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Biologically Inspired Computer Vision

Applications of Computational Models of Primate Visual Systems in

Computer Vision and Image Processing

Reza Hojjaty Saeedy

Abstract

Biological vision systems are remarkable at extracting and analyzing the information that

is essential for vital functional needs. They perform all these tasks with both high sensitivity

and strong reliability. They can efficiently and quickly solve most of the difficult computa-

tional problems that are still challenging for artificial systems, such as scene segmentation,

3D/depth perception, motion recognition, etc. So it is no surprise that biological vision

systems have been a source of inspiration for computer vision problems.

In this research, we aim to provide a computer vision task centric framework out of

models primarily originating in biological vision studies. We try to address two specific tasks

here: saliency detection and object classification. In both of these tasks we use features

extracted from computational models of biological vision systems as a starting point for

further processing.

Saliency maps are 2D topographic maps that catch the most conspicuous regions of a

scene, i.e. the pixels in an image that stand out against their neighboring pixels. So these

maps can be thought of as representations of the human attention process and thus have

a lot of applications in computer vision. We propose a cascade that combines two well-

known computational models for perception of color and orientation in order to simulate

the responses of the primary areas of the primate visual cortex. We use these responses as

inputs to a spiking neural network(SNN) and finally the output of this SNN will serve as the

input to our post-processing algorithm for saliency detection.

xii



Object classification/detection is the most studied task in computer vision and machine

learning and it is interesting that while it looks trivial for humans it is a difficult problem

for artificial systems. For this part of the thesis we also design a pipeline including feature

extraction using biologically inspired systems, manifold learning for dimensionality reduction

and self-organizing(vector quantization) neural network as a supervised method for prototype

learning.
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Chapter 1

Introduction

It is a central question that why should we be inspired by biology at all? or how

biologically-motivated studies could be useful for constructing artificial systems?

Living systems are engineered to perfection by evolution, and thus they provide a seem-

ingly inexhaustible source of inspiration for engineering tasks. All species were optimized by

evolution over large time scales. This has led to efficient solutions to many of the challenges

they face. And due to this excellence in terms of performance and robustness, it is therefore

not surprising that humans always make efforts to use nature as a model for innovation and

problem solving.

1.1 Statement of the problem

The central issue addressed in this thesis is efficient exploitation of specific biological

functionality observed in primate visual systems and their respective popular computational

models. We leverage such functionalities and models toward solving some problems in com-

puter vision. The most important aspect of the work done here is to design a framework

to extract salient regions of digital images. The process of finding salient regions or pixels

in digital images is closely related to the attention process in Human Visual System(HVS).

Attention refers to the process by which organisms select a subset of available information
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for further processing. This process is implemented by a network of brain areas that includes

the superior colliculus, the pulvinar nucleus of thalamus, and the posterior parietal cortex.

It is believed that evolution chose attention to address the issue of limited resources available

to human sensory.

Figure 1.1: Our designed pipeline for saliency detection in digital still images.

The block diagram shown in Figure 1.1 depicts the strategy we used herein to extract

salient regions in a digital still image. This pipeline consists of two separate pathways. One

inspired by a simplistic view of ventral pathway V 1 −→ V 4 to extract color features and

the other one imitates the dorsal pathway V 1 −→ MT that aims to extract orientated

bars/edges features. The ventral pathway takes in three RGB channels of a color image and

uses a known computational model for the V 1 area implemented in CUDA/C++. In this

stage of the model the main computational calculations are achieved using a DoG scheme

[63] on color channels(see also 2.5 for details). The next step is to simulate the connectivities

in the neural network of the visual cortex in general and model the functionality of neurons

in the V 4 area in particular. This stage is done in the CARLsim5 library(see section2.8 for

details of implementation). After generating the spikes of area V 4 the results are passed to

our post-processing algorithm in MATLAB to extract the color saliency regions.

The dorsal stream is modeled in a similar manner except that here we start by intensity

profile of an image as input and then use a Gabor-like filter bank in V1 area to extract

oriented bars and edges. These features are later passed to CARLsim where we simulate area

MT. Finally the spikes generated in this step are used to produce the orientation saliency.

It must be noted that the purpose of this research was not to propose a new computational
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algorithm for HVS but to leverage the existing models to design a framework that is useful

for engineering applications. Also the goal for this framework is not to outperform every

single model but to study and investigate the practical use of computational models of live

systems in computer vision problems such as object classification and pattern recognition.

1.2 Importance of the problem

In the realm of computer vision a central question is why should we be inspired by biology

at all? or how artificial vision systems can benefit from biologically-motivated studies?

The answer relies partly on the evolution of living systems. Through the long time of

evolution living systems engineered to nearly perfection and hence it is not surprising that

they provide a seemingly inexhaustible source of inspiration. Over these large time scales,

all species were optimized and this has led to efficient solutions to many of the challenges

they face. Due to this excellence in terms of performance and robustness, it is therefore

not surprising that humans always make efforts to use nature as a model for innovation and

problem solving.

3



Chapter 2

Human visual system and its

computational models

2.1 Spiking Neural Networks

The main information processing workload of the brain is carried by nerve cells, also

called neurons. Estimates of the number of neurons in the brain typically vary between 1010

and 1011. Each neuron has one very long formation called an axon which connects it to

other cells. Axons have sophisticated biochemical machinery to transmit signals over such

relatively long distances. The machinery is based on a phenomenon called action potential.

An action potential is a very short(1ms) electrical impulse traveling via the axon of the

neuron. Due to their typical shapes (Figure 2.1), action potentials are also called spikes.

Broadcasting the action potentials or spike trains to downstream neurons is the main means

of communication between neurons. These individual spikes are sparse in time and so each

spike has high information content. Spikes constitute the signals by which the brain receives,

analyzes, and conveys information. Action potentials are all-or-none, in the sense that they

always have the same strength (about 100mv) and shape. So the meaning of a spike is

determined by when and where it happens. The activity of a cell is characterized by a single
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(a) (b)

Figure 2.1: (a):The typical shape of a spike. This specific spike is generated according to
Izhikevich model. (b): 1s Simulation of 1000 randomly coupled Izhikevich neuron. The top
200 neurons are inhibitory and 800 lowers are excitatory. Both figures reproduced from [40]

scalar called firing rate, i.e. the number of spikes fired (emitted) by a neuron per second.

The neurons and their connectivity, as well as their interactions play a central role in this

thesis but since this is not a thesis in computational neuroscience we do not investigate the

details of neuronal activity in the brain or even their computational models. In what follows

we only focus on parts of the neural system that we employed to design our framework for

computer vision application.

A spiking neural network is a two-layered feed-forward network with lateral connections

in the second hidden layer that is heterogeneous in nature [60]. Therefore spiking neural

networks (SNNs) are a class of artificial neural networks (ANNs) that mimic biological

neural networks. In addition to neuronal and synaptic status, SNNs incorporate time into

their working model and hence are more potent than non-spiking counterparts because they

can encode temporal information in their signals. The idea is that unlike traditional neural

networks (e.g. multilayer perceptron), neurons in the SNN do not transmit information at the

end of each propagation cycle, but only when a membrane potential reaches a certain value,

known as the threshold. Knowledge representation in time and space makes SNNs unique

to perform brain-like computations and to understand the brain activity in spatio-temporal
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pattern [43]. Thus, the neuron fires when the membrane potential hits the threshold, sending

a signal to neighboring neurons, which increase or decrease their potentials in response to

the signal, depending on them being excitatory or inhibitory. Action potentials, spikes, and

pulses are all terms used to describe these signals. This results in the key difference between

ANNs and SNNs: SNN works with discrete events that happen at defined times instead

of working with continually changing time values as ANN. As a result, SNN takes a set of

spikes as input and produces a set of spikes as output (a series of spikes is usually referred

to as spike trains). These processes can be summarized as follows:

� Each neuron corresponds to a value that is equivalent to the electrical potential of

biological neurons at any given time.

� The value of a neuron can change according to its mathematical model; for example,

if a neuron gets a spike from an upstream neuron at a specific time, its value may rise

(excitatory neuron) or fall (inhibitory neuron).

� If a neuron’s value surpasses a certain threshold, the neuron will send a single impulse

(which is similar for all neurons) to each downstream neuron connected to the first

one, and the neuron’s value will immediately drop below its average.

� As a result, the neuron will go through a refractory period similar to that of a biological

neuron. The neuron’s value will gradually return to its average over time.

Spiking neurons and their linking synapses are described by configurable scalar weights

in an SNN architecture called synaptic weights. The analogue input data is encoded into the

spike trains using either a rate-based technique, some sort of temporal coding or population

coding as the initial stage in building an SNN. As explained earlier, a biological neuron in

the brain (and a simulated spiking neuron) gets synaptic inputs from other neurons in the

neural network. However, the network dynamics of artificial SNNs are much simplified as

compared to actual biological networks.
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Similar to any other ANN, spiking neural networks learn by altering scalar-valued synap-

tic weights but being spiking, SNNs are capable to replicate a form of bio-plausible learning

rule that is not possible in non-spiking networks. Many variations of this learning rule have

been uncovered by neuroscientists under the umbrella term spike-timing-dependent plasticity

(STDP). The main characteristic of STDP is that the weight (synaptic efficacy) connecting

a pre- and post-synaptic neuron is altered based on their relative spike times within tens of

millisecond time intervals. The weight adjustment is based on information that is both local

to the synapse and local in time [19].

There are some advantages and disadvantages for SNNs that are summarized below:

Advantages

� SNN is a dynamic system. So it excels in processes of dynamic nature like speech and

dynamic picture identification.

� The sparseness of spikes in time has the advantage that these spikes consume lower

energy.

� To train an SNN, you simply need to train the output neurons.

� Because the neurons send discrete impulses rather than a continuous value, SNNs can

work incredibly quickly.

� SNNs can boost information processing and noise immunity due to their leverage of

temporal presentation of information.

Disadvantages

� SNNs are difficult to train because the transfer function of spiking neurons is usually

non-differentiable which prevents back-propagation.

� As of now, there is no learning algorithm built specifically for this task.

� It is not practical to design a small SNN.
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In recent years SNNs gained popularity in different fields of science and engineering and

multiple variants of them are designed (see [97] for a review).

2.1.1 Neuron models

Neurons make contacts with each other through synapses. The presynaptic neuron sends

its output to the synapse via an axon and post synaptic neuron receives it via its dendritic

tree (see Figure 2.2).

Figure 2.2: Schematic of a neuron with its major parts(image adapted from [94])

Most neurons produce their output in the form of virtually binary events(action potentials

or spikes). The most detailed neuron model is Hodgkin-Huxley (H-H) neuron that covers

neurophysiological details but one disadvantage of the H-H model is its high computational

complexity. It requires about 1200 floating point operations (FLOPS) for the simulation of

1ms of time. So for simulating a large network with many neurons we need to use simpler

models such as the Integrate-and-Fire (IF) model or the Izhikevich model. The Izhikevich

[40] model offers the same rich spiking dynamics as the full H-H model, while having a

computational complexity similar to the IF model. The importance of the Izhikevich model

for this thesis belies in its implementation in CARLsim library where we do all our spiking

neural simulation in. The Izhikevich neuron is a dynamical systems model that can be
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described by a two-dimensional system of ordinary differential equations:

dv

dt
= 0.04v2 + 5v + 140− u+ I (2.1)

du

dt
= a(bv − u) (2.2)

Here, (2.1) describes the membrane potential v for a given current I, where I is the sum

of all synaptic and external currents; that is, I = Isyn + Iext. (2.2) describes a recovery

variable u; the parameter a is the rate constant of the recovery variable, and the parameter,

b, describes the sensitivity of the recovery variable to the subthreshold fluctuations of the

membrane potential. All parameters are dimensionless; however, the right-hand side of (1) is

in a form such that the membrane potential v has mV scale and the time t has ms scale. The

parameters a, b, c, d are open parameters that have different values for different neuron types.

