for speed (evidence for a speed
tuned mechanism) or for temporal frequency (temporal
frequency tuned mechanism). A common tuning peak
for temporal frequency would mean different peaks for
speed and vice versa. Our results showing the
proportion of correct responses are not conclusive for
1sþ 6m and 2sþ 6m. However, for the condition 1sþ
4m, we have found a slight tuning around 12 Hz, and
for 0.5sþ 1.5m, we found a clear band-pass tuning with
a minimum at 12 Hz (see Figure 6C) (remember the
similar temporal frequency tuning for 1s þ 3m when
measuring the proportion of correct responses, around
6 Hz and 12 Hz). For duration thresholds we haven’t
found a band-pass tuning for conditions 1sþ6m and 2s
þ 6m. However, we have found a clear band-pass
tuning function for 1sþ4m and 0.5sþ1.5m with a peak
at 6 Hz, which is the same we have found for 1s þ 3m
(see Figure 5C and 6C). These results suggest that the
interaction between coarse and fine scales is temporal
frequency tuned and is restricted to a particular
combination of spatial frequencies. In addition, one
may appreciate some gradation in the tuning strength
when comparing the tuning peaks for the conditions 1s
þ3m, 1sþ4m, and 1sþ6m (from strongest to weakest).
This suggests some spatial frequency limit for the
inhibitory mechanism for which the band-pass tuning
starts to vanish. Our results indeed suggest that the
combinations 1sþ 3m and 0.5sþ 1.5m, which produce
the strongest interaction, are optimal in order to show
the band-pass tuning. On the contrary, 1s þ 4m is
somewhat intermediate at showing the aforesaid
tuning, whereas 1sþ 6m and 2sþ 6m tell us about the
aforementioned limits for the inhibitory mechanism.
Taking all these results together we can confirm that
the mechanism underlying the interaction between
scales is more complex than it was previously thought.
Therefore, more research is needed to understand the
properties of this inhibitory mechanism.

In summary, the results reported in the present study
are novel in that Experiments 1, 2, and 3 show that the
interaction between motion sensors evidenced in
previous studies is temporal frequency dependent. The
temporal frequency tuning of the interaction mecha-
nism becomes obvious when a static coarse scale
pattern is added to a moving fine scale pattern (for a
particular combination of static and moving spatial

frequencies). In this case, one can see that the tuning
function has a band-pass nature, having its peak at a
temporal frequency of 6 Hz when duration thresholds
are measured. On the other hand, the interaction is
stronger (larger number of reversals) at temporal
frequencies between 6 Hz and 12 Hz when measuring
the proportion of correct responses with a presentation
time of 50 ms.

As a final check, we have simulated the results from
Experiment 2 using a simple model of motion sensing
(Serrano-Pedraza et al., 2007). The model contains two
stages: in the first stage the model computes the
oriented energy (Adelson & Bergen, 1985) using spatial
sensors tuned to high and low spatial frequencies. In
the second stage, the model computes an interaction
between the outputs of the motion sensors tuned to
different scales. This simple model reproduces most of
the results from Experiment 2; in particular, the data
obtained for stimulus presentation duration of 50 ms.
The model predicts that for the condition 1sþ 3m, the
proportion of correct responses as a function of speed
depicts a U-shape with the maximum number of
reversals (minimum proportion of correct responses)
happening between 28/s and 48/s. According to the
model, changes in the speed (or temporal frequency) of
the moving spectral components produce an imbalance
between the energies of the motion sensors that is
responsible for the evidenced temporal frequency
tuning. The maximum interaction takes place at a
temporal frequency of about 9 Hz, which is approxi-
mately where the temporal sensitivity function used in
the simulations has its maximum. Consequently, the
shape of the temporal frequency tuning curve of the
interaction seems to be related to the shape of the
temporal sensitivity function. Nevertheless, and as
already said, individual differences do exist. In this
sense, different parameters concerning the spatial and
temporal impulse response functions can be adjusted in
such a way that diverse individual responses could be
reproduced. Perhaps no unitary model is valid for the
present case, but anyhow, our model does reproduce a
band-pass tuning function when certain conditions are
met. Of course, not all subjects may meet these
conditions, this being the reason why not all of them
show a tuning. On the other hand, we are aware that
the model we have used is too simple to be realistic, but
given that it reproduces most of the psychophysical
results presented in this study, the subtraction between
the outputs of motion sensors tuned to fine and coarse
scales seems to be a feasible underlying mechanism for
the observed phenomenon. It is interesting to note that
there are other nonlinear models that, without imple-
menting any particular interaction between motion
sensors, could explain part of the results obtained with
complex stimuli (Hayashi, Watanabe, Yokoyama, &
Nishida, 2017). With regard to our proposed mecha-
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nism, there is other evidence that supports its existence.
For example, the interaction between motion sensors
could explain reversals in the perceived direction of
motion of second-order modulations (Cropper, Kvan-
sakul, & Johnston, 2009) and the asymmetric shape of
the motion after-effect tuning functions (Ledgeway &
Hutchinson, 2009). On the other hand, it could also
explain why judgments on motion direction are based
on motion signals from low spatial frequencies rather
than high spatial frequencies (Hayashi et al., 2010).

Lastly, little is known about the ecological function
of the reported antagonism between motion sensors.
One may speculate that it could facilitate some aspects
of image interpretation, like the detection of object
rotations, where there exist differential motions be-
tween fine-scale features of the surface texture and
coarse-scale features of the object body (Serrano-
Pedraza et al., 2007). Likewise, the interaction mech-
anism could help signaling differences between figure
and background when a high spatial frequency object
(eye-fixated) moves over a low spatial frequency static
background and vice-versa, as would be the case of
motion parallax.

Keywords: motion perception, speed, temporal
frequency, interaction between fine and coarse scales,
motion sensors, inhibition
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Appendix A

Model

The model used in the simulations is based on the
energy model described by Adelson and Bergen (1985,
their figure 18b) and includes a stage that combines the
outputs of the motion sensors tuned to low and high
spatial frequencies. The model contains spatial
weighting functions and temporal impulse response
functions; the spatial weighting function was a 2D
Gabor function (Watson & Ahumada, 1985):

f x; yð Þ ¼ c q0ð Þ3 exp � x̂2

2r2x
� ŷ2

2r2y

( )

3 cos 2pq0x̂þ /ð Þ;
where
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x̂ ¼ x� x0ð Þ cos h0ð Þ þ y� y0ð Þ sin h0ð Þ and
ŷ ¼ � x� x0ð Þ sin h0ð Þ þ y� y0ð Þ cos h0ð Þ:

The spreads of the Gaussian function rxand ry were
obtained using the following equations:

rx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

logð2Þ
p

ð1þ 2BÞ
q0

ffiffiffi

2
p

pð2B � 1Þ

ry ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

logð2Þ
p

q0
ffiffiffi

2
p

p tanða0=2Þ
where B ¼ 1 octave (bandwidth in spatial frequency,
full width at half-height), a ¼ 308 was the orientation
bandwidth of the sensors in degrees (full width at half-
height), and the spatial frequencies of the sensors were
q0 2 1; 3f g c/8. The function c was the gain of the
sensor, where c(1 c/8) ¼ 0.2 and c(3 c/8) ¼ 1. The
orientation of the sensors was h0 ¼ 08 (vertical). All
simulations were completed with the sensors located at
the position 0 degrees (x0 ¼ 0, y0 ¼ 0). For each spatial
frequency (1 or 3 c/8), the model used a quadrature pair
of spatial sensors f1 and f2 (Adelson & Bergen, 1985;
Watson & Ahumada, 1985; van Santen & Sperling,
1985). For the sensor f1ðx; yÞ, the phase was / ¼ 0 rad
and for f2ðx; yÞ, the phase was / ¼ p=2 rad.

For the temporal impulse response functions h1 tð Þ,
and h2 tð Þ, we used the equation from Watson and
Ahumada, (1985, their equations 12 and 13):

h2 tð Þ ¼ n h21 tð Þ � fh22 tð Þ½ �;

h2i tð Þ ¼ u tð Þ3 t=sið Þni�1
e�t=si

si ni � 1ð Þ!

" #

;

where u tð Þ, is the unit step function. The parameters
used in the simulations were: n ¼ 214, f ¼ 0:9,
s1 ¼ 6:22, s2 ¼8.27, n1 ¼ 9, n2 ¼ 10. These are the
parameters that fit the temporal contrast sensitivity
function (obtained from the temporal impulse response
function) to the data of Robson (1966) for the spatial
frequency of 0.5 c/8 (Watson, 1986). The fastest
function, h1 tð Þ, was the quadrature pair of h2ðtÞ,
calculated in the frequency domain using the Hilbert
transform of h2 tð Þ, (Watson & Ahumada, 1985).

