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accommodation disorders, 57
achromatopsia, 29, 74
action potentials, neural response measurement, 93
action recognition
cross-validation and, 214
dataset design, 197
adaptation, in ITC neurons, 125
Adrian, Edgar, 12
adversarial images, 216
Afraz, Arash, 84
aftereffects of visual stimulus, 127
agnosias, 74-78
akinetopsia, 72
AlexNet deep convolutional neural network, 161
amblyopia, 57
amodal completion, 48
animal brains
attentional modulation in, 109
consciousness and, 229
inferior temporal cortex lesions in, 73
primate visual cortex electrostimulation, 82—85
study of lesions in, 63
animal vision, human vision vs., 58-60
anomaly detection, 198
anorthoscopic perception, 51
aperceptive visual agnosia, 77
Aristotle, 62
artificial vision systems, medical
applications of, 4
associate visual agnosia, 77
attentional map, 182
attentional modulation, 109
attractor-based recurrent neural networks, 146
autocorrelation function, 21
autoencoder model, 157

back projections, 37

backpropagation, deep neural networks, 163, 172

backward masking, 53, 233-234

Ballard, Dana, 187

Barlow, Horace, 33

batch normalization, deep convolutional neural
networks, 172

bias, cross-validation and, 215
binocular rivalry, 235, 237
bistable percepts, 235

blind spot, 31

blindsight, 71

Blue Brain project, 150
Borges, Jorge Luis, 45, 135

bottom-up cortical connections, 89,

predictive feedback signals, 188

140

ventral visual stream models, 159

Boyden, Ed, 65

brain lesions. see lesion studies
brain-machine interfaces, 4
Brenner, Sydney, 10

Broca, Paul, 69

Brodmann area, 69, 88
Brodmann, Korbinian, 69, 88
Brooks, Rodney, 192

bullet injuries, scotomas and, 69
bypass connections, 91

calcarine sulcus, 70
canonical cortical microcircuit, 89
cardiovascular disease

computer vision algorithms, 205
categorical information

ITC neurons and, 124
category-specific algorithms, 8
causation

correlations and, 63
cell ablation

lesion studies, 65
center-surround receptive field, 34
chain rule

backpropagation, deep neural networks, 164

Chalmers, David, 226-227
change blindness, 234
children
vision development in, 57
visual learning in, 5
classifier training and testing, 122
neural networks and, 149
CLEVR datase, 218
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computer vision algorithms in, 203
closure, 43
collective computation
neural network models, 140
color
recognition enhancement and, 47
color aftereffect, 55
color blindness, 29
color constancy
V4 neurons and, 109
color vision deficiency, 30
columnar, 96
complex neurons
tolerance to position changes, 94
composite face illusion, 44
computational models
abstraction and, 150
digital cameras and, 38
eye movement prediction, 179
importance of, 133
neural networks and, 154
neuronal firing rate approximations, 184
single neurons, 135
visual cognition and, 17
visual recognition performance, 178
computer vision algorithms
adversarial images, 216
challenges for, 217
object classification, 195
power of, 192
real-world applications, 203-207
supervised learning and, 169
visual impairment and, 208
confusion matrix, 176
Connor, Charles, 117
conscious content, explicit representation of,
231
consciousness. see visual consciousness
constraints
computer vision systems, 170
context
computer vision algorithms, 215
real world experience, 54
visual recognition and, 54
continuity grouping, 44
continuous flash suppression, 237
convolution operations
AlexNet deep neural network, 161
convolution block, 160
deep convolutional neural network examples,
173-176
neural network models, 143
cooling probes
lesion studies, 64
correlations
causation and, 63
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cortex
structure of, 88
cortical homunculus, 79
cortical layers, 91
cortical magnification effect, 70
covert attention, 109
CRISPR technique
lesion studies, 65
cross-validation
computer vision algorithms, 213
labeled image datasets, 169
object recognition and, 159
perceptron learning, 162