The inclusion of u in the model allows for the simulation of typical spike patterns observed

in biological neurons. The action potential downstroke is modeled using an instantaneous

reset of the membrane potential whenever v reaches the spike cutoff, plus a stepping of the

recovery variable:

v(v > 30) = c (2.3)

u(v > 30) = u+ d (2.4)

The inclusion of u in the model allows for the simulation of typical spike patterns observed

in biological neurons. In our work, all four parameters are chosen according to default

parameters in [40]. thus, a = 0.02, that describes the time scale of the recovery variable u.

b = 0.2 that describes the sensitivity of the recovery variable u to sub-threshold fluctuations

of the membrane potential v. c = −65mV that describes the after-spike reset value of the

membrane potential v. and d = 8 or 2 is the after-spike reset value of the recovery variable

u for excitatory and inhibitory neurons respectively.
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2.1.2 Poisson model for spike generation

Successive action potentials in the cortex show a highly irregular timing. The interpre-

tation of this irregularity has led to different divergent views of cortical organization. Here,

we follow [35] assuming that the irregularity might arise from stochastic forces and thus the

irregular interspike interval reflects a random process and so the precise timing of individ-

ual spikes conveys little information. An immediate result of this assumption is that an

instantaneous estimate of the spike rate can be obtained by averaging the pooled responses

of many individual neurons.

In doing so, suppose that the generation of each spike depends only on an underlying

driving signal, r(t), that we will refer to as the instantaneous firing rate. In this manner

the generation of each spike is independent of other spikes and thus the spike train can be

completely described by Poisson process. The Poisson distribution is a discrete probability

distribution that expresses the probability of a given number of events occurring in a fixed

interval of time or space provided that these events occur independently of previous events

and with a known constant mean rate. Such events are called Poisson processes and are

important in a variety of problems involving rare, random events in time or space. Later on,

when we model our network in CARLsim we use the PoissonRate class that allows us to

create spike trains whose inter-spike interval follows a Poisson process. To see the details of

Poisson spike generation please refer to [35].

2.2 Visual cortex

2.2.1 Visual area V1

The primary visual area (V1) of the cerebral cortex is the first stage of cortical processing

of visual information. Area V1 contains a complete map of the visual field covered by the

eyes. It receives its main visual input from the lateral geniculate nucleus of the thalamus
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Figure 2.3: A: Simple cell’s receptive field shape, B: Complex cell’s receptive field shape.
Also the functionality of these cells is shown. The image is taken from [20]

(LGN), and sends its main output to subsequent cortical visual areas. V1 is one of the best

understood areas of the cerebral cortex, and constitutes a prime workbench for the study

of cortical circuits and of computations. Numerous factors contribute to this fortunate

position: we understand the nature of its main inputs, we know what stimuli make its

neurons fire, and we can easily make those stimuli thanks to computer displays. The main

task of V1 is to process visual inputs from the LGN and send the results of this processing

to higher visual areas and subcortical structures. In primates, these include areas V2, V3,

V4, MT, etc. Neurons in area V1 are classically divided into two types: simple and complex

([37, 38]), based on the structure of their receptive field. In simple cells, receptive fields have

separate ON and OFF subregions (Figure 2.3 part A). ON and OFF subregions differ in their

responses to the onset of stimuli on a gray background: ON subregions respond white bars,

and OFF subregions respond to black bars. In complex cells, instead, ON and OFF regions

are superimposed, i.e. every location in the receptive field responds both to white and black

bars (Figure 2.3 part B). V1 cells are commonly classified as simple or complex based on
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their responses to drifting visual gratings. In simple cells the responses are periodic, whereas

in complex cells they are steady in time. In addition to stimulus position, V1 neurons are

selective for a number of attributes, including orientation, direction of motion, spatial and

temporal frequency. In many species they are also selective for binocular depth and color.

Out of all above attributes we are interested in their selectivity to orientation and color.

� orientation: A key characteristic of the responses of V1 neurons is their high selec-

tivity for stimulus orientation. This selectivity was discovered by Hubel and Wiesel

[37], and must arise from computations that take place within cortex, because LGN

responses are not selective for orientation. Orientation selectivity is arguably the most

studied example of cortical processing. The orientation selectivity of simple cells de-

rives directly from the shape of their receptive field, (Figure 2.3, part A): ON and OFF

subregions are elongated, so their preferred stimulus is similarly elongated. For com-

plex cells, orientation selectivity cannot be directly predicted from the profile of the

receptive field, (Figure 2.3, part B), but it is no less pronounced than for simple cells.

This follows straightforwardly from the descriptive model of complex cells : all the

simple cells providing input to the complex cell are selective for the same orientation,

endowing the complex cell with the same orientation selectivity.

� color: In primates, the retina contains cones responsive to three bands of wavelengths

(trichromacy). Retinal ganglion cells rearrange these responses along one of three

“cardinal directions”, known informally as red-green, blue-yellow, and black-white.

We are mainly interested in objectives of two information processing streams originat-

ing in the occipital cortex, dorsal (which goes to parietal cortex) and ventral (which goes

to temporal cortex), which exhibit relative specialization in object recognition (what) and

spatial vision (where). This configuration sometimes referred as what-and-where proposal.

To see a more detailed explanation please see [100]
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2.2.2 Functional role of V1

The basic operation that V1 is thought to perform on images is simple filtering to enhance

edges and contours. Simple cells are thought to perform linear filtering, i.e. weighted sums

of the intensity values in an image, with weights given by the receptive field profile [68].

Complex cells in turn are thought to sum the rectified output of simple cell-like filters, thus

computing the overall energy of an image in a band of frequency and orientation [67].

The result of these image processing operations can be summarized by taking an example

image and producing a “neural image” that summarizes the output of an array of visual

neurons (Figure 15). The original image is filtered by center-surround receptive fields in

retina and LGN to obtain a neural image that enhances contours. This enhancement is

much more pronounced in the output of V1 cells, which enhance oriented contours.

2.2.3 Simple cells and complex cells in V1

V1 neurons have been classified into two primary categories: simple cells and complex

cells. Simple cells can respond in a way that can be noted from arrangements of excitatory

and inhibitory regions in their receptive fields (RF). Essentially, this means that the RFs are

simple because there appears to be a relationship between the response of the cell and the

RF mapped with small spots. There is a long tradition in which simple cell responses have

been characterized using linear RFs. In such a model, the neuronal response is a weighted

sum of the local stimulus contrast. Linear models are commonly used to explain simple

cell selectivity for stimulus orientation and spatial frequency. Typical linear receptive fields

can have negative response, since they combine inputs using both positive and negative

weights, but extracellular response measurements(firing rates) are, by definition, positive.

This deficiency is usually addressed by imposing a form of rectification on the linear output.

The Simoncelli and Heeger model uses a half-squaring operation (halfwave-rectification

followed by squaring) Figure 2.4. For these purposes. Half-squaring does not drastically alter

the tuning properties of the model neuron, which are primarily determined by the underlying
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Figure 2.4: Typical shape of a half-square rectification function that we used in this thesis.

linear receptive field. This particular form of rectification is chosen for mathematical conve-

nience but other nonlinearities can also be used. Rectified linear receptive field models do

not account for several important simple cell nonlinearities, such as response saturation and

cross-orientation inhibition. Many of these behaviors can be accounted for by incorporating

response normalization.

Complex cells are similar to simple cells, in that they are selective for spatio-temporal

orientation. However, their responses are relatively independent of the precise stimulus

position within the receptive field. Complex cells and their RFs, have a more complex

response that unlike simple cells does not exhibit the simple relationship between RF and its

response. It is widely believed that complex cells combine the responses of a set of underlying

linear receptive field sub-units.

2.3 Visual area V4

Neurons in V4 continue to integrate lower-level responses into higher-level responses and

therefore increase invariance. V4 neurons respond selectively to orientation, color and simple

shapes. Color coding cells in V4 differ from those in V1 in that they code for hue, rather

than color opponency along the two principal color axes. An important characteristic of

V4 is its role in color constancy which refers to the case of perceiving the constant color

for an object under different illumination condition. In our research, we model neurons in
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area V4 as spiking neurons in CARLsim and consider six types of color sensitive cells, each

responding to six colors, red, green, blue, yellow as primary colors and cyan and magenta as

secondary colors. For more information about computational models of V4 please refer to

[36, 4, 18, 84]

2.4 Visual area MT

Many neurons in area MT are tuned for retinal image velocity [13]. They respond vig-

orously to a visual stimulus moving with a particular speed and direction, and somewhat

indifferent of the stimulus spatial pattern [85]. The computational models for area MT

are used extensively for motion and velocity detection [104]. An empirical link has been

established between neural activity in are MT and the perception of motion [64]. The com-

putational model that we use in our research consists of two primary stages corresponding

to cortical areas V1 and MT [99]. The basic form of computation is identical in each of these

two stages: a weighted sum of input values followed by rectification, squaring and response

normalization. Although, the known functionality and role of MT neurons is toward detec-

tion of motion, we modify the existing models to leverage them for orientation detection in

still images.

2.5 A Computational model for early vision

One of the first and most influential works done in computationally modeling the early

steps of human vision is reflected in the seminal works of David Marr et al. [62, 63] This model

suggests a simple yet effective way to detect boundaries in a digital image. Detecting the

boundary of objects in a natural scene is known to be an essential step in object detection and

scene recognition [91]. This task is believed to take place in first areas of the visual cortex and

studies have shown that people with lesions in this area lost their ability in object detection

[73]. Different variants or modifications of their model were developed and used in later years
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but most of them share the main idea behind their method. We also use their model and

some of its close alternatives later in this thesis when we try to use computational models

for color and orientation perception in the visual cortex. Thus, here we briefly explain their

model. For further details and biophysical and philosophical implications of their model

please refer to [62].

It is clear that boundaries of objects are located at intensity or color changes in a digital

image. So in order to find boundaries of objects or regions in a digital image one needs to to

find the locations of abrupt changes in intensity. Intensity changes occur at different scales

in an image and so their optimal detection requires the use of operators of different sizes;

and that a sudden intensity change will give rise to a peak or trough in the second derivative.

These idea suggest that in order to detect intensity changes efficiently, one should search

for a filter that has two salient characteristics. Such an operator should be a differential

operator that takes either first or second spatial derivative of the image. Second, it should

be capable of being tuned to act at any desired scale, so that large filters can be used to

detect blurry shadow edges and small ones to detect sharply focused fine detail in the image.

Marr and Hildreth suggestion was the filter ∇2G where ∇2 = ( ∂2

∂x2
+ ∂2

∂y2
) is the Laplacian

operator and G stands for the two-dimensional Gaussian distribution:

G(x, y) = e−
x2+y2

2πσ2 (2.5)

with standard deviation σ. The idea behind the choice of the filter ∇2G is that, first, the

Gaussian part G, blurs the image, thus wiping out all structures at scales much smaller than

the space constant σ. Second, the ∇2 operation, is computationally economic and its zero-

crossing corresponds to intensity change in image. Hence, in practice, the most satisfactory

way of finding intensity changes at a given scale in an image is first to filter with the operator

∇2G, and then to locate the zero-crossing in the filtered image. Or mathematically, given

image intensity function I(x, y) for each pixel location (x, y) we need to first convolve I with
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Gaussian G and then apply operator ∇2 like ∇2(G ? I) = (∇2G) ? I.

One can even make a more economic approximation of ∇2G by difference of two Gaus-

sian(DoG). ∇2G can be approximated closely by a DoG, and according to [63], the best

approximation from an engineering viewpoint being achieved when the two Gaussian that

form the DoG have space constant ratio 1:1.6.

2.6 Linear models of visual neurons

Much of neuroscience has been concerned with measuring the firing rates of cells as a

function of some properties of visual input. In the early visual system, the response of a

typical neuron depends only on the intensity pattern of a very small part of the visual field.

This area, where light increments or decrements can elicit increased firing rates, is called the

(classical) receptive field (RF) of neuron.