In the first stage, the model calculated the responses
of the motion sensors to the stimuli. The response of a
motion sensor was calculated from the inner product of
the stimulus with the spatial weighting function of the
sensor, and the convolution of the inner product with
the temporal impulse response function:

AðtÞ ¼ h1ðtÞ �
Z

‘

�‘

Z

‘

�‘

Iðx; y; tÞ3 f1ðx; yÞ dx dy

A0ðtÞ ¼ h2ðtÞ �
Z

‘

�‘

Z

‘

�‘

Iðx; y; tÞ3 f1ðx; yÞ dx dy

BðtÞ ¼ h1ðtÞ �
Z

‘

�‘

Z

‘

�‘

Iðx; y; tÞ3 f2ðx; yÞ dx dy

B0ðtÞ ¼ h2ðtÞ �
Z

‘

�‘

Z

‘

�‘

Iðx; y; tÞ3 f2ðx; yÞ dx dy

Following Adelson and Bergen (1985; see their Figure
18b) we calculated the oriented energy by integrating
across time:

L ¼
Z

AðtÞ � B0ðtÞð Þ2þ A0ðtÞ þ BðtÞð Þ2 dt

R ¼
Z

AðtÞ þ B0ðtÞð Þ2þ A0ðtÞ � BðtÞð Þ2 dt

For both motion sensors tuned to low (LF) and high (HF)
spatial frequencies, we calculated the oriented energy:LLF,
RLF, LHF, and RHF. In the second stage, we implemented
the interaction between the outputs of the sensors tuned to
different spatial frequencies. The interaction consisted of a
subtraction and half-wave rectification between sensors
with low and high spatial frequency:

LLF ¼ bLLF � LHFc;RLF ¼ bRLF � RHFc;

LHF ¼ bLHF � LLFc;RHF ¼ bRHF � RLFc:
After the substraction, the psychophysical response was
calculated using the sensor, LF or HF, that had the
greatest difference between left and right oriented energy:

maxð LLF � RLFj j LHF � RHFj jÞ:
Next, the direction index (DI) was calculated using the
following function

DI ¼ R� L

Rþ L
; �1 � DI � 1:

Finally, theDI was transformed into proportion of correct
responses using a normal cumulative distribution func-

tion: P RjRð Þ ¼ 0:53 1þ erf DI= 0:5
ffiffiffi

2
p� �� �� 	

, where

erf xð Þ ¼ 2
ffiffi

p
p

R

x

0

exp �t2
� 	

dt.

The stimuli used in the simulations were the same
ones used in the experiments. However, for the
simulations, the stimuli always moved rightwards. We
also used different combinations of spatial phases (0,
p=2, p, and 3p=2rad) for the simple and the complex
stimuli, and we calculated the average of the model
predictions for each stimulus.
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Corrected June 7, 2019: In four equations in Appendix 

A, shown below as originally published, the initial 3
has now been changed to an asterisk.
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3.3. EMPIRICAL STUDY III: IDENTIFICATION OF SPATIAL FREQUENCY 

SELECTIVE MOTION SENSING MECHANISMS THROUGH AN 

INDIVIDUAL DIFFERENCES APPROACH 

This study corresponds to an already published scientific paper: 

Luna, R., & Serrano-Pedraza, I. (2020). Evidence for different spatiotemporal 
mechanisms using duration thresholds: An individual differences approach. Vision

Research, 175, 58–74. doi:10.1016/j.visres.2020.07.002 

PREFACE 

The interaction between motion sensors tuned to coarse and fine scales has 

already been functionally characterized as a function of contrast, spatial frequency and 

temporal frequency. In addition, this characterization has been done, too, for different 

compound stimulus types (i.e. LSFm+HSFm, LSFm+HSFs, LSFs+HSFm; see “3.1. 

Empirical Study I” and “3.2. Empirical Study II”). In this regard, performance in motion 

direction discrimination has been measured for compound drifting stimuli and their 

simple integrating components. 

The present study, though, will only be using simple drifting stimuli to fulfil the third 

objective of this thesis (see “2.3. Objective 3: Identification of spatial frequency 

selective motion sensing mechanisms through an individual differences approach”, in 

the “2. Objectives” section). That is, stimuli which are not capable of activating low and 

high spatial frequency tuned motion sensors at the same time. Thus, no interaction 

effects are produced by these stimuli.  

Importantly, an individual differences approach will be used throughout this study to 

study motion perception using, for the first time, suprathreshold contrasts. A structure of 

spatial frequency selective sets of underlying mechanisms will be meant to be unravelled. 

Further, this study will also examine whether motion surround suppression has any 

influence on the resulting structure of spatial frequency selective motion sensing 
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mechanisms.  Finally, it will also be tested, through different drifting temporal frequency 

conditions, whether any structure of mechanisms found is invariant or not across them. 

As will be seen, a motion sensing structure is revealed informing about a discrete set 

of spatial frequency selective mechanisms sensitive towards low, intermediate and 

high spatial frequencies. The possibility is risen that the revealed motion sensing 

structure could be influenced by the strength of motion surround suppression, 

although no conclusive results are obtained in this regard. On the other hand, no 

evidence is found favourable for differences in the organization of the mechanisms 

influenced by temporal frequency. 

In the “Additional lines” section at the end of this study, we wonder whether the neural 

substrate that makes the interactions possible is possibly linked to the reported structure 

of mechanisms. In short, the unravelled organization of mechanisms selective to low, 

intermediate and high spatial frequencies could represent a correlate of the neural 

substrate through which differently tuned motion sensors inhibit one another. 

Interestingly, the inhibitory interactions between motion sensors investigated in this 

thesis generally become manifested when spatial frequency components coming from 

different spatial frequency mechanisms are integrated into a compound stimulus. Thus, 

the inhibitory mechanism studied in this thesis could be making use of the reported 

motion sensing organization to exert its action.  

However, the results obtained from this study should simply be taken as a starting point 

for future individual differences research to uncover the interaction phenomenon. At no 

point will this study provide any empirical evidence causally proving the link between 

the mechanisms found and the interaction between motion sensors. But hopefully, it 

will tell us whether it is worth or not to continue any research exploring individual 

differences on this issue. 
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A B S T R A C T

The study of motion perception through classical psychophysical methods has suggested that independent

spatiotemporal filters acting over specific locations in retinal images carry out early motion processing. On the

other hand, individual differences approaches have been able to identify a structure of spatiotemporal filters too.

In this same fashion—through an individual differences approach—the present study aims to uncover a structure

of spatiotemporal frequency selective motion mechanisms. This is done, for the first time, using supra-threshold

contrast stimuli in a motion direction discrimination task. Two experiments were performed measuring duration

thresholds for drifting 2D Gabor gratings of 0.25, 0.5, 0.75, 1, 1.5, 2, 3 and 6 c/deg. They moved with a speed of

2 deg/sec, with Michelson contrasts of 0.1 or 0.9 (Experiment 1) or had a contrast of 0.9 drifting with a temporal

frequency of 2 Hz or 8 Hz (Experiment 2). Principal component analyses uncover three factors in each of four

conditions. When Varimax-rotated, these are seen to be selective to spatial frequencies lower than 0.5 c/deg,

intermediate ones from 0.5 to 1–1.5 c/deg, and frequencies greater than 1–1.5 c/deg. Direct Oblimin rotations

indicate that factors are moderately correlated. Further analyses show very slight differences in the correlational

structures between contrast conditions (0.1 vs. 0.9), and no differences between temporal frequency conditions

(2 Hz vs. 8 Hz). To conclude, the idea of a three-factor structure in motion processing for low, intermediate, and

high spatial frequencies is supported.

1. Introduction

Early motion processing can be described through the operation of

spatially localized motion sensors working in parallel which are spatial

and temporal frequency tuned (Levinson & Sekuler, 1975; Adelson &

Movshon, 1982; Anderson & Burr, 1987, 1989, 1991; Anderson, Burr, &

Morrone, 1991; Cameron, Baker, & Boulton, 1992). Hence, the rich

gamut of spatiotemporal frequencies present in a natural moving sti-

mulus is processed by separate sensors that filter the spatiotemporal

motion energy lying in their processing range. Computational models

which implement this sensor structure have, indeed, been capable of

explaining different perceptual phenomena reported in the past litera-

ture, like apparent motion, the missing-fundamental illusion, reverse

Phi, etc. (Adelson & Bergen, 1985; Watson & Ahumada, 1985; van

Santen & Sperling, 1985). Classical experiments demonstrating the

existence of the aforesaid spatiotemporal frequency and orientation

tuned motion sensors have used diverse paradigms. For instance,

Anderson, Burr, and Morrone (1991) used a masking paradigm through

which they manipulated the orientation and spatial frequency of given

masks. This way, they tested their effects on the detection of the di-

rection of motion of test drifting gratings, being then able to infer

fundamental properties of motion sensing (i.e. a quantification of the

orientation and spatial frequency tuning of motion-dependent me-

chanisms by observing how different the detection of test drifting

gratings of different spatial frequencies became affected by the masks).

Recently, another approach —the individual differences approach—

has gained popularity in psychophysical studies. Rather than treating

individual differences in psychophysical data as mere noise (as has

traditionally been done), the individual differences approach puts its

focus on them. The rationale behind this method lies in the fact that

individual differences in psychophysical data often arise systematically

as a result of a true subject variability regarding optical, neural, and

cognitive processes (Mollon, Bosten, Peterzell, & Webster, 2017). A

systematic study of such differences could thus inform us about the

underlying processes mediating perception. This is often done through

an analysis of the correlational structure of the data and the use of

factor analytic techniques (Peterzell, 2016). When it comes to the

correlational approaches, a reasoning to be followed is that highly
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ADDITIONAL LINES 

The following lines link the results in this study with the interaction phenomenon 

between motion sensors tuned to coarse and fine spatial scales 

The results found in this chapter uncovering three different motion sensing 

underlying mechanisms selective to different ranges of spatial frequency are in line with 

the literature about an interaction between motion sensors tuned to coarse and fine scales. 

The structure of mechanisms uncovered is mostly in agreement with the spatial 

frequency combinations which, throughout this thesis, have been seen to produce a 

strong activation of the inhibitory mechanism (e.g. relative spatial frequencies of 1 and 

3 c/deg produce strong inhibitory interactions, and these two frequencies belong to 

different mechanisms). The factors reported in this study may thus signal the spatial 

frequency boundaries of the differently tuned mechanisms that interact. That is, the 

reported organization of mechanisms found in this study could serve as a ground for the 

action of the inhibitory mechanism, taking place later in the visual processing stream. 