Da Vinci, Leonardo, 27
Dalmatian dog illusion, 55
Darwin, Charles, 27
dataset design
action recognition, 199
deep convolutional neural networks, 161
backpropagation and weights learning, 163
cross-validation in, 169
limitations of, 185
neuronal firing rates, 184
non-vision applications for, 209
output examples, 173-176
visual recognition performance, 178
Deisseroth, Karl, 65
Dennett, Daniel, 228
Desimone, Robert, 128
diabetic retinopathy
computer vision algorithms, 205
difference-of-Gaussians operator, 34
digit recognition
gradient descent training for, 171
digital camera
eye vs., 38
dimensionality reduction
autoencoder deep newtorks, 157
image generators and, 211
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t-distributed stochastic network embedding, 175

discrimination threshold

perception near, 233
dorsal cortex, visual deficits and, 72
dorsal visual lesions, 72

Edwin Smith Surgical Papyrus, 62
Einstein, Albert, 17
electrical stimulation
brain studies using, 81-82
impact on visual system of, 11, 62
primate visual cortex, 82-85
visual cortex, 81-82
electroencephalographic (EEG) signals
reaction time measurements, 50
end-stopping
complex neuron tolerance and, 94
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end-to-end trainable systems, 161
epilepsy
electrical stimulation treatment, 12
epileptogenic focus removal, 115

object transformation tolerance in patients with, 119

epiphenomenon
visual consciousness as, 228

Euclid, 20

experience
neuronal tuning preferences and, 129
perception and, 55

explicit representation

neuronal correlates of consciousness and, 232

extrapolation

computer vision algorithms, 213
eye movement, 24

computational models for prediction of, 179
eye, digital camera vs., 38

face recognition tasks
computer vision algorithms and, 196
future development in, 4
other-race effect in, 56
feedforward network, 140
gradient-trained digit recognition, 171
Felleman and Van Essen diagram, 9-10, 112
Feynman, Richard, 16
figure-ground segregation, 43
firing-rate network models, 143
first-order approximation, 57
fixation
eye movement and, 24, 30
point of, 30
position with respect to, 46
flash suppression, 236
fovea, 30
cortical magnification effect, 70
frequency domain, 22
“Funes the memorious” (Borges), 45
Fukushima, Kunihiko, 160
fully connected (fc) units
deep convolutional neural networks, 173
dimensionality reduction, 175
fundus photograph
computer visional algorithms for, 205

Gabor function, 97

neural network models, 160
Geman, Don, 217
gender predictions

computer vision algorithms, 205
gene knock-outs

lesion studies, 65
generative adversarial networks (GANs), 210
generic shape recognition, 153
Gestalt grouping laws, 42

animal vision, 59

Go, computer playing of, 5
Golgi, Camilo, 28
Goodal, Melvin, 73
Goodale, Melvyn, 231
gradient descent training, digit recognition, 171
grandmother cell theory, 120
grayscale intensities
natural images, 21
Gross, Charles, 71

Hartline, Haldan, 33
Helmbholtz, Hermann von, 49
hemineglect, 72
hidden units, neural networks, 164
hierarchical vision models
AlexNet deep convolutional network, 159
neuron preferences and, 117
Hinton, Geoffrey, 161
hippocampus
lesions studies of, 78
HMAX model, 160
Hodgkin-Huxley model, 139
holistic processing, 44
hollow-face illusion, 56
Holmes, Gordon, 69
Hopfield recurrent networks, 146
horizontal cortical connections, 89, 140