2.6.1 Simple cells and linear models

Cells in V1 have more interesting receptive fields than those in the retina or LGN. The so

called simple cells typically have adjacent elongated (instead of concentric circular) regions

of excitation and inhibition. This means that those cells respond maximally to oriented

image structure. A linear model for a visual neuron means that the response of a neuron is

modeled by a weighted sum of the image intensities, as in

rj =
∑
x,y

wj(x, y)I(x, y) + r0 (2.6)

where wi(x, y) contains the pattern of excitation and inhibition for light for the neuron j in

question. The constant r0 is the spontaneous firing rate.
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Figure 2.5: Filter banks of Gabor function. left to right: θ = 0, π/6, π/3, · · · , 5π/6 and top
to bottom: different σ. In all rows φ = 0 and γ = 1.

2.6.2 Gabor functions and receptive fields of simple cells

Typically we model the receptive fields of simple cells by Gabor functions. A Gabor

function consists of an oscillatory sinusoidal function which generates the alternation between

the excitatory and inhibitory areas and a gaussian envelope function which determines the

spatial size of the receptive field,

wij = exp(−(u2 + γ2v2)

2σ2
) · cos(

2π

λ
u+ φ) (2.7)

for u = i cos(θ) + j sin(θ) and v = −i sin(θ) + j cos(θ). Here θ is the orientation of the filter,

γ is the aspect ratio, σ is the effective width, φ is phase and λ represents the wavelength.

Figure 2.5 represents a collection of filter banks of Gabor functions for different parameters.

The Figure 2.6 shows how Gabor filter or its alternatives like Gaussian derivatives (see

appendix A). An edge, bar or a moving particle that is oriented at the same direction as

filter lobe, can activate the filter. On the other hand if it is perpendicular to the filter lobes
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Figure 2.6: The functionality of gabor filter in edge extraction. The center green lob is
excitatory and surround red lobes are inhibitory. An edge oriented at the same direction as
center lobe will fire the maximum response(image reproduced from [6]).

filter’s excitatory part (green lobe) will be nullified by filter’s inhibitory part (red lobes) and

thus the edge will not elicit a response.

2.6.3 Non-linearity in simple-cell responses

Real neurons exhibit different kinds of nonlinear behavior. The most basic non-linearities

can be handled by adding a simple scalar non-linearity to the model, which leads to what is

simply called a linear-nonlinear model. In these kind of models, a linear stage is followed by

a static non-linearity f :

r̃j = f

(∑
x,y

wj(x, y)I(x, y)

)
(2.8)

One reason to employ non-linearity is to avoid negative firing rate. If a neuron has a relatively

low spontaneous firing rate, the firing rate predicted by the linear model may then tend to be

negative, which is impossible by definition. Thus non-linearities like half-wave rectification

offer one way to work around this problem.

2.6.4 Computational model for complex cells

Simple cells are not the only cells present in V1. Complex cells are another group of cells

that exist in V1. Similar to simple cells, complex cells respond selectively to bars and edges

at a particular location and of a particular orientation, however, they do not show any clear

spatial zones of excitation or inhibition.
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Figure 2.7: Sparse features learned from a dataset of natural images. Notice their similarity
to patches of Gabor functions in Figure 2.5

2.7 Sparse coding in the brain

Mammalian brains consist of a large network of billions of neurons, each of them capable

of fire independently. The pattern of activation of this large network is a means of information

representation and is called neural code. In other words, the neural code defines what pattern

of neural activity corresponds to each represented information item [8]. Neurons are binary

in the sense that they are either active or inactive and once they are active, they show a

fixed level of activity. For any set of N such binary neurons, the average (or expected value)

of active neurons is called the density of the code and a code with low density is called a

sparse code.

Brain employs sparse coding as a computational strategy to encode sensory information,

where at a given time only a small number of simultaneously active neurons are used. There
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are compelling evidence for brains using sparse coding in sensory systems and there are

convincing theoretical reasons for why brain should use sparse coding among which the

following are more popular:

1. more memories can be stored

2. make use of statistical structure of natural scenes

3. Represent data in a convenient way for further processing

4. save metabolic energy, by decreasing neural firing rate.

2.7.1 Mathematical meaning of sparseness

Mathematically, sparseness is defined as the case that the random variable is very close

to zero most of the times or alternatively, the random variable is active only rarely. But in

order to speak of sparseness of a random variable we need to have a baseline distribution

for comparison. The gaussian normal distribution is one that works here. By definition, a

random variable is sparse if it is less active than a gaussian with the same variance and mean

zero.

In vision science one way to learn features is by maximizing the sparseness. So for

example, we consider a single feature s as weighted sum of pixel intensities:

s =
∑
x,y

W (x, y)I(x, y) (2.9)

and try to learn the weights that maximize the sparseness with respect to some sparse-

ness measure. Figure 2.7 shows a few weights Wi obtained by finding a local maximum of

sparseness, using the sparseness measure h(s2) = − log cosh(s). One can see the similar-

ity between these learned weights and Gabor functions and simple cell receptive fields(see

Figures 2.5 and 2.6).
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2.8 Color perception

Light can vary in both wavelength and intensity. Color vision is the ability to make

discrimination based on the wavelength composition of the light independent of its intensity.

Color vision is used to determine the location and shapes of objects (e.g., fruit among foliage)

and their identity and characteristics (e.g., what kind of fruit and whether it is ripe). It is

particularly useful in cluttered natural scenes, where intensity variations may arise from

either shadows or object borders.

The retina has two types of receptors, rods and cones. The three types of cone found in

the human retina support color vision, which makes human trichromats [83]. The three are

called S-cones, M-cones, and L-cones where the capital letters refer to their peak sensitivities

in the short, medium, and long wavelength regions (respectively) of the visible spectrum.

The output of each type of cone provides measurements of incoming light intensity over a

broad range of wavelengths. It is however, important to bear in mind that the cones provide

just the starting point for color vision, and that their outputs are not simple correlates of

our perception of color.

2.8.1 Opponent color theory

Hering proposed his opponent color theory in 1872. Hering had noted several anomalies

which seemed to be incompatible with a simple trichromacy theory of color. These anoma-

lies were that it does not seem possible to experience a red-ish green or a blueish yellow

color. Accordingly he proposed that colors were represented in two opponent pairs, red-

green and blue-yellow. The cone classes do not correspond to our perception of red, green,

and blue; rather, our perception of color requires multiple stages of L,M,S input integration

[4]. An important early stage is the generation of color-opponency. Red-green neurons detect

differences in L and M cone inputs, blue-yellow neurons compare S and L+M inputs.

About 5-10% of V1 cells are dedicated to color-coding and are called double-opponent
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Figure 2.8: Color-opponent cells in visual cortex. The center marked with + means excita-
tory and the surround marked with - means inhibitory.

cells. double-opponent cells respond well to a spot of one color on a background of its op-

ponent color and they form the basis of color contrast and color constancy. Four types of

double-opponent cells are characterized in V1: Red+/Green-, Green+/Red-, Yellow+/Blue-

and Blue+/Yellow- for excitatory(+) and inhibitory(-) effects. Mathematically these oppo-

nent cells are modeled using a DoG scheme (see Figure 2.8).
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Chapter 3

A saliency detection method using

spikes generated in visual cortex

In this chapter we design a framework to detect salient regions in still images. We build

our model based on existing computational models for primate visual systems. Specifically,

we are interested in two models as the backbone for feature extraction. The first one is a

known algorithm for color feature detection which works based on center-surround scheme

and second one is a popular algorithm for orientation detection which is based on well-

known Gabor filters or its variants. This chapter is organized as follows: First we discuss the

attention process in the human brain, its importance and also its relation to saliency maps,

then we explain the details of color and orientation feature extraction in our model. Please

note that none of these algorithms are novel and thus for mathematical details, the reader

is referred to appendix A or the given references. Then we combine all these visual features

in two post-processing algorithms to derive the final saliency map. Finally we evaluate our

model over ground truth and some other well-known models. We used various evaluation

metrics where all of them are briefly explained.
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3.1 Attention and saliency

Visual attention is one of the most important features of the human visual system. visual

attention serves as a mediating mechanism involving competition between different aspects

of the visual scene and selecting the most relevant areas to the detriment of others. Nev-

ertheless, our environment presents far more perceptual information than can be effectively

processed. In order to keep the essential visual information, humans have developed a partic-

ular strategy. This strategy, confirmed during the last two decades, involves two mechanisms.

The first refers to the sensory attention driven by environmental events, commonly called

bottom-up or stimulus-driven. The second one is the volitional attention to both external

and internal stimuli, commonly called top-down or goal-driven [56].

Primates’ visual cortex is capable of interpreting complex dynamical scenes in clutter.

This process is thought to involve attention shifting; i.e., selecting circumscribed regions of

visual information to be preferentially processed and by changing the processing focus over

the time course. There have been several approaches in the literature for dynamic attention

along the ventral and dorsal pathways, including both scene-dependent (bottom-up) and/or

task-dependent (top-down) strategies (see [11] for a review). Many computational models of

human visual search have embraced the idea of a saliency map to accomplish pre-attentive

selection. This representation contains the overall neural activity elicited by objects and non-

objects, which compete for processing space, and includes salience for primary visual features

such as intensity, orientations, colors, and motion. In some theoretical and experimental

studies, saliency maps have been attributed to early visual areas. Itti and Koch introduced

a bottom-up model [39], in calculating multiple visual features and linearly combining the

feature maps to obtain a representation for describing the overall saliency of the objects on

the static image [79].

Image saliency detection is an important and fundamental research problem in neuro-

science and psychology to investigate the mechanism of human visual systems in selecting

regions of interest from complex scenes. Recently it has also been an active topic in computer
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vision, due to its applications to object detection and image editing techniques [92].

Visual saliency is the perceptual quality that makes an object, person, or pixel stand out

relative to its neighbors and thus capture our attention. Visual attention results both from

fast, pre-attentive, bottom-up visual saliency of the retinal input, as well as from slower,

top-down memory and volition based processing that is task-dependent [1].

The most important function of selective visual attention is to direct our gaze rapidly

towards objects of interest in our visual environment. This ability to orientate rapidly

towards salient objects in a cluttered visual scene has evolutionary significance because it

allows the organism to detect quickly possible prey, mates or predators in the visual world.

Attention addresses an information-processing bottleneck by allowing only a small part of the

incoming sensory information to reach short-term memory and visual awareness. Instead of

attempting to fully process the massive sensory input (estimated to be on the order of 107–108

bits per second at the optic nerve) in parallel, a serial strategy has evolved that achieves near

real-time performance despite limited computational capacity. Attention allows us to break

down the problem of understanding a visual scene into a rapid series of computationally less

demanding, localized visual analysis problems.

The first explicit, neurally plausible computational architecture for controlling visual

attention was proposed by Koch and Ullman in 1985 [44]. Koch and Ullman’s model was

centered around a saliency map, that is, an explicit two-dimensional topographical map that

encodes stimulus conspicuity, or saliency, at every location in the visual scene. The saliency

map receives inputs from early visual processing, and provides an efficient control strategy

in which the focus of attention simply scans the saliency map in order of decreasing saliency.

The first processing stage in any model of bottom-up attention is the computation of early

visual features. Neurons at the earliest stages are tuned to simple visual attributes such as

intensity contrast,color opponency, orientation, direction and velocity of motion, or stereo

disparity at several spatial scales [30]. Neural tunning becomes increasingly more specialized

with the progression from low-level to high-level visual areas, such that higher-level visual
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areas include neurons that respond only to corners or junctions, shape-from-shading cues or

views of specific real-world objects [52].

In this chapter we explain our proposed algorithm for saliency detection in still images.

Similar to most saliency detection methods we start with extracting features from input

images. We are specifically interested in color and orientation features. The novelty of

our work is that instead of directly calculating features, we use a spiking neural network

simulator to simulate the neural connectivity in two different pathways in the striate cortex.

Then we use action potentials (spikes) generated by neurons in this area as visual features.