This way, a map is provided perhaps informing about spatial frequency combinations 

that may potentially produce strong interactions (as long as frequencies from different 

factors are combined in a compound stimulus). Future research using an individual 

differences approach should aim at clarifying this point. 
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4. GENERAL DISCUSSION AND CONCLUSIONS

The study of perceptual systems has revealed that perceptual experiences are the 

product of an active processing of the sensory information obtained from the incoming 

stimuli. This way, meaningful representations of the outside world can be achieved 

(Marr & Nishihara, 1978). In an attempt to comprehend and predict the behaviour of 

perceptual systems, the field of psychophysics has focussed much of its efforts in 

describing the aforesaid active processing. That is, in disentangling the processes and 

computations that define and allow perception. 

Focussed on visual motion perception, the present thesis project has been raised to 

functionally characterize a relatively recently discovered phenomenon: namely, the 

interaction between spatiotemporally tuned motion sensors during perceptual motion 

processing. Natural moving images are composed of thousands of components different 

in their spectral content, all of them moving with distinct speeds and in diverse 

directions. When our visual system is exposed to such a complex gamut of motions, 

differently tuned motion sensors are activated and must act jointly in order to produce a 

motion percept. If this motion percept were the result of a simple additive pooling of the 

activity from the aforementioned sensors, the problem of study would be a relatively 

simple one. However, this issue is rather more complicated. Precisely, its intricacy lies 

in a joint action of the motion sensors which cannot be predicted from their linear 

combination. Rather, the outputs of the motion sensors seem to combine in a way that 

suggests complex interactions between them. In particular, inhibitory interactions 

between motion sensors tuned to coarse and fine-scale patterns take place during later 

stages of motion processing. These involve some reciprocal inhibition between the 

aforesaid motion sensors (Serrano-Pedraza, Goddard & Derrington, 2007).  

This thesis has aimed to unravel the reported interactions by studying the behaviour of 

the visual system under distinct motion stimulus parameters. Three main objectives 

have been covered. First, we have sought to find out how contrast and spatial frequency 

influence the interaction under study when two different spatial frequency components 

move coherently at the same speed (“3.1. Empirical Study I”). Secondly, we have 

studied the effect of drifting speed or temporal frequency on the interaction between 
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motion sensors tuned to different spatial scales (“3.2. Empirical Study II”). Thirdly, 

through an individual differences approach and measuring duration thresholds, we have 

tested the existence of different underlying motion mechanisms selective to spatial 

frequency. In particular, we have investigated whether these can be identified at 

different contrasts and temporal frequencies (“3.3. Empirical Study III”). Provided a 

segregation at least differentiating coarsely and finely tuned spatial frequency 

mechanisms, such segregation may pose a possible neural substrate facilitating the 

interaction between sensors that this thesis has aimed to study. 

4.1.  SUMMARY OF THE MAIN RESULTS 

OBJECTIVE 1: EFFECT OF SPATIAL FREQUENCY AND CONTRAST ON 

THE MOTION INTERACTION MECHANISM 

To cover this objective, several experiments have been carried out. These had in 

common the presence of a complex stimulus composed of two different spatial 

frequency components (coarse and fine) moving in the same direction and at the same 

speed. Also, the individual components of the compound stimuli, drifting in isolation, 

were tested. Furthermore, manipulations regarding the spatial frequencies of the 

components and their contrasts were made. Perceptual behaviour differences between 

the simple stimuli and the compound ones in a motion direction discrimination task 

informed us about the nature of the interaction being investigated; such interaction 

becoming visible when performance for a complex stimulus was impaired with respect 

to performance for an integrating component. 

In particular, our results have shown that the motion interaction mechanism displays 

its maximum action when the contrast of the LSF component in a compound 

stimulus is lowered with respect to the HSF stimulus. Additionally, this effect has 

been seen to vary depending on the relative spatial frequencies of the components of 

the compound stimuli.   
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Regarding contrast, manipulating it over the LSF and HSF components has an effect 

on the output energies of the different motion sensors (LSF and HSF tuned sensors). 

An imbalance between their output energies seems to occur, as already said, when 

the output energy of the LSF sensors is lowered to some point relative to the HSF 

sensors. This precise imbalance causes the maximal interactions and is achieved 

when coarse-scale tuned sensors process a LSF component that has a lower contrast 

than the HSF component. Another key aspect should be highlighted too: In our 

experiments, LSF components have been seen to have a heavier weight than HSF 

components in driving the perception for compound stimuli where two components 

move coherently (i.e. performance for LSFm+HSFm stimuli —both components 

having equal contrast— is similar to performance for the LSF component). This 

issue had already been observed in the studies of Hayashi, Sugita, Nishida & 

Kawano (2010) and Hayashi, Watanabe, Yokoyama, & Nishida (2017). Together, 

the two main results outlined in this paragraph (i.e. maximal interactions with lower 

contrasts and motion perception driven by LSF components) bring an interesting 

matter into the fore. The differential effect of the contrast manipulations depending 

on the spatial frequency is a relevant outcome that should be considered; namely, 

computational models should adjust their relative weights for LSF and HSF sensors 

depending on their position on the spatial frequency continuum. This way, different 

effects of contrast manipulations depending on such position may be achieved. 

Furthermore, it is important to note that not all spatial frequency combinations, 

regardless of contrast, produce any meaningful interactions (e.g. 0.25 c/deg and 0.5 

c/deg). Once more, computational models should be adjusted so as not to produce 

any interactions for some relative spatial frequencies integrating compound stimuli.  

OBJECTIVE 2: EFFECT OF SPEED OR TEMPORAL FREQUENCY ON THE 

MOTION INTERACTION MECHANISM 

The experiments carried out to satisfy this goal implied manipulations on the 

speed or temporal frequency of different stimulus kinds. The stimuli were drifting 
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simple coarse or fine-scale stimuli (i.e. vertical Gabor patches) and compound stimuli. 

In the case of our compound stimuli, three kinds were used:  

 Both LSF and HSF components moving coherently at the same speed
(LSFm+HSFm).

 A moving LSF component added to a static HSF component (LSFm+HSFs).

 A static LSF component added to a moving HSF component (LSFs+HSFm).

Importantly, the LSF and HSF components always had the same contrast. 

The most relevant result coming from this section is the discovery of a band-pass tuning 

shape of the motion interaction mechanism as a function of the temporal frequency of 

the moving components. Particularly, this has been observed when motion perception 

was examined under a LSFs+HSFm stimulus in comparison to the HSF integrating 

stimulus. Not only is there a strong interaction present, but it also is, as already said, 

modulated in a band-pass fashion. It shows its maximal interaction point at a temporal 

frequency of 6 Hz when measuring duration thresholds and between 6 Hz and 12 Hz 

when the proportion of correct responses is measured. Elsewise, the amount of temporal 

frequency tuning (conceptualized as the “sharpness” of the band-pass modulation) 

shows some gradation depending on the spatial frequencies composing the complex 

stimuli. In this regard, the spatial frequency combinations 1s+3m and 0.5s+1.5m 

produce the most evident band-pass tuning whereas 1s+4m produces a much slight one. 

Finally, the band-pass modulation disappears for the combinations 1s+6m and 2s+6m. 

However, an impairment for the compound stimuli is still present in the two last 

combinations. What these overall results tell us is that a temporal frequency tuning does 

exist for the interaction mechanism, but it is restricted to certain combinations of spatial 

frequencies. Additionally, the mechanism must have some upper and lower spatial 

frequency limits. With these limits being surpassed, no bandpass modulation for the 

temporal frequency tuning is achieved.  

The computational model by Serrano-Pedraza et al., 2007 is capable of reproducing the 

most important results regarding the temporal frequency tuning function observed for 

the complex stimulus, 1s+3m. Not only does this reinforce the notion of the existence of 
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an inhibitory mechanism explaining our results; but it additionally demonstrates the 

feasibility of a temporal frequency tuning of such mechanism. 

OBJECTIVE 3: IDENTIFICATION OF SPATIAL FREQUENCY SELECTIVE 

MOTION SENSING MECHANISMS THROUGH AN INDIVIDUAL 

DIFFERENCES APPROACH 

This objective has been covered through two experiments measuring duration 

thresholds for simple suprathreshold drifting stimuli with different spatial frequencies 

(from 0.25 to 6 c/deg). Systematic variability among subjects along performance for the 

different stimuli may inform about underlying motion mechanisms tuned in spatial 

frequency. And those mechanisms could pose the neural substrate from which the 

motion interaction mechanism benefits to produce the inhibitions between motion 

sensors observed along this thesis. In the first experiment, duration thresholds were 

measured for stimuli always drifting at the same speed, but along two different contrast 

conditions (10% and 90% contrast). Testing different spatial frequencies with the same 

speed is ecological in the sense that real-life moving objects integrate various spatial 

frequency components that move at the same speed too. However, because in our 

experiment speed was always the same across the different spatial frequencies, different 

drifting temporal frequencies were yielded. That is, the effect temporal frequency had 

still been left unstudied. In order to fill this gap, the second experiment in this objective 

measured duration thresholds too, for the same spatial frequency stimuli as before, but 

drifting with temporal frequencies of 2 Hz and 8 Hz (the different spatial frequencies 

thus had different drifting speeds).  

The main outcome from this third objective is the discovery of a three-factor structure 

that suggests the existence of different underlying motion mechanisms selective to low, 

intermediate and high spatial frequencies. These constitute a discrete set of mechanisms 

with some inter-correlation against each other, and operative in all the conditions tested. 

That is, all contrasts and all temporal frequencies; from which we can say it is a solid 

result. It is further interesting to note that slight differences in the correlational structure 

of the data are suggested between the 10% and 90% contrast conditions. This is 

meaningful due to the strength of motion surround suppression being modulated by 
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contrast (the larger the contrast, the stronger the suppression; i.e. Tadin and Lappin, 

2005; Tadin, Lappin, Gilroy & Blake, 2003). However, the differences found are not 

large enough to be strongly conclusive. In any case, a door is left open for the 

possibility that different surround suppression strengths could have an influence on the 

organization of spatial frequency selective motion sensing mechanisms. Further 

research would be needed to clarify this issue. Similarly, matching correlational 

structures are observed between the 2 Hz and 8 Hz temporal frequency conditions. This 

suggests that the same spatial frequency selectivity of the mechanisms is preserved 

despite the temporal channels being activated (i.e. sustained or transient, Tolhurst, 1973;

Kulikowski & Tolhurst, 1973; Watson & Robson, 1981; Moulden, Renshaw & Mather, 

1984; Anderson & Burr, 1985). 

In conclusion, a solid structure of spatial frequency selective mechanisms has been 

found. This structure resembles the combinations of coarse and fine-scale stimuli 

producing the interactions under study in this thesis. Therefore, the segregation 

uncovered here could pose a functional organization supporting the appearance of 

interactions between motion sensors in a given stage of motion processing.  

JOINT SUMMARY OF THE MAIN RESULTS 

Importantly, the main outcomes from Objectives 1 and 2 mainly show how the 

discrimination of motion for compound stimuli may become impaired compared to the 

discrimination for their integrating spatial frequency components. This is indicative of 

an interaction between motion sensors tuned to coarse and fine-scale patterns, and it has 

been seen to be modulated by different stimulus conditions. Namely, the antagonism 

between motion sensors is jointly modulated by spatial frequency and contrast. This 

happens in such a way that the largest interactions are produced under a specific 

combination of spatial frequency components with some relative contrast (tested with 

LSFm+HSFm stimuli). Moreover, a temporal frequency tuning (a modulation as a 

function of temporal frequency) has been reported for the mechanism. This tuning is 

evidenced as a band-pass modulation of the interaction as a function of the temporal 

frequency of the drifting component in a given LSFs+HFSm stimulus. The reported 
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band-pass shape only appears for a certain combination of spatial frequencies. 

Furthermore, its peak becomes sharpened or flattened depending on the spatial 

frequency distance between the components integrating a stimulus. This last issue could 

be informing us about the spatial frequency limits between coarse and fine features 

under which the mechanism displays its action. Finally, the main outcome from 

Objective 3 tells us about a discrete set of motion sensing mechanisms selective to 

spatial frequency, operative at different contrast and temporal frequency scenarios. 

Namely, these are low, intermediate and high spatial frequency mechanisms. In 

principle, the structure of mechanisms seems to be similar regardless of sustained or 

transient channels being activated. On the other hand, the aforesaid structure is only 

slightly different across contrast conditions producing different motion surround 

suppression strengths. This difference cannot be regarded as conclusive, calling for the 

need of performing further research on this issue. Finally, the mechanisms found could 

be a correlate for the differently spatial frequency tuned sensors showing interactions.  

4.2. DISCUSSION OF THE IMPLICATIONS, APPLICATIONS, 

LIMITATIONS AND FUTURE RESEARCH LINES DERIVED FROM 

THE RESEARCH 

IMPLICATIONS FOR NEURAL PROCESSING 

Our computational model suggests that the interaction between motion sensors 

tuned to coarse and fine scales takes place after V1 motion sensors have extracted a 

stimulus’s motion energy (see Serrano-Pedraza el al., 2007). However, uncertainty still 

exists about the exact neural substrate on which the interaction is instantiated. In any 

case, MT arises as a feasible candidate lodging the interaction under study (bear in mind 

that direct input into MT comes precisely from V1 neurons, and that MT is conceived to 

be the first extrastriate area integrating visual motion information; i.e. Zeki, 1974).  

It is known that many properties displayed in MT are already present in V1, from which it 

is understood that MT cells inherit some of their properties from V1 (Born & Bradley, 

2005). For instance, speed tuning is already evidenced in V1 (Orban, Kennedy & Bullier, 
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1986; Priebe, Lisberger & Movshon, 2006) as well as direction selectivity (Movshon & 

Newsome, 1996) and even binocular disparity selectivity (Prince, Pointon, Cumming & 

Parker, 2000). However, regardless of many MT properties being inherited form V1, MT 

still adds additional complex computations contributing to motion processing. Among 

these, one can find centre-surround interactions (e.g. surround suppression) or additional 

steps in the computation of speed. In this case, MT plays an important role in processing 

the motion of whole complex patterns (Born & Bradley, 2005). Therefore, although still 

not studied, it would not be surprising that the action of our inhibitory mechanism took 

part in areas hierarchically superior to V1, such as MT. But, of course, visual processing 

areas acting later than MT (e.g. MST) need also to be taken into account. 

A reason to think that the interaction takes place in visual area MT (or at least, areas 

later than V1) lies in the fact that after binocular interaction has taken place, interactions 

between motion sensors have also been observed (Derrington et al., 1993; Serrano-

Pedraza, Arranz-Paraíso, Romero-Ferreiro & Read, 2015). Another reason favourable 

for the interaction phenomenon to occur in areas later than V1 relates to the interaction 

being reported with 4 deg sized stimuli (the size used in our experiments) and sizes even 

larger (see Derrington & Henning, 1987). These sizes are supposed to exceed V1’s 

receptive fields, reaching other areas later in the hierarchy. An interesting point is risen 

in Priebe et al. (2006). These authors say that MT displays much larger receptive fields 

than the ones in V1, suggesting that this area performs an integration of the responses of 

V1 neurons with different spatial receptive fields. To which they add: “Perhaps […] 

processing within MT creates nonlinear interactions between responses to different 

combinations of spatial and temporal frequencies.” (Priebe et al., 2006, p. 2950).  

In particular, in a previous paper by Priebe, Cassanello & Lisberger (2003), evidence is 

found for a non-linear behavior in MT cells when exposed to compound drifting stimuli 

with two components drifting at the same time (as happens in “3.3.Empirical Study III”, 

covering Objective 1). However, this non-linear behavior is regarded to be of an 

excitatory nature, with V1 cells feeding into MT. On the contrary, the mechanism we 

report is suggested to achieve interactions through reciprocal inhibition between motion 

sensors (Serrano-Pedraza et al., 2007). Moreover, it is dependent upon the spatial 

frequency of the integrating components. On the contrary, Priebe et al., (2003) report 
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that the nonlinearity they find in MT neurons is independent of the spatial frequency of 

the components. In any case, MT remains a possible station where non-linear 

interactions between responses to different spatial frequencies could take place. In fact, 

Gekas, Meso, Masson & Mammasian (2017), found a non-linear behavior between 

motion channels when these were exposed to motion clouds; a kind of coherently 

drifting compound stimuli. This time, consistently with the literature about an inhibitory 

interaction between motion sensors, their empirical results can be explained through 

lateral inhibition processes. Further, they suggest the inhibitory interaction to take place 

somewhere between areas MT and the medial superior temporal (MST).  

“How are the outputs of the different motion sensors tuned to different spatial 

frequencies combined to give rise to a motion percept? Does such combination follow a 

simple additive pooling of the outputs or does it involve complex interactions between 

motion sensors?”. These are questions which we asked in the “2. Objectives” section. 

As we already said, interactions between coarsely and finely spatially tuned motion 

sensors do take place, and the experiments done to fulfill Objectives 1 and 2 have only 

corroborated this idea25. Apart from this, we may also cautiously add that the

interactions occur in stages hierarchically superior to V1. It is in these stages when the 

outputs coming from V1 would be integrated in a non-linear manner.  

In another line, using an individual differences approach, Objective 3 has provided 

evidence for at least three motion sensing mechanisms selective to spatial frequency. 

It is important to note that this evidence has been provided using simple drifting 

gratings. Obviously, these do not cause any inhibitory interactions between motion 

sensors as only one sensor type is activated each time. However, the extracted motion 

mechanisms may pose a starting neural substrate that could subsequently exert 

inhibitory interactions in later stages of motion processing. Indeed, the model used in 

the simulations carried out in this thesis is based on the model from Adelson & 

Bergen (1985), which is inspired by the response properties of V1 complex cells. Only 

25 Also, they have shed light on the parameters influencing the motion interaction mechanism, thus 
contributing to answering the first question about how the outputs of the different motion sensors are 
combined to produce a motion percept. 
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later, after motion energy has been extracted by these, is an interaction stage 

implemented. The fact that different spatial frequency mechanisms are identified with 

stimuli not producing any interactions implies the possibility that this segregation 

could be computationally implemented at the level of V1 complex cells. Afterward, 

the motion interaction mechanism would benefit from this structure to produce 

interactions between motion sensors with a given tuning. 

 

ON THE ECOLOGICAL FUNCTION OF THE MOTION INTERACTION 

MECHANISM  

Perceptual systems have an important role in relating species to their 

environments in a way that meaningful mental representations about them are achieved 

(Marr & Nishihara, 1978), therefore maximizing the chances of survival. With that 

being said, not discussing the possible ecological function of our inhibitory mechanism 

would be a mistake. In this regard, throughout the present thesis project, we have 

outlined some likely functions.   