Our results show that while the responses of these neuron form sparse matrices, they carry

enough information for our post-processing algorithm to extract salient pixels in the image

and on the other hand their sparsity help us to make the post-processing step simple and

fast.

3.2 Color feature extraction in our model

We use the model by Livingston & Huble [59] as implemented in [7]. The color sensitive

receptive fields of V1 and their connectivity to color sensitive cells in V4 is depicted in Figure

3.1. Note that this setting is specific to our framework and not in general. This setting, as

well as most parameters that we used in CARLsim configuration and setup, is the result of

a trial and error process over the benchmark images in Figure 3.2.

In V1 there are four double-opponent cells: red center-green surround, green center-

red surround, yellow center-blue surround and blue center-yellow surround. These types

of cells that are known to be present in area V1 [90] respond well to a spot of one color

on its opponent color and thus form the basis of color contrast and color constancy. The

standard way to model them is to use the Difference of Gaussian (DoG), i.e. the difference

of two Gaussian functions with different widths where the width of the center is smaller or
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Figure 3.1: Connections between center-surround(double-opponent) cells in area V1 and hue
sensitive cells in area V4. The arrow heads are excitatory connections and circle heads are
inhibitory connections. Every cell selective to four primary colors in V4 is connected to the
cell in V1 that its center has the same color as it. However Magenta and Cyan are connected
to 2 different cells in V1 as well inhibitory connections to yellow sensitive cell in V4. This
setting is specific to our model. To obtain that we used benchmark image in Figure 3.2.
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Figure 3.2: The benchmark images that we used to tune the parameters and set the con-
nections in CARLsim. top: a colormix image including all 6 colors in V4 area in our model.
The darker pixel means more spikes were generated by neuron corresponding to that pixel.
bottom: a collection of bars oriented differently. The responses are from 0 to 7π/8 left to
right.

mathematically:

Ic-s = Ic ? Gσcen − Is ? Gσsur (3.1)

where (c,s) ∈ {(red,green),(green,red),(yellow,blue),(blue,yellow)}, σcen < σsur are the width

of the Gaussian kernel and ? denotes the convolution operation. Here each of red, green and

blue colors are one of the channels in the input RGB stimuli and we form the yellow color

according to the following formula:

Iyellow =

[
Ired + Igreen

2
− |Ired − Igreen|

2
− Iblue

]≥0

(3.2)

where [·]≥0 means we zero out potential negative values. In our setting σcen = 1.2 and

σsur = 1.6. There are also color sensitive cells in V4 but unlike cells in V1 their receptive

fields code for hue rather than color opponency. Similar to [7] we considered six hue sensitive

cells in area V4 both with excitatory and inhibitory cells. In Figure 3.1 the arrow-heads show

excitatory connections while the circle-heads denote inhibitory connections. Each center-

surround cell in V1 has an excitatory connection to one hue sensitive cell in V4 that is

sensitive to the same color as its center. The exception is for cyan and magenta that are

secondary colors and are connected to two different double-opponent cells.
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3.3 Orientation feature extraction in our model

To model the orientation selective cells in V1 we follow [7] which is a modern imple-

mentation of the one in [93]. Here we only sketch the plan of calculations and skip the

mathematical details and refer the interested reader to above references. This process can

be summarized in 3 steps: first we compute a weighted sum of input stimuli. Then we apply

a form of rectification (in this case half-square rectification) which is performed to address

the deficiency of having negative firing rates. Finally, response normalization is applied to

account for nonlinearities. The first 2 steps calculate the linear response of V1 cells and can

be described mathematically as:

L = αv1linMb, (3.3)

where αv1lin is a scaling factor, M and b are 28×28 and 28×1 matrix and vector respectively.

Each element of b is a third derivative of Gaussian that is used as a good approximation

to Gabor filters that are normally used for orientation feature extraction and each row and

column of M address one spatio-temporal component of one of 28 vectors on a dome. Note

here that we are using the V1-MT connectivity as an orientation detection tool while in

the above references it codes for direction and speed of motion as is known from biological

studies. Thus we made some modification to the original MATLAB script projectV1toMT.m

in [93]. This function computes the projections from V1 to MT. In their setting V1 has 28

different space-time oriented filters at each pixel location. Those filters need to be projected

onto MT neurons selective to 8 directions and 3 non-zero speeds. Since those directions are

direction of motion they set θ ∈ {0, π/4, π/2, · · · , 7π/4} but we need to detect oriented bars

or edges so we change it to θ ∈ {0, π/8, π/4, · · · , 7π/8}. this way we cover a wide range of

oriented bars or edges and also we only consider the speed of 0 since we are dealing with

still images. The last step is to normalize this response.
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3.3.1 Post processing algorithms for saliency detection

Almost all saliency detection algorithms, no matter what category they belong to, either

being biologically inspired or purely computational, look for rarity or distinctiveness in im-

ages [15, 11, 31, 80]. In our framework this process is accomplished using our post processing

algorithms outlined in algorithms 1 and 2. For color feature extraction we consider six color

sensitive cells in V4, namely, red, green, blue, yellow, cyan and magenta. After generating

the spikes in V4 and MT area as color and orientation features respectively, we pass them to

our post processing algorithms to extract color and orientation salient regions. So, in order

to find the distinction of response to a specific color in area V4 compared to other colors,

we subtract the weighted sum of responses to all other colors from the target color as in line

4 of algorithm 1. This way the remaining values denote the amount of distinctiveness in

that specific color compared to other color responses. Note that we are also using a constant

αc, for c being one of those six colors in order to give more weight to some colors in final

saliency map. In algorithm 1 αred = 0.8 and αyellow = 0.9 and αc = 1 for c any other color

and hence red and yellow will have stronger roles in saliency [28]. The process of choosing

rare pixels is done in line 10. Nc denotes the number of pixels that their value is larger than

a threshold(here 0.2 times of maximum value). We multiply the saliency of each color by

1
Nc+1

and thus we mitigate the effect of a very large area of one color in an image, because

such regions are not rare at the end. Also notice that we zero out values that are lower than

some threshold (line 6 of Algorithm 1). The reason for this is that if you run the CARLsim

simulation for long enough then almost every neuron corresponding to each pixel will fire

eventually and so we must guarantee that we are only considering the strong responses. Also

notice that we smooth the results using a convolution kernel multiple times (lines 7 and 11 of

Algorithm 1). This is because the operations before them will introduce some discontinuity

in the response matrix, however, we expect that if a region is salient it is continuous enough

so in this way we smooth the remaining regions. Finally we normalize the map to get the

color saliency Sc.
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Similarly for orientation saliency we look for rare and distinct regions. The process is

the same in general with some minor differences. For example in line 7 when we try to down

weight the large regions we multiply by ( 1
Nθ

)2 where Nθ is the number of pixels greater than

some threshold. Moreover, in line 9, that we aim to extract the distinct regions we add back

half of the current saliency map for two immediate before and after orientations. The reason

for this is that the angles are only π/8 apart so it is reasonable to see strong response to

an edge of some orientation, say π/4 from cells selective to 3π/8 and 5π/8. similar to color

saliency we normalize the orientation saliency So at the end.

Once we have the color(Sc) and orientation(So) saliency maps, we can compute the saliency

map of the image by smoothing the average of Sc and So as S = So+So
2

? K. The kernel K

that we use here, is a simple average kernel like K = 1
9


1 1 1

1 1 1

1 1 1

, but it can be any other

smoothing kernel depending on dataset or image itself.

Algorithm 1 Computing Color Saliency Map

1: C = {red, green, blue, yellow, magenta, cyan}
2: input: Rc . Response of V4 cells for each c ∈ C
3: for c ∈ C do
4: Rc ← Rc − αc

∑
c′ 6=cRc′/5

5: Mc ← max(Rc)
6: Rc(Rc < 0.7Mc) = 0 . Only keep the highest 30% values
7: Sc ← Rc ? K . Convolution with an averaging kernel K
8: mc ← max(Sc)
9: Nc ← |Sc(Sc > 0.2mc)|. Number of elements in Sc that are greater than 0.2 times of

the maximum value
10: Sc ←

∑
c

1
1+Nc

Sc
11: Sc ← Sc ? K . Convolution with an averaging kernel K
12: Sc ← Sc/max(Sc) . Normalizing the result
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Figure 3.3: The output of our algorithm on some synthetic image made specially for saliency
detection algorithms. The first 4 images are from Toronto dataset[15] and last 3 are from
pattern category of CAT2000 dataset [12].

Algorithm 2 Computing Orientation Saliency Map

1: Θ = {0, π/8, π/4, 3π/8, π/2, 5π/8, 3π/4, 7π/8}
2: input: Rθ . Response of MT cells for each θ ∈ Θ
3: for θ ∈ Θ do
4: sθ = Rθ ? K
5: Mθ ← max(sθ)
6: Nθ ← |sθ(sθ ≥ 0.5Mθ)| . Number of elements that are at least half of maximum

value

7: sθ ←
(

1
Nθ

)2

sθ

8: for θ ∈ Θ do
9: Sθ = sθ −

∑
θ′∈Θ,θ′ 6=θ

sθ′ + 0.5sθ+π/8 + 0.5sθ−π/8

10: Sθ(Sθ < 0) = 0

11: So ←
∑

θ Sθ
12: So ← So ? K . Convolution with an averaging kernel K
13: So ← So/max(So) . Normalizing the result

3.4 Results

In general, two types of images are used to tune and evaluate the saliency detection algorithms.

Some of them contain regions where their conspicuity is clear. These images are either hand crafted

synthetic images (see Figure 3.3) or hand picked natural images [15]. These kinds of images are

ideal to examine the performance of an algorithm by eye. On the other hand datasets also contain
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random natural images that do not have trivial salient regions. To evaluate the saliency algorithms

over these datasets one needs ground truth (see section evaluation). In this paper we evaluate

our model on different datasets. Salient regions in an image might be the result of different color,

orientation/curvature, luminance, density, etc and the use of each of these features depends on the

design of the algorithm. In our algorithm we used spikes generated in the V4 and MT area in the

visual cortex in response to color and orientation and thus our method is more targeted at multi

color images with objects oriented differently. For example in images like the second one in Figure

3.3 the color pathway in our framework is redundant and does not add more accuracy to the final

result.

3.5 Model evaluation

To evaluate our model’s performance we used five quantitative evaluation metrics: Similar-

ity(SIM) that ranges in [0, 1] where 0 means no overlap between ground truth and prediction and

1 indicates complete similarity. Normalized Scan-path Saliency (NSS) with theoretical values in

[−∞,∞] where 0 means chance and any positive value indicates performance above chance. Corre-

lation Coefficient (CC) assumes values in [−1, 1] with positive value indicating correlation between

model prediction and fixation maps and negative values denoting decorrelation. Information Gain

(IG) that is similar to NSS and finally Kullback-Leibler divergence (KL) with values in [0,∞] where

lower values means better performance by the model. The first 4 metrics are similarity metrics in

the sense that the higher score means the saliency map and fixation map are more similar and hence

better performance by the model. The last one (KL) is a dissimilarity metric, i.e. the lower score

means better performance by the model. We skip the mathematical definition of these metrics here

and refer the reader to [17]. We also used the MATLAB implementations of these metrics provided

by the above reference. They also cover a thorough discussion of various evaluation metrics. fig-

ure 3.7 shows the best and worst performance of our model on the Toronto dataset [15] for three

similarity and KL dissimilarity metrics. Note that in the case of KL-divergence lower score means

better performance. In the following we explain each of these measures briefly. To see a thorough

review and comparison see [17].
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Normalized scanpath saliency(NSS)

Given a fixation map F and a saliency map S, NSS can be defined as:

NSS(S, F ) =
1

N

∑
m

∑
n

S̄mnF̄mn

where, F̄ =
F − µF
σF

(3.4)

and m,n are spatial locations. N is the total number of fixation locations, i.e. the nonzero pixels

of fixation density map. µF and σF are the mean and standard deviation of the fixation map

respectively, so F̄ is the normalization of F . The theoretical range for NSS score is (−∞,∞), but

its empirical range depends the data set and is much smaller [17]. Positive NSS values indicate

that the model performs above chance. All false positives contribute to lowering the NSS and thus

NSS is very sensitive to false positives.