We have already ventured to say that the motion interaction mechanism could aid figure-

ground segregation by signalling differences between an eye-fixated figure (finer scale 

spatial patterns) moving over non-fixated and thus blurry background (coarser scale 

spatial patterns), as happens in motion parallax. Nonetheless, one must bear in mind that 

when a stimulus is eye-tracked, its retinal speed becomes 0, while the non-fixated 

background has a retinal motion opposite to that of the eye-movements. This is the case of 

LSFm+HSFs stimuli, which we have not studied extensively in this thesis. In any case, it 

is still important to acknowledge that facilitatory effects have been discovered in motion 

discrimination with this complex stimulus type under high contrast conditions and 

diameters bigger than 1.3 deg. In this case, computational implementations of inhibitory 

interactions between motion sensors are still able to predict such result (Serrano-Pedraza, 

Gamonoso-Cruz, Sierra-Vazquez & Derrington, 2013). Inhibition in the brain may be 

regarded as enhancing stimulus selection through the suppression of competing irrelevant 

features. The different spatial frequencies in natural moving images may carry different 

kinds of information among which organisms need to perform selection (e.g. high 
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spatial frequency object vs low spatial frequency background). Thus, inhibitory 

interactions between motion sensors encoding figure and background information could 

pose a computation through which differences between those traits are made manifest. In 

the same line, Tadin et al. (2019) suggest that motion surround suppression spatially 

inhibits background motion signals in a way that rapid segmentation of moving objects 

can be achieved (see also Gao, Mahadevan & Vasconcelos, 2008; Nakayama, & Loomis, 

1974; Petkov & Subramanian, 2007; Sachtler & Zaidi, 1995). That said, our inhibitory 

interaction, along with centre-surround inhibitory mechanisms, could have something to 

say about motion segregation too. Finally, we have also postulated the possibility that the 

inhibitory mechanism could be involved in creating an impression of cohesiveness under 

complex optic flow circumstances involving a wide range of spatial and temporal 

frequencies (Gekas et al., 2017). This last possibility is also backed by results finding a 

sharpening in the speed tuning bandwidth of MT neurons when these are exposed 

random-dot stimuli patterns in motion which group a wide range of spatial frequency 

components (Priebe et al., 2003). 

To finish with, we shall also consider the possibility that no ecological purpose of the 

mechanism may necessarily exist. Perhaps our reported results about impairments in 

motion direction discrimination due to an interaction between motion sensors are just a 

by-product. That is, these impairments could be a side effect of some organization of the 

visual system aimed at something rather different than any possible ecological function 

we may propose. The aforesaid impairments come to light with artificially manipulated 

stimuli. This reveals a flaw that could have accidentally resulted from an architecture 

intended for a higher-level objective (or simply, an objective whose nature is 

cathegorically different from the one discussed). In this sense, the reported impairments 

could be no more than a “glitch” —only evidenced under artificial conditions— which 

arises as a result of some programming intended for some very different aim.  

TECHNOLOGICAL APPLICATIONS 

A relevant computation in motion processing treated in this thesis alludes to the 

subtraction of motion energies between coarsely and finely tuned motion sensors. This 
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is a computation which, in the case of human primates, is physically instantiated in a 

biological tissue; namely, some neural substrate. The fact that this subtraction principle 

has been identified and characterized makes it possible to implement it on a different 

physical substrate other than a neural one. This is where technological applications of 

the interaction between motion sensors come into play. Once an ecological ground for 

our inhibitory mechanism was proved to be true, biologically inspired interactions 

between motion sensors tuned to coarse and fine scales could be implemented in 

hardware interfaces such as computers. This could lead to effective artificial vision 

algorithms capable of solving real-life problems such as foreground detection in moving 

images. As already said, a different inhibitory mechanism than the interaction one —

motion surround suppression— has already been suggested to have an important role in 

figure-ground segregation (i.e. Tadin et al., 2019). These authors point that motion 

surround suppression is equivalent to the background subtraction algorithms used in 

computer vision for foreground detection (Elgamal, 2014; Huang, Fu & Hsiao, 2007; 

Petkov & Subramanian, 2007; Ross & Kaelbling, 2009; Sobral & Vacavant, 2014).  

Is there a way in which the interaction between motion sensors could shed light on 

new algorithms capable of solving this issue, too, or other similar issues? To answer 

this question, research in the area of computer vision would be needed, testing for any 

potential application of the findings outlined in this thesis. Another relevant aspect 

refers to the efficiency and speed of the algorithms developed. Can the interaction 

between motion sensors truly bring in to the fore a cost-effective computation that 

helps to solve the foreground detection problem or any other computer vision 

problem? As insects have a much simpler nervous system, if the reported interaction 

were still present in them, this would largely simplify the study of the phenomenon. 

Thus, it could provide us with more efficient algorithms with an implementation of the 

interaction able to solve a given ecological task.  

Talking about insects’ nervous systems, Srinivasan, Chahl, Weber, Venkatesh, Nagle & 

Zhang, (1999) ask themselves: “Do simple nervous systems such as these use 

computational "short cuts" to achieve their goals?”  (Srinivasan et al., 1999, p. 203). 
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Indeed, possible technological applications of insect behaviour are numerous (see the 

paper from these authors to learn about insect-inspired robot navigation). In the particular 

case of motion perception, insect motion detection modelled in the form of the 

Hassenstein-Reichardt Detector (Hassenstein & Reichardt, 1956a, 1956b. See also 

Reichardt, 1957, 1961) has, in fact, given rise to a great number of bio-inspired motion 

sensing artificial systems (see Fu, Wang, Hu & Yue, 2019 for a review on how computer 

vision has benefited from insect computational models for motion perception). 

CLINICAL APPLICATIONS 

Let us consider for a second that some GABA-ergic neurotransmission mediated 

the inhibitory interaction between motion sensors tuned to coarse and fine scales. This 

would not be surprising provided that previous evidence has suggested that the 

functioning of another inhibitory mechanism, motion surround suppression (see Tadin 

et al., 2003; Tadin & Lappin, 2005; Glasser & Tadin, 2010; Serrano-Pedraza, Hogg, & 

Read, 2011), is linked to such neurotransmitter. More precisely, reduced motion 

surround suppression is commonly linked to a dysfunction of the GABA-ergic cortical 

function, as has been suggested through investigating in clinical populations were the 

former neurotransmission is affected: schizophrenia (Tadin et al., 2006), aging (Betts, 

Taylor, Sekuler & Bennet, 2005; Betts, Sekuler & Bennet, 2009; Betts, Sekuler & 

Bennett, 2012) or depression (Golomb et al., 2009). In fact, previous studies had already 

linked an anomalous GABA-ergic functioning with the previous populations 

(Leventhal, Wang, Pu, Zhou & Ma, 2003; Yoon et al., 2010; Wassef, Bajer & Kochan, 

2003; Luscher, Shen & Sahir, 2011).  

Given this background (links found for depression and schizophrenia, but also for 

epilepsy (Yazdani, Read, Whittaker & Trevelyan, 2017) and autism (Foss-Feig, Tadin, 

Schauder & Cascio, 2013)), one could rapidly argue that perhaps visual 

psychophysical tests presumed to evaluate the inhibitory interaction between motion 

sensors could help in the diagnosis of the aforesaid clinical conditions. However, the 

above evidence linking surround suppression to the GABA-ergic neurotransmission is 

not sufficient to extend the exposed argument to the case of the inhibitory interaction 
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between motion sensors. Just consider how Serrano-Pedraza et al. (2013) suggested 

that the two phenomena (motion surround suppression and the interaction between 

motion sensors) could be mediated by different mechanisms. On the other hand, up to 

now, research linking GABA and the interaction between motion sensors is inexistent, 

and should therefore be performed before anything can be said about the possibility of 

diagnosing any clinical conditions by psychophysically evaluating the interaction 

mechanism. In addition, recent research has even undermined the supposed link 

between visual suppression and GABA-ergic neurotransmission. In particular, through 

electrophysiological recordings and pharmacological manipulations of GABA’s 

inhibitory efficacy, Liu, Miller & Pack (2017) showed that GABA had little effect on 

surround suppression. In consonance with these results, Liu & Pack (2014) also 

evidenced how the local blockade of MT GABA receptors in primates had no effect 

too (see also Schallmo et al., 2018). 

To conclude with a final idea about the clinical implications of the motion interaction 

mechanism between motion sensors, this represents a rather unexplored field which may 

bring promising results for the diagnosis of some clinical alterations. However, extensive 

research needs to be carried out until anything compelling can be said along these lines. 

LIMITATIONS 

As already said, the computational model used in the simulations lacks realism 

due to its simplicity. In its favour, it does restrict the search area for some computational 

principle capable of reproducing the observed results; namely, the reciprocal subtraction 

between the energies of motion sensors tuned to different spatial scales. However, 

further attempts should, for instance, implement biologically inspired ways in which 

such subtraction could be reproduced. This could, for instance, help to solve an issue 

which relates to the stage in the motion processing pathway in which the former 

interaction takes place (i.e. the interaction, as represented in our model, takes place after 

V1 cells have extracted motion energy, but further information about its biological 

instantiation is missing). An educated guess about this issue has already been made in 

the “Implications for neural processing” section, placing the interaction in stages later 
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than V1. But, of course, this is nothing more than, as stated, an educated guess. 

Systematic attempts to solve this issue are, indeed, needed.  

The present thesis is by no means a full functional characterization of the mechanism 

producing interactions between motion sensors tuned to coarse and fine-scale patterns. 

In this sense, Objectives 1 and 2 have only dealt with characterizing this mechanism 

regarding, first spatial frequency and contrast, and secondly speed or temporal 

frequency. Besides, not even within our objectives have we been fully exhaustive. For 

instance, few contrast values have been proved when we intended to test the effect of 

contrast on the interaction with coherently moving components (LSFm+HSFm). 

Besides, we have also not been fully exhaustive in the range of spatial frequencies we 

have tested in this same regard. On the other hand, no contrast manipulations were 

made when we were focussed on deciphering the effect of speed or temporal frequency 

on the interaction between motion sensors. This would have implied some alteration on 

the relative energies of the motion sensors tuned to distinct spatial scales, and could 

have led to new interesting results regarding the temporal frequency tuning evidenced 

for the motion interaction mechanism. These are some relevant gaps among other 

possible ones that would be meaningful to fill. Simply, just consider the handful of 

items arising from the different combinations of spatial frequency, temporal frequency, 

contrast and stimulus types. Also, the manipulation of other parameters beyond the 

scope of this thesis could uncover interesting issues too (i.e. manipulations on the 

relative size of the spatial frequency components in a compound stimulus. See Arranz-

Paraíso & Serrano-Pedraza, 2018, for ongoing research covering this issue). To finish 

with, “3.3. Empirical Study III” (covering Objective 3) may be regarded as an effort to 

establish a detailed mapping of the possible mechanisms interacting with each other. 

However, one must not forget that no causal link has been demonstrated between the 

extracted mechanisms and that one showing inhibitory interactions between motion 

sensors. Furthermore, the results from “3.3. Empirical Study III” suffer from other 

limitations such as the need to test for more contrast conditions. This way, any 

differences in the correlational structures of the data could be analysed as a function of 

contrast. If differences were found, these could be regarded to happen due to differences 

in the strength of motion surround suppression along the contrast conditions tested. 

Additionally, testing for more temporal frequencies rather than only 2 Hz and 8 Hz 
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would have possibly allowed for the identification of temporal channels through an 

individual differences approach (i.e. transient and sustained; Tolhurst, 1973;

Kulikowski & Tolhurst, 1973; Watson & Robson, 1981; Moulden, Renshaw, Mather, 

1984; Anderson & Burr, 1985) in addition to the spatial frequency selective ones. In 

fact, this had already been done using an individual differences approach (Mayer, 

Dougherty & Hu, 1995; Billock & Harding, 1996). But most importantly, it would be 

worth testing for temporal frequencies with a wider separation than that implied by 2 Hz 

(presumably being optimally processed by a sustained channel) and 8 Hz (optimally 

processed by a transient temporal channel). That is, temporal frequency separations at 

which transient and sustained show more pronounced differences in their processing; 

even though 2 Hz and 8 Hz are already being processed optimally by different channels. 

For instance, it would be interesting to test a temporal frequency lower than 1 Hz (being 

optimally processed by a sustained temporal channel) and a frequency of 10 Hz 

(optimally processed by a transient channel; see Figure 5 from Anderson & Burr, 1985). 

If any differences were found between the correlational structures of the data across the 

temporal frequency conditions, these could be said to be due to differences between 

sustained and transient channels (which we would now be more sure about due to the 

larger temporal frequency separation). The fact that we did not implement this temporal 

frequency separation from the first time has to do with limitations regarding the 

equipment we used. In this sense, it is necessary to have a temporal resolution large 

enough so as to properly display low spatial frequencies drifting at temporal frequencies 

larger than 8 Hz. 

FUTURE RESEARCH LINES 

Far from conducting additional research surpassing the limitations reported —

which, of course, would be relevant to do— this thesis project aims to raise awareness 

about other future research lines that emerge naturally from its outcomes. By way of 

example, the new results about the inhibitory mechanism suppose more accumulated 

evidence validating its existence. They therefore should, at some point, trigger the 

investigation of this mechanism from different perspectives. In this vein, the 
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psychophysical results on our inhibitory mechanism suppose an outcome for which no 

neurophysiological is still clear. It is in this regard that this thesis brings to the 

spotlight a line of research in neurophysiology which could raise promising results. As 

stated in the “Limitations” section, devising more realistic computational models 

could give further clues to neurophysiologists about where to start their work in search 

for the neurophysiological ground for the former mechanism. Additionally, research 

using neuroimaging techniques (i.e. fMRI, MEG, TMS, etc.) would shed light too on 

the neural basis of the reported interaction.  

Likewise, not much is known about the possible ecological function of the antagonism 

between motion sensors tuned to coarse and fine scales. Some possibilities for its 

functional role include figure-ground segregation or the achievement of an impression 

of cohesiveness under complex optic flows. New lines of research could shed light on 

this by investigating possible improvements in ecological tasks with regard to the action 

of the inhibitory mechanism. Different manipulations in coarse and fine-scale patterns 

(it would be worth testing on natural moving images too) could be made in order to test 

for variations in ecological performance. For instance, focusing on figure-ground 

segregation, Tadin et al. (2019) demonstrated the link between the action of centre-

surround motion mechanisms and the rapid segregation of moving objects. Roughly 

explained, they did so first by showing that stimulus conditions causing high surround 

suppression also showed efficient motion segregation; and also by finding high 

correlations between performance in motion segregation and surround suppression 

(individuals showing high surround suppression excelled in motion segregation). The 

link between motion surround suppression and motion segregation was finally 

demonstrated by showing that training in motion segmentation was paired with 

increased surround suppression. This methodology could be easily transposed to the 

study of the inhibitory interactions between coarsely and finely tuned motion sensors. 

This way, we could test whether those conditions exhibiting the strongest interactions 

(i.e. 0.5s+1.5m c/deg drifting at temporal frequencies between 6 Hz to 12 Hz, or 

1m+3m with the contrast of the LSF component lowered with respect to the HSF) also 

support good performance in figure-ground segmentation. Additionally, correlations 

between an index reporting the strength of the interaction and the performance in 

motion segregation could be computed. Finally, it could be tested whether training in 
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motion segregation (e.g. identifying the motion of a high spatial frequency component 

embedded in a static low spatial frequency background) had a dose-response effect on 

the inhibitory strength index (e.g. an index calculated with a 0.5s+1.5m c/deg stimulus). 

As said in the “Technological applications” section: with an ecological function of the 

inhibitory mechanism proved, research in computer vision could shed light on new 

algorithms implementing it to solve real-life tasks. In this line, vision science research 

performed on insects —with a presumably simpler nervous system— could provide 

cost-effective computations for such implementation.  

For instance, our experiments could be performed on praying mantises. These show 

optokinetic responses with moving stimuli; easily allowing the study of motion 

perception on them (see Tarawneh et al., 2017, for the techniques used). Studying the 

visual function of insects compared to humans has its relevance, as already said, in 

that the nervous systems in these two are different, insects’ ones being simpler. The 

finding of a common computation in visual processing between humans and insects 

would mean that distinct neural hardware is, in the end, implementing similar 

operations. In our case, if similar psychophysical results were found in praying 

mantises during our experiments, this would imply the possibility that a motion 

interaction mechanism were also operative in these. Thus, it would be interesting to 

further study how, through different neural organizations, our interaction mechanism 

becomes functional. And, of course, this would have important implications for the 

design of cost-effective computer vision algorithms.  

Outcomes in this regard are also relevant from an evolutionary perspective, helping to 

answer the question of how neural circuits and computations are shaped throughout 

evolution. For instance, strong similarities have been observed between the central 

complex in arthropods and the basal ganglia in vertebrates (Strausfelf & Hirth, 2013); 

structures with an important role in selecting and maintaining behavioural actions. This 

suggests a common evolutionary ancestor. That is, canonical circuits regulating 

behaviour may have an early origin and have been kept across different animal species 

throughout evolution. In the same line, worms and mice have been seen to share a 

common ancestor for higher brain centres which are responsible for allocentric memory 
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(Tomer, Denes, Tessmar-Raible & Arendt, 2010). In conclusion, any comparative study 

about the motion interaction mechanism in humans and insects would be relevant to the 

field of evolutionary biology; possibly contributing to the body of evidence about 

commonalities between species.  

Apart from encouraging insect motion perception research from a technological or an 

evolutionary perspective, the mere understanding of human motion perception becomes 

undeniably benefited from insect research too. Insects, with their much elementary 

nervous system compared to that of humans, serve as models for motion perception. 

Motion perception has in fact been vastly investigated in several insect species such as 

beetles (Hassenstein & Reichardt 1965a, 1956b), flies (Krapp, Hengstenberg & 

Hengstenberg, 1998; Leong, Esch, Poole, Ganguli & Clandinin, 2016), bees (Paulk, 

Dacks, Phillips-Portillo, Fellous & Gronenberg, 2009), locusts (Santer, Rind & 

Simmons, 2012; Sztarker & Rind, 2014), ants (Zeil, 2012) or mantises (Yamawaki, 

2011; Tarawneh et al., 2017). Thus, rather than investigating in humans alone, we may 

be better able to address questions regarding the function of our interaction mechanism 

using a comparative approach. The existence of inhibitory interactions between motion 

sensors in insects too would hugely simplify the problem of study, making us able to 

make further advances in this issue. 

Other research lines could investigate the clinical applications of our results. A 

starting point could lie in comparing the strength of the interaction between motion 

scales among normal and clinical subjects where such interaction is thought to be 

affected. That is, for instance, depression or schizophrenia, among others, where the 

GABA-ergic inhibitory functioning has been seen to be affected (Golomb et al., 2009;  

Tadin et al., 2006). In putting this idea into practice for our own case, it would be 

worth testing normal and clinical populations with stimuli producing the largest 

interactions possible and comparing the inhibition strengths between groups. We have 

observed that the stimuli producing the largest inhibition strengths are 1s+3m c/deg 

and 0.5s+1.5m c/deg against the moving simple components 3 c/deg and 1.5 c/deg 

respectively (equal contrast for the low and high spatial frequencies). In particular, the 

largest strengths are achieved when these stimuli drift with temporal frequencies 

ranging from 6 Hz to 12 Hz. These would therefore be the optimal stimuli with which 
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intergroup differences could be tested. Provided any difference among normal and 

clinical populations, parallel research should provide an answer to whether the 

inhibitory interaction is GABA-mediated or not. If the answer were positive, then an 

indicator of the strength of the inhibitory interaction between sensors could be 

regarded as a biomarker usable for the diagnosis of some clinical conditions where 

GABA-ergic neurotransmission is abnormal. 

4.3. CONCLUDING REMARKS 

This Doctoral thesis has aimed to make a deep exploration of the parameters 

modulating the inhibitory interaction between motion sensors tuned to coarse and fine 

spatial scales. In our attempt to functionally characterize this interaction we have come 

to a set of point-by-point conclusions derived from different experiments. Hopefully, 

these will contribute to the understanding of the aforesaid phenomenon: 

 It does not stop being surprising that motion discrimination of compound stimuli does

not benefit from the information coming from their separate integrating components.

Rather, the combination of such information may result in motion discrimination

impairments which we ascribe to an interaction between motion sensors tuned to coarse

and fine-scale patterns (Serrano-Pedraza et al., 2007).