Similarity(SIM)

Similarity is defined as the sum of the minimum values of normalized fixation map F and

saliency map S:

SIM(S, F ) =
∑
m

∑
n

min(S̄mn, F̄mn)

where,
∑
m

∑
n

F̄mn =
∑
m

∑
n

F̄mn = 1

(3.5)

and m,n are pixel locations. SIM ranges in [0, 1] where 1 indicates F and S have identical distri-

bution. SIM is very sensitive to missing values and penalizes for every ground truth value that is

not detected by the model.

Pearson’s Correlation Coefficient(CC)

CC is a statistical measure that can compute how correlated two variables are. If we assume

saliency and fixation maps S and F as random variables then:

CC(S, F ) =

∑
m

∑
n(Smn − µS)(Fmn − µF )√

(
∑

m

∑
n(Smn − µS)2)(

∑
m

∑
n(Fmn − µF )2)

(3.6)
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CC is equally sensitive to both false negatives and false positives. It ranges between [−1, 1] , higher

positive CC value means S and F have more pixel locations with similar magnitude.

Kullback-Leibler divergence(KL)

KL-divergence measures the difference between two probability distributions. We use a variant

of it used and provided in [17] and defined as:

KL(S, F ) =
∑
m

∑
n

Fmn × log(ε+
Fmn

ε+ Smn
) (3.7)

where, S and F are normalized such that
∑

m

∑
n Fmn =

∑
m

∑
n Smn = 1. ε is a regularization

constant (here MATLAB’s built-in ε). KL is a dissimilarity measure ranging from [0,∞) and thus

a lower score means less dissimilarity.

3.5.1 Information gain(IG)

Information gain first introduced in [51] evaluates a saliency models performance versus a

baseline map. In other words, IG measures the information gained by the output of a model over

some baseline. The baseline could be a center prior, such as a 2D Gaussian centered at the center

of the image or an image with random pixel values, see Figure 3.5. Let F be a binary fixation map,

S the saliency map, and B the baseline map, then IG is defined as:

IG(S, F ) =
1

N

∑
m

∑
n

Fmn(log2(ε+ Smn)− log2(ε+Bmn)), (3.8)

where, m,n are spatial locations, N is the total number of fixated pixels, ε is regularization con-

stant. IG ranges between (−∞,∞). A positive score means that the model predicts the fixated

locations better than baseline map. In Figure 3.4 the output of our model over nine images from

different categories of CAT2000 train set is compared with the fixation maps of the data set . The

visualizations in D show the performance of the model over center prior baseline. The numbers in

E and F are corresponding IG scores for center prior and chance maps respectively.

Table 3.1 shows the average score of all five metrics on the Toronto dataset and also the pattern
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Figure 3.4: Evaluation of our model over 9 images from different categories of CAT2000
dataset. A: original images, B:fixation maps, C: output og our model, D:performance of
our model over center-prior baseline(The green area means better performance compared to
baseline and red regions means the model is inferior to baseline), E and F: IG score compared
to two baseline maps in Figure 3.5.

category of CAT2000 dataset [12]. Note that for information gain(IG) metric, a baseline map must

be provided, say center prior or a random map. IG measures the amount of information captured

by the saliency model compared to the baseline map, see Figure 3.5 and a positive score indicates

that the saliency model is predicting the fixated locations better than the baseline.

Figure 3.5: Baseline maps used to measure information gain (IG) score. Left: Center prior,
2D Gaussian. Right: An image with random pixel values.

Figure 3.6 shows a visual comparison between the output of our model and Itti’s model [39] on

seven images from MIT300 dataset [16]. The ground truth for this dataset is not released. Please

note that Itti’s model is using a larger blurring kernel.

Figure 3.7 represents the best and worst performances of our model on the Toronto dataset. As

can be seen, whenever the image has clear salient regions that show significant distinction in color
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Figure 3.6: A comparison between the output of our model and Itti’s model [39]. First row:
seven pictures from MIT300 dataset [16]. Second row: output of Itti’s model with default
parameters. third row : the output of our model. Please notice that in our model’s setup
we removed the least 10% of values and used a small smoothing kernel.

or orientation, then our model performs very well. Like the piece of cloth on the turf in the third

image in the left panel. But in images that these visual cues are not trivial enough, our model

shows weakness.

SIM↑ NSS↑ CC↑ KL↓ IG(center prior)↑ IG(chance)↑
CAT20001 0.33 0.24 0.24 6.73 3.96 3.33
Toronto 0.33 0.21 0.16 3.60 4.93 3.77

Table 3.1: The average score of 4 saliency metrics on 2 datasets. The first row shows the
score for pattern category in CAT2000 dataset. Second row shows average scores for toronto
dataset.

Figure 3.8, compares our model with the fixation maps side by side on nine images of the

Toronto dataset. One characteristic of the Toronto dataset is that while images are taken from

natural scenes, they have elements that clearly stand out against their neighboring regions.

Figure 3.9 gives a side-by-side comparison of our model and fixation maps over nine images

1only pattern category
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Figure 3.7: The best and worst result of our algorithm on Toronto dataset. The first column
in left panel consists of images that our model performed best according to each metric. The
second and third columns are ground truth and prediction respectively. The fourth column
shows the corresponding scores. The right panel is similar to left but consists of images that
our model did worst. Notice that in three metrics images are the same.

from the Toronto dataset. In the last column the information gain is visualized with respect to

the center prior baseline (see Figure 3.5). The green areas represent the regions that our model is

outperforming the baseline map and red areas represent the pixels that are predicted better by the

baseline map. For example in the fifth image the baseline is catching the salient regions better but

it is surprising as the only salient region in that image is the door knob that is located almost at

the center.
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Figure 3.8: A: Nine images from Toronto data set. B: Fixation maps (ground truth). C:
Output of our model. The score for four evaluation metrics NSS, SIM, CC, and KL are given
in Table 3.1
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Figure 3.9: Nine sample images from Toronto dataset [15]. salient regions in these images
are easily discernible. 1st column: original images, 2nd column: ground truth, 3rd column:
the output of our framework, 4th column: visualization of IG w.r.t center prior (see Figure
3.5). The green regions are pixels that our model predicted better than baseline and red
regions are pixels that our model performed worse than baseline.
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Chapter 4

Object recognition and classification

The visual system rapidly and effortlessly recognizes a large number of diverse objects in clut-

tered, natural scenes. In particular, it can easily categorize images or parts of them, for instance

as faces, and identify a specific one. Despite the ease with which we see, visual recognition, one of

the key issues addressed in computer vision, is quite difficult for computers and is indeed widely

acknowledged as a very difficult computational problem [75]. The problem of object recognition

is even more difficult from the point of view of neuroscience, since it involves several levels of un-

derstanding from the information processing or computational level to the level of circuits and of

cellular and biophysical mechanisms. After decades of work in striate and extrastriate cortical areas

that have produced a significant and rapidly increasing amount of data, the emerging picture of

how cortex performs object recognition is in fact becoming too complex for any simple, qualitative

mental model [88]. The key computational issue in object recognition is the specificity-invariance

trade-off: recognition must be able to finely discriminate between different objects or object classes

while at the same time be tolerant to object transformations such as scaling, translation, illumina-

tion, viewpoint changes, change in context and clutter, non-rigid transformations (such as a change

of facial expression) and, for the case of categorization, also to shape variations within a class. Thus

the main computational difficulty of object recognition is achieving a very good trade-off between

selectivity and invariance [77].

Human visual recognition is a far from trivial feat of nature. The light patterns projected on

the human retina are always changing, and an object will never create exactly the same pattern
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twice. Objects move and transform constantly, appearing under an unlimited number of aspects.

Yet, the human visual system can recognize objects in milliseconds. It is thus natural for computer

vision models to draw inspiration from the human visual cortex.

4.1 Computational models of object recognition

We have amazing ability at recognizing objects by sight and it involves any variation of object

representation. We recognize and classify objects even by seeing a few strokes of pen done by a

talented artist. Also, different angles of view, different intensities or occlusion have minimum effect

on our perception ability. Thus it worth to talk a little about computational theories of object

recognition.

The task that we will discuss in this thesis usually is called object classification. Classification

can be considered as a subtask of recognition. However, in the former one we are interested in

assigning class labels rather than determining the instances of a class. There are various theories

aimed at explaining how our brain does the recognition tasks. We do not intend to give a complete

review of existing models here but only briefly discuss the one that is closely related to our approach

in this thesis. For more details please refer to [30].

Many of the existing models of object recognition can be traced back to some of the original

ideas developed by Hubel and Wiesel [37, 38] and the influential works of David Marr [63, 62].

The approach that we take here can be categorized in the models that are based on Marr and

Nishihara’s model.

4.1.1 Marr and Nishihara’s model

In order to judge theoretical proposals regarding different aspects of object recognition theories,

Marr and Nishihara set out three criteria that must be met by a good representation of a shape:

1. Accessibility: Can the representation be completed easily?

2. Scope and Uniqueness: Is the representation suitable for the class of shapes with which

it has to deal (scope), and do the shapes in that class have one or more canonical represen-

43



tations(uniqueness)?

3. Classification and identification: The term that Marr and Nishihara have used originally

was stability and sensitivity. It states that can the representation be used to capture both

the similarities (for deciding class membership) and the differences (for identifying specific

instances) between the objects it has to deal with?

Their proposal is an attempt to address a very important question: should there be a flat or-

ganizational structure or should there be a hierarchical organization, in which features in lower

levels are combined in higher levels. A hierarchical scheme has shown to be more successful in

classification/recognition tasks [77, 89, 78].

4.1.2 Learning and plasticity

In this short section we briefly revisit the learning theory in spiking neurons, specifically we

are interested in Hebbian learning as it is the backbone of the learning process and plasticity that

is behind the spiking neural network that are integral to our research. The interested reader is

referred to [23].

In 1949, Donald Hebb conjectured that if input from neuron A often contributed to the firing of

neuron B, then the synapse from A to B should be strengthened [34]. Hebb suggested such synaptic

modification could produce neuronal assemblies that reflect the relationships experienced during

training. Hebb rule is the basis of many researches in the role of synaptic plasticity in learning and

memory. The simplest plasticity rule that is also close to the Hebb idea can be expressed as:

τw
dw

dt
= νu (4.1)

where, τw is the time constant that controls the rates at which the weights change. w is the

vector of all synaptic weights. u is the presynaptic activity and ν is the post-synaptic activity.

Synaptic plasticity is generally modeled as a slow process that gradually modifies synaptic weights

over a time period.
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4.2 Prototype learning and dimension reduction

4.2.1 Dimension reduction

Dimensionality reduction, or dimension reduction, is the transformation of data from a high-

dimensional space into a low-dimensional space so that the low-dimensional representation retains

some meaningful properties of the original data, ideally close to its intrinsic dimension. Working

in high-dimensional spaces can be undesirable for many reasons; raw data are often sparse and

analyzing the data is usually computationally intractable. Dimensionality reduction is common in

fields that deal with large numbers of observations and/or large numbers of variables, such as signal

processing, speech recognition, neuroinformatics, and bioinformatics.

Methods are commonly divided into linear and nonlinear approaches. Approaches can also be

divided into feature selection and feature extraction. Dimensionality reduction can be used for

noise reduction, data visualization, cluster analysis, or as an intermediate step to facilitate other

analyses.