 The inhibitory interaction between motion sensors is modulated by the spatial frequency

of the stimulus components that activate coarsely and finely tuned motion sensors.

 The action of the mechanism is further modulated by the relative contrast of the spatial

components in a given stimulus.

 Stimulus contrast has a wider or narrower action depending on the spatially tuned

sensors being activated by the different spatial frequency components present in a

stimulus. We can therefore conclude that the antagonism between motion sensors tuned

to different spatial scales is jointly influenced by spatial frequency and contrast.

 The motion interaction mechanism shows a temporal frequency tuning which has a

band-pass nature. This tuning is evidenced as a band-pass modulated impairment in

motion direction discrimination for LSFs+HSFm stimuli with a peak around 6-12 Hz.

No such band-pass shape is present for drifting HSF simple counterpart stimuli.
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 The previous band-pass function only exists for a restricted set of spatial frequency

combinations. Further, its peak becomes more or less accentuated depending on the

spatial frequency distance between the components in a compound stimulus. Therefore,

the tuning displays relevant information about the spatial frequency boundaries of the

inhibitory mechanism.

 A discrete set of three spatial frequency selective motion sensing mechanisms operating at

low and high contrasts and different temporal frequencies can be observed under an

individual differences approach. The aforesaid segregation of mechanisms could serve as

a functional organization from which our motion interaction mechanism takes advantage.

Even though no causal link has been provided linking these two aspects, it is interesting to

note that interactions generally become manifested when spatial frequency components

from the different identified mechanisms are merged into a compound stimulus.

 A possibility exists that the correlational structure of motion sensing becomes modulated

as a function of contrast. This means that motion surround suppression may affect the

organization of the mechanisms extracted through an individual differences approach.

However, the results obtained are not strong enough to firmly support this point.

The research performed along this thesis has had a basic nature. We therefore hope that 

the conclusions we have reached will contribute to the basic understanding of the 

inhibitory mechanisms in motion perception; in particular the interaction one, on which 

this thesis has been mainly focussed. Continuing with this idea of basic research, we 

also hope that our results will, at some point, help to shed light on parallel research 

fields such as neurophysiology. They may aid, for instance, the shedding of light into 

the neurophysiological correlates for the inhibitory interaction we have been studying. 

Nonetheless, we do also hope that the outcomes of this work will find a real-world 

application; be it clinical, technological, or of another nature. 
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5. APPENDICES 

5.1. APPENDIX 1: COMPUTATIONAL MODELLING 

The model used in the simulations (Figure Appx1) is taken from Serrano-Pedraza 

et al. (2007, see their Appendix). It is based on the energy model described by Adelson 

& Bergen (1985, their figure 18b) and includes a stage that combines the outputs of the 

motion sensors tuned to low and high spatial frequencies. The model contains spatial 

weighting functions (Figure Appx1C, a) and temporal impulse response functions 

(Figure Appx1C, b); the spatial weighting function can be achieved using a 2D Gabor 

function (Watson & Ahumada, 1985): 

𝑓(𝑥, 𝑦) = 𝛾(𝜌0) × exp {−
�̂�2

2𝜎𝑥
2 −

�̂�2

2𝜎𝑦
2} × cos(2𝜋𝜌0�̂� + 𝜙),                         (1) 

where 

�̂� = (𝑥 − 𝑥′)cos(𝜃0) + (𝑦 − 𝑦′)sin(𝜃0) and                          (2) 

�̂� = −(𝑥 − 𝑥′)sin(𝜃0) + (𝑦 − 𝑦′)cos(𝜃0).                             (3) 

The spreads of the Gaussian function x  and 
y  are obtained using the following 

equations: 

)12(2

)21()2log(

0 




B
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)2/tan(2

)2log(
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 y

                         (5) 

where 1B  octave (bandwidth in spatial frequency, full width at half-height),  𝛼 = 30 

deg is the orientation bandwidth of the sensors in degrees (full width at half-height), and 

the spatial frequencies of the sensors are  3,10   c/deg. The parameter   represents 

the gain of the sensor, where 𝛾(1 c/deg)=0.9 and  𝛾(3 c/deg)=1 in the case of the 

simulations in “3.1. Empirical Study I”, and 𝛾(1 c/deg)=0.2 and  𝛾(3 c/deg)=1 for the 

simulations performed in “3.2. Empirical study II”. The orientation of the sensors is 
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𝜃0 = 0 deg (vertical; Figure Appx1B, several orientations are represented, but only the 

0 deg one is used). All simulations were completed with the sensors located at the 

position 0 deg (𝑥′ = 0, 𝑦′ = 0; Figure Appx1B, several positions are represented, but 

only the central one is used).  For each spatial frequency (1 or 3 c/deg), the model uses a 

quadrature pair of spatial sensors 1f  and 2f (Adelson & Bergen, 1985; Watson & 

Ahumada, 1985; van Santen & Sperling, 1985).  For the sensor ),(1 yxf , the phase is 

𝜙 = 0 rad and for ),(2 yxf , the phase is 𝜙 = 𝜋/2  rad. 

For the temporal impulse response functions, ℎ1(𝑡),  and ℎ2(𝑡), we use the equation 

from Watson & Ahumada, (1985, their equations 12 and 13): 

ℎ2(𝑡) = 𝜉[ℎ21(𝑡) − 𝜁ℎ22(𝑡)],                         (6) 

ℎ2𝑖(𝑡) = 𝑢(𝑡) × [
(𝑡/𝜏𝑖)𝑛𝑖−1𝑒−𝑡/𝜏𝑖

𝜏𝑖(𝑛𝑖−1)!
],                     (7) 

where  𝑢(𝑡), is the unit step function.  The parameters used in the simulations were: 

𝜉 = 214, 𝜁 = 0.9, 𝜏1 = 6.22, 𝜏2 =8.27, 𝑛1 = 9, 𝑛2 = 10. These are the parameters that 

fit the temporal contrast sensitivity function (obtained from the temporal impulse 

response function) to the data of Robson (1966) for the spatial frequency of 0.5 c/deg 

(Watson, 1986). The fastest function, ℎ1(𝑡), is the quadrature pair of )(2 th , calculated in 

the frequency domain using the Hilbert transform of ℎ2(𝑡), (Watson & Ahumada, 

1985). 

In the first stage (Figure Appx1C), the model calculates the responses of the motion 

sensors to the stimuli, 𝐼(𝑥, 𝑦, 𝑡). The response of a motion sensor is calculated from the 

inner product of the stimulus with the spatial weighting function of the sensor (Figure 

Appx1C, a), and the convolution of the inner product with the temporal impulse 

response function (Figure Appx1C, b): 

1 1( ) ( ) I( , , ) ( , )d dA t h t x y t f x y x y
 

 
                             (8) 

2 1'( ) ( ) I( , , ) ( , )d dA t h t x y t f x y x y
 

 
                             (9) 

1 2( ) ( ) I( , , ) ( , )d dB t h t x y t f x y x y
 

 
                             (10) 
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2 2'( ) ( ) I( , , ) ( , )d dB t h t x y t f x y x y
 

 
                             (11) 

Following Adelson & Bergen (1985; see their Figure 18b) we calculate the oriented 

energy by taking the sums and differences between the outputs of the convolutions, 

squaring and summing them across spatiotemporal quadrature pairs, and finally 

integrating with respect to time (Figure Appx1C, c): 

   2 2( ) '( ) '( ) ( ) dtL A t B t A t B t                             (12) 

   2 2( ) '( ) '( ) ( ) dtR A t B t A t B t                             (13) 

For both motion sensors tuned to low (LF) and high (HF) spatial frequencies, we 

calculate the oriented energy: LLF, RLF, LHF, and RHF. In the second stage (Figure 

Appx1E), we implement the interaction between the outputs of the sensors tuned to 

different spatial frequencies (no pooling across the 𝑖 spatial locations is actually needed 

(Figure Appx1D) as only one spatial location for the sensors is used in this simple 

version of the model
26

). The interaction consists of subtraction and half-wave 

rectification between sensors with low and high spatial frequency: 

𝐿𝐿𝐹 = ⌊𝐿𝐿𝐹 −𝐿𝐻𝐹⌋, 𝑅𝐿𝐹 = ⌊𝑅𝐿𝐹 −𝑅𝐻𝐹⌋,                         (14) 

𝐿𝐻𝐹 = ⌊𝐿𝐻𝐹 −𝐿𝐿𝐹⌋, 𝑅𝐻𝐹 = ⌊𝑅𝐻𝐹 −𝑅𝐿𝐹⌋ .                       (15) 

After the subtraction, the psychophysical response is calculated using the sensor, LF or 

HF, that has the greatest difference between left and right oriented energy (Figure 

Appx1G) (no pooling across the 𝑗 orientations, 𝜃, is really needed (Figure Appx1F) as 

only one orientation for the sensors is used in this version of the model
27

): 

                                                 

26 Leftward and rightward low and high spatial frequency oriented motion energy can be pooled across 

several sensor spatial locations through the following formulas: 𝐿𝐿𝐹𝑗
= ∑ 𝐿𝐿𝐹𝑖𝑗

𝑛
𝑖=1 , 𝑅𝐿𝐹𝑗

= ∑ 𝑅𝐿𝐹𝑖𝑗

𝑛
𝑖=1 , 

𝐿𝐻𝐹𝑗
= ∑ 𝐿𝐻𝐹𝑖𝑗

𝑛
𝑖=1 , 𝑅𝐻𝐹𝑗

= ∑ 𝑅𝐻𝐹𝑖𝑗

𝑛
𝑖=1 . Because only one spatial location exists on our model, no such 

pooling is needed. 