The curse of dimensionality refers to various phenomena that arise when analyzing and orga-

nizing data in high-dimensional spaces that do not occur in low-dimensional settings such as the

three-dimensional physical space of everyday experience. The expression was coined by Richard

E. Bellman [5] when considering problems in dynamic programming. Dimensionally cursed phe-

nomena occur in domains such as numerical analysis, sampling, combinatorics, machine learning,

data mining and databases. The common theme of these problems is that when the dimensionality

increases, the volume of the space increases so fast that the available data become sparse. This

sparsity is problematic for any method that requires statistical significance. In order to obtain a

statistically sound and reliable result, the amount of data needed to support the result often grows

exponentially with the dimensionality. Also, organizing and searching data often relies on detecting

areas where objects form groups with similar properties; in high dimensional data, however, all ob-

jects appear to be sparse and dissimilar in many ways, which prevents common data organization

strategies from being efficient.
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4.2.2 Uniform Manifold Approximation and Projection(UMAP)

UMAP is a highly scalable, novel manifold learning technique for dimension reduction. Similar

to all manifold learning algorithms it assumes that the observed data lie on a low-dimensional

manifold embedded in a higher-dimensional space [66]. Intuitively, this assumption, which is known

as the manifold assumption or sometimes the manifold hypothesis, states that the shape of our

data is relatively simple. UMAP is constructed from a theoretical framework based in Riemannian

geometry and algebraic topology. Here we follow [65] and briefly explain the UMAP algorithm from

a computational perspective but also warn that there is an extensive mathematical theory behind

it. The interested reader is referred to the original report cited above.

Any algorithm that employs a mathematical structure similar to graph neighborhood for ap-

proximating a manifold that fits the data must follow some basic flow that can be put into two

stages: Graph Construction and Graph Layout. In the first stage, the algorithm must form a

weighted k-neighborhood graph, then apply some transform on the edges of the graph and deal

with the inherent asymmetry of the k-neighbor graph. In the second stage, the algorithm must

define an objective function in a way that preserves the characteristics of the k-neighborhood graph

and finally find a low dimensional representation of the original dataset that optimizes this objective

function. In the following we explain in steps in a more formal way but we skip all mathematical

justification as well as the implementation details of the algorithm. To see a thorough explanation

with complete proof of all theorems see [65].

� Graph construction: Let X = {x1, · · · , xN} be the input dataset, equipped with a metric

d : X×X → R≥0. For a given hyperparameter k for each xi we compute the set {xi1 , · · · , xik}

of k nearest neighborhood of xi according to metric d. The choice of this nearest neighbor-

hood algorithm is not important. For each xi define ρi as: ρi = min{d(xi, xij )|1 ≤ j ≤

k, d(xi, xij ) > 0} and find σi that satisfies the following equation:

k∑
j=1

exp

(−max(0, d(xi, xij )− ρi)
σi

)
= log2(k) (4.2)

The selection of ρi ensures that xi connects to at least one other data point with an edge of
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weight 1 and aims at improving the representation on very high dimensional data. The σi is

a normalization factor that smooths out the manifold structure so keep it Rimannian at least

locally around xi. Now we have enough tools to define the weighted directed graph Ḡ(V,E,w).

The vertices V are simply the set X. The set of directed edges is E = {(xi, xij )|1 ≤ j ≤

k, 1 ≤ i ≤ N} and the weight function can be defined as:

exp

(−max(0, d(xi, xij )− ρi)
σi

)
(4.3)

� Graph layout: The definition of objective function and then solving for a low dimensional

representation that optimizes it, is based on attractive-repulsive forces applied along the

edges and among the vertices respectively. The algorithm applies these forces iteratively

and local minima is achieved by slowly decreasing the attractive and repulsive forces. In

UMAP the attractive force on an edge connecting two vertex i and j at coordinates yi and

yj respectively, is determined by:

−2ab‖yi − yj‖2(b−1)

1 + ‖yi − yj‖2
w((xi, xij ))(yi − yj) (4.4)

where, a and b are hyperparameters. The repulsive force is given by:

2b

(ε+ ‖yi − yj‖2)(1 + a‖yi − yj‖2b)
(1− w((xi, xij )))(yi − yj) (4.5)

ε is a small number to avoid division by zero. Note that this repulsive force is only applied

to a sampled vertices of an edge that an attractive force is already applied to it.

4.2.3 Prototype-based learning

The main concept of the prototype-based methods is to represent previously observed data

in terms of a handful of data so-called prototypes, which reflect typical properties of the data.

Equipped with a suitable, similarity or dissimilarity measure, prototypes can be used for the clas-

sification of complex and possibly high-dimensional data.
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Prototype-based models constitute a very successful family of methodological approaches in

machine learning (see e.g. [10, 9]). They are appealing for a number of reasons: The extraction of

information from previously observed data in terms of typical representatives, so-called prototypes,

is particularly straightforward and intuitive The same is true for the working phase, in which novel

data are compared with the prototypes by use of a suitable (dis-)similarity or distance measure.

Prototype systems are often employed for unsupervised learning where they are used for de-

tection of underlying structures, such as clusters (see for instance [9]). Vector Quantization or the

well-known K-means algorithm are prominent examples for the use of prototypes in the context of

unsupervised learning ([27, 41]).

Among the many frameworks developed for supervised machine learning, prototype-based sys-

tems are particularly intuitive, flexible, and easy to implement. Various prototype-based classifiers

have been considered in the literature, some of them are derived from well-known unsupervised

schemes like the Self-Organizing Map or the Neural Gas [45]. which can be equipped with a poste-

rior labeling of prototypes. Here, our focus is on the so-called Learning Vector Quantization (LVQ),

a supervised framework which was originally suggested by Kohonen [45]. But, prior to that, As

a starting point for the discussion, we briefly revisit its unsupervised predecessor, Self Organizing

Map(SOM) as we leverage the former one for object classification.

� Self-Organizing Maps(SOM): The Self-Organizing Map(SOM) is an automatic data-

analysis method [48] that is related to the classical vector quantization(VQ) methods and is

extensively applied to clustering problems in a wide range of applications in science and

engineering [49]. SOMs are a type of artificial neural network that implement a char-

acteristic nonlinear projection from a high-dimensional space of input signals onto a low-

dimensional(usually 2-dimension) array of neurons. They are able to map a structured high-

dimensional signal manifold onto a much lower dimensional network in an orderly fashion.

The mapping tends to preserve the topological structure of the original data in signal domain.

In section 2.2, we talked about single neural cells in the brain that respond selectively to

some specific sensory stimuli. The local assemblies of these cells, called brain maps, are

tuned to be sensitive to some feature value of a specific stimulus. It is found that these

48



brain maps are not genetically determined but depend on sensory experiences [38]. So this

question was inevitable: whether feature-sensitive cells could be formed also in artificial

systems automatically, during the learning process (i.e. as a result of adaptation to stimuli).

SOMs were one of the first successful answers to this question. Self-organizing maps were

first introduced during 1981-82 by Teuvo Kohonen [46]. As mentioned previously, SOMs are

some form of vector quantization. In vector quantization, the space of input feature vectors

is partitioned into a finite number of contiguous regions, and each region is represented by a

single model vector, or codebook vector. Note that this representation is optimal in the sense

that the codebook vectors are constructed in a way that the mean distance between some

input data and the best-matching codebook vector is minimized according to some metric.

The working process of an SOM can be explained in an intuitive manner: assume that we

want to map a set of n-dimensional real vectors x to a 2-dimensional vector space, then we

Consider a 2-dimensional grid of neurons(nodes) and to each node we assign a weight vector

m of the same dimension as x. At the beginning these weight vectors can be initialized in

any way, say randomly. In the first iteration when the first input arrives, all nodes compete

for winning the input according to their distance to the input vector. The winner node (also

called Best-Matching Unit or BMU) updates its weight and some of its neighboring nodes-

according to some neighborhood function- to move closer to the input signal. This process

continues recursively until the algorithm converges to the optimal limit. Now we explain this

algorithm formally but before that, we must point out that there are various implementations

for SOM [48] and we only explain the original algorithm which is also the computationally

simplest one.

Let {x(t)} be a sequence of input data items and each x is a real n-dimensional vector and t

an integer signifies a step in the sequence. Also assume that {mi(t)} is another real sequence

of n-dimensional vectors that represent the codebooks computed successively. Here i is the

spatial index of the grid node associated to mi. The update rule for recursively computing

models mi is:
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mi(t+ 1) = mi(t) + hci(t) [x(t)−mi(t)] (4.6)

where, hci(t) is neighborhood function. The subscript c is the index of the winner node, i.e.

the node with the codebook mc(t) that has the smallest Euclidean distance from x(t) or:

c = argmax
i
{‖x(t)−mi(t)‖} (4.7)

It is worthwhile to note that the distance measure need not be Euclidean(to see a variant of

SOM that uses other distance measures refer to [2]). The neighboring function is a Gaussian-

like function most of the times:

hci(t) = α(t) exp(
‖c− i‖2

2σ2(t)
) (4.8)

where, σ(t) and α(t) are both monotonically decreasing functions. SOMs have been employed

in numerous computer vision applications. In the following we briefly review some of these.

Lampinen et.al. [55, 54] used SOMs to cluster features extracted from images using Gabor

filters and then used a multi-layer perceptron [32] to label these clusters. Their approach

showed success in face recognition as well as wood defect detection. Our approach here is

similar to theirs as we use Gabor-like receptive fields to extract features in the visual cortex.

In [58], authors proposed a statistical SOM by fitting a one-dimensional density map to each

voronoi cell [24] of nodes. Their motivation was to eventually compare the distribution of

newly arrived data with trained prototypes instead of directly using a distance measure. This

method could be more reliable in tasks like outlier detection. Later in [50], authors extended

this idea by formulating the probability density models for which SOM training gives the

maximum likelihood estimate [27], based on the local error function. The similar approach

was taken in [53] for feature extraction and object retrieval, however they used the entropy as

a measure of randomness of BMUs. In [72], authors designed a hierarchical two stages neural

network based on SOMs for color image segmentation. Toivanen et.al. [98] used a regular

SOM to order the pixels of a multispectral image and then used an edge detection method
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to extract edges. In [96] authors combined SOM with a k-nearest neighborhood(k-NN) for

recognizing partially occluded face images from a single training image. Other than regular

SOMs, there are lots of innovations in literature that aim at stacking SOMs in layers in order

to improve their performance. In [57] and [102] the idea is to form deep architecture by

stacking alternating layers of SOM and sampling, so when SOM finds BMU, the sampling

layer picks BMUs and form another map for next SOM layer. Other instances of deep or

stacked SOMs are proposed in [61, 29, 105, 26, 71]. Also, combining SOMs with convolutional

neural networks(CNN) [32] is another novel approach in computer vision [95, 33] that has

received some attention recently. And finally, another recent effort in extending SOMs is

to add a supervised layer or leverage some supervision in the training phase to improve

the performance [76]. These categories that are usually known as semi-supervised SOMs

have been used for clustering and classification [14, 42] in general and remote sensing [82] in

particular.

� Learning Vector Quantization(LVQ): The LVQ algorithms are related to other com-

petitive learning algorithms such as SOMs, and k-means which themselves are based on the

winner-takes-all learning rule [23] and algorithms in which only certain elements or neigh-

borhoods are updated during the learning process. Like SOMs the aim of LVQ algorithms

is to learn prototypes(codebook vectors) representing class regions, where each class region

is determined by the Voronoi cell [24]of the prototype representing it. However, the major

distinction is that unlike SOMs, LVQ algorithms are supervised. The LVQ algorithms are

also introduced by Kohonen in the late 80’s. Over several years, various versions of LVQ were

introduced by Kohonen and his research team, mainly characterized by a number, like LVQ1,

LVQ2, etc. [45, 47]. These classifiers are particularly intuitive and easy to understand. One

advantage of the LVQ over so called black box methods like multilayer perceptron or SVM

is that it is simple and fast as its speed depends on the number of prototypes which is a

fixed number in contrast to SVM which is a function of dataset size [101]. However, this

heuristic nature of them might also be a drawback as there is no mathematical justification

that guarantees their convergence [70].
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In order to address this issue, different variants of the LVQ algorithms have been developed

that solve the problem of convergence by adding an explicit cost function from which to

derive the learning rule via gradient descent. The LVQ methods can be categorized into

three different families [70]: Kohonen’s original method(heuristic), methods based on margin

maximization, and methods based on likelihood ratio maximization. In this section we focus

on the GLVQ [86] method. Later in this thesis when we employ LVQ for object classification

on the Fashion-MNIST dataset, GLVQ is the version that we use. So, in the following we

begin by explaining the LVQ algorithm in general and then introduce the cost function that

is specific to GLVQ. Let {(xi, yi) ⊂ RN × {1, · · · , C}|i = 1, · · · ,M} be a training dataset,

where x = (x1, · · · , xN ) ∈ RN are N-dimensional input samples, with cardinality |x| = M and

yi ∈ {1, · · · , c}, i = 1, · · · ,M are the sample labels, and c is the number of classes. The neural

network consists of a number of prototypes, which are characterized by vectors wi ∈ RN , for

i = 1, · · · ,M and their class labels c(wi) ∈ {1, · · · , C} with y = {c(wi) ∈ {1, · · · , C}|j =

1, · · · ,M}. The classification scheme is based on the best matching unit(BMU). The receptive

field of prototype wi is defined as: Ri = {x|∀wj(j 6= i)⇒ d(wi,x) ≤ d(wj ,x)}. The GLVQ

cost function is defined as:

EGLVQ =
M∑
i=1

φ(µ(xi,w)), (4.9)

where φ(x) = 1
1+e−x is the sigmoid function, and µ(xi,w) = d+−d−

d++d− is the relative distance

difference. Here, d+ = d(xi,w
+) is the Euclidean distance of data point xi from its closest

prototype w+ having the same class label, and d− = d(xi,w
−) is the Euclidean distance of

data point xi from the closest prototype w− having a different class label. The term d+−d−

constitutes the hypothesis margin of an LVQ classifier according to the WTA, and that is

why GLVQ is characterized as a margin optimization learning algorithm.

The following learning rules for GLVQ are obtained using stochastic gradient descent(SGD)

on Equation 4.9:

w+(t+ 1) = w+(t) + 2 · α · φ′(µ(xi)) · µ+ · (xi −w+),

w−(t+ 1) = w−(t)− 2 · α · φ′(µ(xi)) · µ− · (xi −w−)

(4.10)
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where, µ+ = 2d−

(d−+d+)2
, µ− = 2d+

(d−+d+)2
and α ∈ (0, 1) is the learning rate.

Other than GLVQ, there are other successful implementations of LVQ in the literature that

each is different from GLVQ either in cost function or in distance measure [25, 87]. A review

of these models is given in [70].

4.3 Our model for object classification

In this section we propose a model for object classification that uses spike trains generated in

the MT area of the visual cortex using CARLsim library. The framework that we use is depicted

in Figure 4.1.

Figure 4.1: The framework that we used for object classification on Fashion-MNIST dataset.
We send the images to CARLsim to generate spike trains simulated by neurons in V1 and MT
area. The binary files then are fed to UMAP algorithm to reduce the dimension. Then using
these new low dimensional vectors we produce prototype using supervised LVQ method.
These prototypes later are used for classification using some similarity measure.

The first step in this framework is like the saliency detection model introduced in chapter 3

except that here we only consider the response of neurons located in area MT that their receptive

fields are sensitive to bars and edges oriented in eight different orientations. So for each input

stimuli we will have a response vector of size M ×N × 8 where M and N are the size of the input

stimuli. Thus the output will fall in a very high dimensional vector space. This is the point that we

use the non-linear dimensionality reduction technique UMAP that we introduced in section 4.2. We

project the space of all eight responses to a 3-dimensional embedding and so reduce the dimension

to three in total which is a significant reduction. And finally we employ the LVQ method (see

section 4.2.3) to classify the objects.
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In next subsections we explain the details of our model for object classification and also statis-

tical analysis regarding its performance. The pipeline that we used is shown in the block-diagram

of Figure 4.1. We test our model on the Fashion-MNIST dataset that is explained in the following.

� The dataset(Fashion-MNIST): Fashion-MNIST is a dataset of Zalando’s article [103]

images, consisting of a training set of 60,000 examples and a test set of 10,000 examples.

But instead of images of 10 hand-written digits, Fashion-MNIST contains images of 10 cloth

categories, namely, T-shirt/top, Trouser, Pullover, Dress, Coat, Sandal, Shirt, Sneaker, Bag,

and Ankle boot. Each example is a 28x28 grayscale image, associated with a label from 10

classes. Figure 4.2 shows an example of how the data looks (each class takes two-rows).The

authors intended for Fashion-MNIST to serve as a direct drop-in replacement for the original

MNIST dataset for benchmarking machine learning algorithms. It shares the same image

size and structure of training and testing splits as original MNIST.

Figure 4.2: Samples of 10 classes of Fashion-MNIST dataset

� Response of MT area in CARLsim: Similar to our model for saliency detection, we

first pass the images to CARLsim. However, unlike saliency detection models, we are only

interested in the response of neurons located in the MT area. This is consistent with most
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Figure 4.3: Spike trains generated in MT area using CARLsim simulator. Each row corre-
sponds to its a gray scale image from fashion-mnist dataset shown next to it. Each image is
28× 28 pixels and responses are calculated for neurons selective to one of 8 orientations.
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object detection/classification algorithms that the main role is played by oriented bars as

visual features. Every pixel in input images corresponds to a neuron in the visual cortex area

MT and for every 28 × 28 grayscale image, we will have eight response images of the same

size as the original image (see Figure 4.3). Every pixel location in these response images

represent the number of times that the corresponding neuron fired during simulation time (2

seconds in our case). We treat these responses as the visual features for further processing.

But for using them in next steps of the model we flatten these 28 × 28 images, hence the

response corresponding to each image would be a vector of size 28× 28× 8 = 6272 which is

a very high dimensional vector to work with. Thus in the next step we employ UMAP to

reduce the dimension of these vectors.

� Reducing the dimension of generated spikes: In this stage of the model we use

UMAP to reduce the dimension of the response vector. For each response we calculate a

3-dimensional embedding, so we replace a 6272 dimensional vector with a 3-dimensional one.

The reason for choosing 3 as the dimension of embeddings is mainly ad hoc. We obtained the

best result with three dimensions. UMAP is capable of both supervised and un-supervised

dimension reduction. Since our final goal for these embeddings is to serve as input to LVQ for

prototype learning, it is important that these lower dimensional projections retains the most

properties of the original high dimensional data. Thus we train UMAP using labels. These

2-dimensional embeddings are depicted in Figure 4.4 for both supervised and un-supervised

case over Fasion-MNIST dataset. The number of training set used to train UMAP was 1000

in total, or 100 for each category. Also you can see the plot for 3D embeddings that we have

used for prototype learning in LVQ in Figure 4.5.

It is obvious that supervised UMAP can separate the classes much better than unsupervised

but even in unsupervised cases the clusters are discernible and this is despite the huge reduc-

tion in dimension. another interesting point is that while the responses in MT area do not

look like they follow a pattern or even have any meaning in many cases (see Figure 4.3), the

fact that UMAP is able to separate them is an evidence that the sparse coding in the brain

is a really effective way to remove redundancy while keeping the most important information
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(a) un-supervised (b) supervised

Figure 4.4: 2D embeddings of high dimensional spike trains similar to Figure 4.3 generated
in CARLsim, using both supervised and un-supervised UMAP

intact.

Figure 4.5: 3D embeddings of high dimensional spike trains similar to Figure 4.3 generated
in CARLsim. These are the embeddings that we used to train LVQ for prototype learning

� Training LVQ using 3D embeddings The last step in our object classification pipeline is

to train the LVQ over 3D embeddings generated by UMAP to produce prototypes. We used

the GLVQ version of LVQ for this purpose. Before sending data to GLVQ we also make sure to

transform them to z-score space. For training, we used squared-euclidean as distance mea-

sure, the activation function was swish, β = 2 and the solver was steepest-gradient-descent
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with step size equal to 0.1. The matrix P is an example of a prototype learned for Fashion-

MNIST dataset with 100 sample for each class.

P =



T-shirt 6.94547305 2.94324863 6.2745214

Trouser 10.78699397 3.0205616 12.13141956

Pullover 2.13637348 3.86036774 7.19052154

Dress 5.70099298 1.66877899 9.22073466

Coat 4.29084838 9.19994977 6.72747327

Sandal 2.75782748 4.18813301 8.67307002

Shirt 2.12428563 9.19854548 9.19886386

Sneaker 2.75782748 4.18813301 8.67307002

Bag 2.62066067 6.95872302 8.87659434

Ankleboot 7.02562854 10.10105448 7.0030404


Each row in this matrix corresponds to a prototype vector representing one of 10 classes.

Having these prototype, classifying the new data is just the matter of comparing them with

these prototypes based on some similarity/dis-similarity measure.

Table 4.1 shows precision, recall and f-score of GLVQ on training samples including 1000

images, 100 for each class.

class precision recall f1-score
T-shirt 0.78 0.81 0.80
Trouser 0.98 0.92 0.95
Pullover 0.86 0.75 0.80
Dress 0.75 0.79 0.77
Coat 0.82 0.69 0.75
Sandal 0.86 0.90 0.88
Shirt 0.70 0.75 0.72
Sneaker 0.89 0.97 0.93
Bag 0.73 0.77 0.75
Ankle boot 0.95 0.94 0.94

Table 4.1: Performance evaluation of GLVQ over 200 test samples of Fashion-MNIST dataset.

To test our results further, we randomly selected 200 samples from 10000 images from test

data, 20 samples from each category and tested the performance of our framework for three levels
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1% data 2% data 3% data

Precision Recall F-score Precision Recall F-score Precision Recall F-score

T-shirt 0.22 0.1 0.14 0.43 0.45 0.44 0.46 0.47 0.46
Trouser 0.88 0.7 0.78 0.73 0.80 0.76 0.78 0.81 0.79

Pullover 0.20 0.30 0.24 0.43 0.15 0.22 0.42 0.25 0.31
Dress 0.34 0.50 0.41 0.29 0.35 0.32 0.32 0.52 0.40
Coat 0.25 0.05 0.08 0.37 0.70 0.48 0.38 0.72 0.50

Sandal 0.54 0.35 0.42 0.47 0.45 0.46 0.55 0.48 0.51
Shirt 0.24 0.40 0.30 0.22 0.10 0.14 0.25 0.40 0.31

Sneaker 0.63 0.60 0.62 0.52 0.55 0.54 0.60 0.55 0.57
Bag 0.57 0.65 0.60 0.55 0.55 0.55 0.60 0.67 0.63

Ankle boot 0.57 0.65 0.60 0.68 0.65 0.67 0.71 0.69 0.70

Accuracy 0.43 0.48 0.52
Average 0.44 0.43 0.42 0.47 0.47 0.46 0.51 0.56 0.52

Table 4.2: Result of our model over 200 samples from Fashion-MNIST dataset. The model
was trained for 1%, 2%, and 3% of train set. Precision, Recall, F-score, and accuracy are
reported and show improving performance by increasing the size of training set.

of training on 1%, 2%, and 3% of train data. The results are shown in Table 4.2. It can be seen

that the best performance is for 3% of data and 2% is performing better than 1%. While this

cannot prove that our model can perform necessarily better with adding more data in the training

phase seeing this trend is promising for any future extension.

The learning curve as well as the confusion matrix are shown in Figure 4.6. Looking at the

confusion matrix it is clear that the most energy is on main diagonal. Although it is far from

perfect but we believe that this result is still promising given the small training set (only 3% of

whole training set) that we used. The majority of wrong detections belong to classes that are very

hard to classify even for a human, like shirt from T-shirt or Pullover. This is also verified in Figure

4.7 that shows the Receiver Operating Characteristic (ROC) curve for individual classes as well as

the macro-average curve. Here, macro-average curve simply represent the average performance for

the model when considering all classes with the same statistics. We are representing macro-average

(in contrast to micro-average) because our classes have balance in the number of elements.
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(a) confusion matrix (b) learning curve

Figure 4.6: Left: confusion matrix that shows the higher energy on main diagonal. Right:
the curve of learning rate of LVQ over 3D embeddings in 20 epochs.