27 Leftward and rightward low and high spatial frequency oriented motion energy can be pooled across 

several sensor orientations through the following formulas: 𝐿𝐿𝐹 = ∑ 𝑐𝑜𝑠𝜃𝑗 × 𝐿𝐿𝐹𝑗

𝑚
𝑗=1 , 𝑅𝐿𝐹 =

∑ 𝑐𝑜𝑠𝜃𝑗 × 𝑅𝐿𝐹𝑗

𝑚
𝑗=1 , 𝐿𝐻𝐹 = ∑ 𝑐𝑜𝑠𝜃𝑗 × 𝐿𝐻𝐹𝑗

𝑚
𝑗=1 , 𝑅𝐻𝐹 = ∑ 𝑐𝑜𝑠𝜃𝑗 × 𝑅𝐻𝐹𝑗

𝑚
𝑗=1 . Because only one spatial 

location exists on our model, no such pooling is needed. 
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)max( HFHFLFLF RLRL  . (16) 

Next (Figure Appx1H), the direction index (DI) is calculated using the following 

function: 

𝐷𝐼 =
𝑅−𝐿

𝑅+𝐿
 , 1DI1  . (17) 

Finally, the DI is transformed into a proportion of correct responses (Figure Appx1I) 

using a normal cumulative distribution function:  

𝑃(𝑅|𝑅) = 0.5 × [1 + erf (DI/(0.5√2))], (18) 

where erf(𝑥) =
2

√𝜋
∫ exp[−𝑡2]𝑑𝑡

𝑥

0
. (19) 

The stimuli used in the simulations were the same ones used in the experiments carried 

out in this thesis. However, for the simulations, the stimuli always moved rightwards. 

We also used different combinations of spatial phases (0, 𝜋/2, 𝜋, and 3𝜋/2 rad) for the 

simple and the complex stimuli, and we calculated the average of the model predictions 

for each stimulus. 

Figure Appx1 shows not only a graphical representation of the model, but also a 

didactical explanation of the processing it does, shown as performance in motion 

direction discrimination against duration (Figure Appx1J), for complex stimuli shown 

for different presentation times (25, 75 and 200 msec; Figure Appx1A). The example 

stimuli consist of moving band-pass filtered white noise using an anisotropic Gabor 

function centred on a spatial frequency of 3 c/deg added to static band-pass noise 

centred on 1 c/deg (see the construction of these stimuli in Serrano-Pedraza et al., 2007 

or in the section “1.9. Upgrading the computational structure of motion sensing: 

Implementation of an inhibitory interaction stage”, Figure 24, from this thesis). 

Impairments in performance (low proportions of correct responses) can be seen for the 

shortest presentation times, as happens with our empirical data. 
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Figure Appx1. Computational model from Serrano-Pedraza et al. (2007). A. Inputting stimuli: a 
1 c/deg filtered noise component remains static and a 3 c/deg noise component drifts rightward. 
Three presentation durations are shown: 25 msec, 75 msec and 200 msec (from left to right). B. 
Orientation tunings of the spatial filters and their locations in space are shown. C. 
Psychophysical architecture which operates over the inputting stimuli over a series of stages 
(i.e. spatial processing, temporal filtering) and finally provides a measurement of leftward and 
rightward motion energy. The process is shown for a low spatial frequency tuned motion sensor 
(left) and a high spatial frequency tuned sensor (right). D. Pooling of the leftward and rightward 
responses across the spatial locations of the high and low spatial frequency tuned sensors. E.

Inhibitory interaction stage. Subtraction and half-wave rectification between low and high 
spatial frequency tuned motion sensors is performed. F. The outputs from the previous stage are 
pooled across the different orientation tunings of the sensors. G. The tuning scale (low or high 
spatial frequency) that shows the biggest difference between leftward and rightward motion 
energy is selected. H. A direction index is calculated using those leftward and rightward motion 
energies. I. Using the previous direction index, a probability of correct responses is calculated 
through a Gaussian cumulative function. J. The probability of correct responses for the 25 msec, 
75 msec and 200 msec presented stimuli is shown plotted against stimulus presentation 
duration. Note that the model predicts motion direction discrimination reversals at very short 
presentation durations. (Image created by Ignacio Serrano-Pedraza).
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5.2. APPENDIX 2: AN EXPLANATION FOR THE MISSING FUNDAMENTAL 

ILLUSION THROUGH COMPUTATIONAL MODELLING 

Here we provide an explanation for the motion perception reversals experienced 

during the missing fundamental illusion. What characterizes this illusion is that the 

motion of a square-wave grating that has had its fundamental Fourier component 

removed appears to move backward when presented in quarter-cycle jumps of duration 

66 msec each (see a demo in https://www.ucm.es/serranopedrazalab/other). However, 

its edges and features move forward (Adelson & Bergen, 1985). This illusion can be 

easily explained in terms of the motion energy of the missing fundamental stimulus, 

appealing to the “Motion from Fourier Components Principle”. In doing so, we will be 

using the model from Adelson & Bergen, 1985. 

(+)2
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Figure Appx2. Motion processing performed for a square-wave grating that moves rightwards in 
quarter cycle jumps with a duration of 66 msec each. Image A shows the processing executed 
when the square-wave grating preserves its fundamental component, that has a spatial frequency 
of 1 c/deg. Image B shows the processing performed for that same stimulus with its fundamental 
component removed. In both, A and B images, these stimuli are shown in the a sections. The 
extraction of motion energy for the stimuli displayed is explained step by step. The moving image 
first undergoes a spatial processing stage (b). Phase quadrature pairs of spatial weighting functions 
characterize this step. Quadrature pairs are shown for a low spatial frequency (1 c/deg) tuned 
motion sensor (at the left of the blue bar) and a higher spatial frequency (3 c/deg) tuned motion 
sensor (at the right of the blue bar). Quadrature temporal impulse response functions are shown in 
c, and the output of the spatial filtering stage, filtered by each temporal response function is 
depicted in d. Sums and differences between the previous outputs are taken, and these are then 
squared (e). The results from the previous stage are added between spatiotemporal quadrature 
outputs, providing leftward and rightward responses of the sensors as a function of time. Although 
not shown, leftward and rightward motion energy can be computed by taking the integral with 
respect to time of such responses. (Image created by Ignacio Serrano-Pedraza).

(+)2
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Figure Appx2A shows the motion processing of a square-wave grating that moves 

rightwards in quarter cycle jumps with a short presentation duration (Figure Appx2A) 

(temporally windowed by a Gaussian function of duration 100 msec), performed by the 

energy model from Adelson & Bergen, 1985. Figure Appx2B shows this same 

processing performed for a rightward quarter cycle jump moving square-wave grating 

that has had its fundamental component removed (also, temporally windowed by a 

Gaussian function of duration 100 msec). In both cases (Figure Appx2A and Figure 

Appx2B), two motion sensors are shown; one tuned to a low spatial frequency (panels 

to the left of the blue bar) and another one tuned to a higher spatial frequency (panels to 

the right of the blue bar). The moving stimulus shown in a first undergoes a spatial 

processing stage executed by each sensor (b) in which it is processed by pairs of spatial 

weighting functions set in quadrature. Their outputs are then convolved by pairs of 

temporal filters also in quadrature with each other (c). d shows the result of this 

computation as a function of time. After, the sums and differences between these 

outputs are taken, and then, these are squared (e). In the next stage (f), the previous 

squares coming from the different quadrature pairs are summed. One can now see the 

response profiles of low spatial frequency (𝐿𝐹) and high spatial frequency (𝐻𝐹) tuned 

sensors for leftward (𝐿) and rightward (𝑅) motions (𝐿𝐿𝐹 , 𝑅𝐿𝐹 and 𝐿𝐻𝐹 , 𝑅𝐻𝐹 respectively). 

A relevant aspect to note here is that in the case where no fundamental component has 

been removed (Figure Appx2A), the low spatial frequency tuned sensor coding 

rightward motion (𝑅𝐿𝐹) displays a large response. That is, a response that matches the 

veridical28 direction of motion. Indeed, a very dim response is appreciated for the low 

spatial frequency sensor coding leftward motion (𝐿𝐿𝐹). Not strikingly, the high spatial 

28 A rightward drifting square-wave grating has a Fourier representation in which motion energy mainly 
signals rightward motion. However, when this stimulus has its fundamental component from the Fourier 
series removed, motion energy mainly signals leftward motion; although the stimulus was firstly intended 
to move rightwards. It is important to note that, from a physical point of view, there exists motion energy 
signaling either rightward or leftward motion depending on the Fourier components present in the 
stimulus. From this view, no discrimination between veridical and non-veridical motion should make 
sense, as a physical representation for both motions is present. However, out of simplicity, we will refer 
to the firstly intended direction of motion as the veridical one (i.e. rightward in this case). Any other 
direction arising as a by-product of eliminating some Fourier component will be referred as non-veridical 
(i.e. leftward motion in this example).  
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frequency tuned sensors (𝐿𝐻𝐹 and 𝑅𝐻𝐹) show very little responses, in consonance with 

little motion energy for high spatial frequencies. In short, the maximal response in this 

case is obtained for the veridical direction of motion. 

However, and most strikingly, when the rightward moving stimulus has its 

fundamental component removed (Figure Appx2B), the maximal response is obtained 

for a sensor coding leftward motion. That is, motion opposite to the veridical direction 

of motion. In this case, it is a high spatial frequency sensor (𝐿𝐻𝐹) the one that shows 

the maximal response. A very little response can be seen for the (𝑅𝐻𝐹) sensor and no 

response is produced by the 𝐿𝐿𝐹  and 𝑅𝐿𝐹 sensors. The reason for this leftward 

perception of motion lies in that with the fundamental component having been 

removed, low spatial frequency motion energy does no longer signal rightward 

motion. Instead, high spatial frequencies displaying Fourier motion in the opposite 

direction arise. These are coded by our visual system and leftward motion is 

perceived. Thus, in this case, our visual system uses motion energy (i.e. it does not 

track local features) for discriminating the direction of motion. 
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