Figure 4.7: The ROC curve for 10 individual classes. The worst performance is over class
labeled 3(dress) and class labeled 8(bag) with 0.53 and 0.62 respectively. The area under
macro-average curve is 0.76.
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Chapter 5

Conclusion and future works

5.1 Conclusion

As pointed out previously in the abstract and introduction, the main goal of this thesis was

to investigate the usefulness of some of the most popular computational models for human visual

systems in order to employ them for computer vision and machine learning applications. We mainly

were interested in the known ability of brain in efficiently analyzing and perceiving the complex

visual scenes despite its limited resources.

It is believed that our brain addresses this issue by coding the visual scene sparsely. So it

only samples parts of incoming data that carry the maximum information in order to decrease the

redundancy.

In order to simulate this behavior, we used available models for color and orientation coding by

V1 area in the primate visual cortex first and then reduced the results significantly by simulating

the spiking neural network of the human visual cortex. This way we generated spike trains that

are really sparse(almost 90% of pixels for each image are 0). However, these responses are able to

retain and carry much of the useful information.

We tested these results in two different case studies, namely, saliency detection and object

classification. In both of these computer vision tasks our frameworks showed reasonable results.

Although, the performance is not competitive compared to some modern and more sophisticated
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existing algorithms, their simplicity and speed proves one more time that nature could be a great

source of inspiration for computer vision and machine learning problems. For example, it only takes

approximately 5 seconds to generate 3-dimensional embeddings using UMAP for 1000 images from

Fashion-MNIST data set and another 6 seconds to train the GLVQ. All of these parts are done in

Python using scikit-learn library [74] and in a HP ProBook 470 G4.

5.2 Future work

There is still room for improvements and extensions to our model. As mentioned earlier, one

problem with our proposed pipeline is that it is not fully integrated. An improvement would be to

redesign the framework in an input-output style. This would provide the ability to feed the model

an image directly and receive the output without the need to use separate coding and libraries for

steps in the pipeline. For this to be time efficient it will be necessary to have high performance

graphical processing units.

Another improvement would be to prepare additional training data and extend the training

phase to include more than just 3% of the data set. This would allow the ability to see where the

improvement trend tapers off in the recognition task.

Finally, for the object classification part we used only gray scale images and relied on the

responses of the MT area of the visual cortex alone for orientation coding. It would be of interest

to take the same approach for color images and employ the color responses of the V4 area of the

visual cortex.
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APPENDICES

A Computational model for orientation detection in visual cortex

In this appendix section we discuss the computational model that we leveraged to calculate the

response of orientation selective cells in visual cortex. The model was first proposed by Simoncelli

and Heeger in [93] to model the receptive fields of neurons in area V1 and MT that are known to

be tunned for detecting the direction of motion. This model later was re-implemented in [7] using

C++/CUDA. Here we discuss the details of both implementations and we also explain the minor

changes that we made to fit it to our use.

Assume that I(x, y, t) is the light intensity of a visual stimulus projected on the retina, x, y are

spatial dimension and t represents temporal dimension. We also can characterize visual stimulus

by its local contrast:

A(x, y, t) =
[
I(x, y, t)− Ī

]
/Ī (A.1)

where, Ī is the average light intensity over space and time. The linear response of the n-th

simple cell is then a weighted sum of the local contrast:

Ln(t) =

∫ ∫ ∫
sn(x, y, T ) A(x, y, T ) dx dy dT + α1 (A.2)

where, α1 is a constant and sn(x, y, T ), are a set of directional third derivatives of a Gausian,

with 28 different space-time orientations, replicated at all spatial locations. These functions are

very similar to Gabor functions but they are computationally more efficient as they are separable.

The response of the n-th simple cell, sn(t) is expressed as:

S(t) =
K1bLn(t)c2∑
mbLm(t)c2 + σ2

1

(A.3)

where, σ1 is the semi-saturation constant of normalization, K1 determines the maximum attainable

response, and b·c2 denotes the half-squaring operation bLn(t)c2 ≡ max{0, L(t)} V1 complex cell
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responses are computed as local averages of simple cell responses:

Cn(t) =
∑
m

cmnsm(t) (A.4)

with cmn weights all positive. The underlying linear velocity-selective response Qn(t) of an MT

pattern cell is then:

Qn(t) =
∑
m

pnm(t)cm(t) + α2 (A.5)

α2 determines the spontaneous response level and pnm are a set of weights and finally the n-th

pattern MT neuron’s response, Pn(t) is expressed as:

Pn(t) =
K2bQn(t)c2∑
mbQm(t)c2 + σ2

2

(A.6)

here, σ2 and K2 have the same meaning as σ1 and K1 but for MT neurons. Now, we explain the

newer implementation of the same model by Bayeler et al.[7]. The CUDA implementation of [7]

also starts with visual stimulus intensity I(x, y, t) but the stimulus is processed at three different

spatio-temporal resolutions, r. The first scale, r = 0, is equivalent to the original image and two

other scales are achieved by successively blurring the image with a Gaussian kernel. Thus:

I0(x, y, t) = I(x, y, t)

I1(x, y, t) = exp(
−(x2 + y2 + tt)

2
) ? I0(x, y, t)

I2(x, y, t) = exp(
−(x2 + y2 + tt)

2
) ? I1(x, y, t),

(A.7)

In accordance to S&H, Beyeler et al. modeled V1 simple cells as linear space-time-oriented filters

whose receptive fields are third derivatives of a Gaussian. The full set of V1 linear receptive fields

consisted of 28 space-time orientations that are evenly distributed on the surface of a sphere in

the spatio-temporal frequency domain. A unit vector ûk = ( ˆuk,x, ˆuk,y, ˆuk,t) describes the k-th

space-time-oriented filter in the V1 population for k = 1, . . . , 28 and ûk’s are parallel to filter

orientation. Input stimuli in three different scales are first filtered with a Gaussian kernel of width
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σV 1simple = 1.25 pixels corresponding to the receptive field size of V1 simple cells:

fr(x, y, t) = exp

(
−(x2 + y2 + t2)

2σ2
v1simple

)
? Ir(x, y, t) (A.8)

this convolution also guaranties that the stimuli is smooth enough to be three times differentiable.

Given above circumstances, then, the third-order derivative in the direction of ûk will define

the linear response of a simple cell at spatial location (x, y) and scale r with space-time orientation

k as follows:

Lkr(x, y, t) = αv1lin

6∑
T=0

[
6−T∑
Y=0

[
6!

X!Y !T !
(ûk,x)X(ûk,y)

Y (ûk,t)
T ∂

3fr(x, y, t)

∂xX∂yY ∂tT

]]
, (A.9)

where, X = 6 − Y − T , and αV 1lin = 6.6084 is a scaling factor. These two sums combined yield

exactly 28 summands. We can also express this equation in vector notation Lr = αV 1linMbr where

M is 28× 28 matrix and br is a 28× 1 vector. Each element of br is one derivative at scale r, and

each element of M is a number 6!
X!Y !T !(ûk,x)X(ûk,y)

Y (ûk,t)
T . Finally, the simple cell response can

be derived by half-squaring the linear response and then normalizing it within a large Gaussian

envelope with half-width σV 1norm = 3.35 pixels:

Skr(x, y, t) =
αfilt→rate,rαv1rectLkr(x, y, t)

2

αv1norm exp
(
−(x2+y2)
2σ2
v1norm

)
?
(

1
28

∑28
k=1 Lkr(x, y, t)

2
)

+ α2
v1semi

, (A.10)

The scaling factors αv1rect = 1.9263 and semi-saturation constant αv1semi = 0.1. αfilt→rate,r =

15Hz and αV 1norm = 1.0 were set simultaneously to map the unit-less filter responses at each

scale r onto more meaningful mean firing rates. V1 complex cells response were computed as local

weighted averages of simple cell responses:

Ckr(x, y, t) = αv1comp exp

(
−(x2 + y2)

2σ2
v1comp

)
? Skr(x, y, t), (A.11)

here, σv1comp = 1.6 is the half-width of the Gaussian and αv1comp = 0.1 is a scaling factor. The

responses Ckr(x, y, t) are the output of CUDA implementation we used and were passed to spiking

neural network simulated in CARLsim.
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Figure 1: States of CARLsim that we used in our model. Note that this is specific to our
setup. In practice CARLsim can occupy more states and setup.

In [7], MT cells respond preferentially to motion in one of eight different directions (in 45◦

increments) and three different speeds at any pixel location. It is done in projectV1toMT.m script.

However, we were interested in orientation detection rather than direction of motion, so we adjusted

the setting in this MATLAB script, so that MT cells respond preferentially to eight different

orientations in [0, 7π/8] (in 22.5◦ increments) and also, since we were working with still images we

set the speed to zero.

B CARLsim and its setup in our research

CARLsim is an efficient, easy-to-use, GPU-accelerated library for simulating large-scale spiking

neural network (SNN) models with a high degree of biological detail . CARLsim allows execution of

networks of Izhikevich spiking neurons with realistic synaptic dynamics on both generic x86 CPUs

and standard off-the-shelf GPUs. The simulator provides a programming interface (C/C++),

which allows for details and parameters to be specified at the synapse, neuron, and network level

[69, 81, 21, 7, 6, 22, 3].

In this thesis we used CARLsim51 on linux Ubuntu 20.04. A simplified workflow of CARLsim is

given in Figure 1. Note that this figure is specific to our application and practically it might include

more settings. A more complete figure showing more details of workflow can be found in the web

address given in the footnote.

� The config state: CARLsim uses groups of neurons and connections as an abstraction

to aid defining synaptic connectivity. We used a 2-dimensional topology of neurons as we

assigned each pixel location in input stimuli to a neuron. For the V 1 −→ MT pathway, we

1https://uci-carl.github.io/CARLsim5/index.html
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have two kinds of neurons: neurons located in the V1 area which are spike generators and

receive their input from MT objects. These neurons are connected to neurons in MT that

are regular(not spike generators) in a Gaussian connection, so basically, MT neurons sum

over V1 neurons.

� The set up state:In this state, a number of spike monitors is set up to record generated

spikes in binary files for off-line analysis. We use these binary spike files in our post processing

algorithm for saliency detection or in an object classification pipeline.

� The run state: Once we configured and set up the network, we can run the network to

start simulation. Our run state was 2 sec in this experiment. Input was generated via spike

injection.

Following code snippets represent a typical implementation of above flow in CARLsim:

The following sample code creates a center-surround cell in V1 area. The size of the receptive field

is the same size as the input image nrX*nrY.

sim.createSpikeGeneratorGroup("red-green-cells", nrX*nrY,

EXCITATORY NEURON);

The following code snippet creates a group of neurons in V4 area:

sim.createGroup("Ev4red", nrX*nrY, EXCITATORY NEURON);

The following sample code connects a neuron in V1 with a red-center green-surround receptive

field to an excitatory neuron in V4 area sensitive to red hue. The connection is of Gaussian type

with RF radius (1.5, 1.5) which means the presynaptic neurons will connect to postsynaptic neuron

if (xpre − xpost)
2 + (ypre − ypost)

2 ≤ (1.5)2 holds true where x, y are spatial locations of neurons.

Also notice that the probability is 1.0f which means the neurons will definitely connect if the above

condition is satisfied.

sim.connect(v1Cells[RED GREEN], v4CellsExc[RED v4], "gaussian",

RangeWeight(5.0f), 1.0f,RangeDelay(1), RadiusRF(1.5,1.5,0), SYN FIXED);
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For orientation coding we used following configuration in CARLsim:

int MT = sim.createGroup("MT", gridMT, EXCITATORY NEURON);

sim.setNeuronParameters(MT, 0.02f, 0.2f, -65.0f, 8.0f);

sim.connect(V1, MT, "gaussian", RangeWeight(1.0f), 1.0f, RangeDelay(1),

RadiusRF(.5,.5,0));
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