deep convolutional neural networks and absence

of, 186

Hubel, David, 13, 92, 96-97, 135
human vision

adversarial images in, 217

animal vision vs., 58-60

computer vision algorithms vs., 192

visual recognition performance, 178
Hung, Chou, 121

illumination
object recognition and, 47
illusory contours
V2 neurons and, 107
image captioning, 219-223
image computable algorithm, 152
image generators, 210
image segmentation algorithms, 198
ImageNet dataset, 167
object classification, 201
parameters, 170
performance evolution in, 201
inattentional blindness, 234
inferior temporal cortex
shape similarity preference over semantics in
neurons of, 124
inferior temporal cortex (ITC)
adaptability of neurons in, 125
lesions in, 73
neurons in, 101, 117
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shape recognition, 84, 112
structure of, 112
working memory neuronal response in, 127
information
visual processing of, 3
inhibition of return, 26
inhibition of return (IOR) mechanism
eye movement prediction, 182
Inouye, Tatsuji, 69
instance segmentation, 197
integrated information theory (IIT), 242
invariant visual recognition, 47
Invariant Visual Search Network (IVSN) model,
181
inversion effect, 44
ion channels
optogenetics and, 66
Ishihara test, 30

Jackson, Frank, 227

Kanizsa triangle, 42, 233
Kepler, Johannes, 20, 27
Kluver-Bucy syndrome, 72
Krizhevsky, Alex, 161
Kuffler, Stephen, 33

labeled databases
supervised learning algorithms, 168
language
categorical distinctions and, 196
vision and, 194
large images
visual transformation of, 45
lateral geniculate nucleus (LGN), 9, 36
ventral visual cortex modeling and, 155
leaky integrate-and-fire model, 138
LeCun, Yann, 171
lens
light perception and, 27
lesion studies
dorsal stream lesions, 72
impact on visual system of, 11
in animals, 63
inferior temporal cortex (ITC) and, 73
natural lesions, 68
scotomas (local blind spots), 69-71
shape recognition deficits, 75-78
visual research through, 62
Letvin, Jerry, 120
lidocaine
lesion studies and, 65
light
biologiical organisms’ capture of, 2
conversion to electrical signals, 27
light switch theory, 3, 18
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line drawings
recognition of, 48
Logothetis, Nlkos, 114, 237
long short term memory (LSTM), 189, 200

macaque monkey. see also monkey studies
computational models using, 154
Gestalt grouping in, 59
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inferior temporal cortexx and shape recognition in,

84

lesion studies in, 64, 72

middle temporal cortex studies in, 11, 83

visual cortex electrostimulation in, 82

visual recognition speeds in, 51
machine vision systems, future trends in, 4
macular degeneration, 30, 57
magnocellular cells (M-type RGCs), 36

mammograms, computer vision algorithms in, 203

Marr, David, 16, 154, 185
Mechanical Turk, 167
medical conditions
artificial vision systems and, 4
clinical image analysis, 203
metric modeling, 158
Mexican hat receptive field, 35
microsaccades, 26
middle temporal cortex (MT)
animal brain electrostimulation, 83
visual system and, 11
Miller, Earl, 124
Milner, David, 73, 231
minimal images, 49
Minsky, Marvin, 192
MNIST dataset
confusion matrix, 176
training and test images, 171
monkey studies. see also macaque monkey
neuronal firing rates, 183
tuning preferences, 130
visual recognition performance, 178
monocular rivalry, 236
Mooney images, 233
Mooney, Craig, 56
Moravec, Hans, 192
movement detection
animal vision, 59
grouping and segmentation of, 44
MSCOCO dataset, 196
Muller-Lyer illusion, 53
Munk, Hermann, 69
muscimol, lesion studies and, 65
mysterian perspectives on visual consciousness,
227

Nagel, Thomas, 227
nasal retina, 89
natural images, digital images vs., 20
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nature versus nurture dilemma
brain function and, 23
Necker cube, 235
Neocognitron model, 160
neocortex, structure of, 87
neocortical circuits, 91
neural circuitry, visual system, 9
neural function, 91
neural network models
AlexNet deep convolutional model, 161
attractor-based recurrent neural networks, 146
computational models, 154
convolution and pooling operations, 144
feedforward, horizontal and feedback connections,
141
firing-rate network models, 143
vision problem solutions and, 148
weights learning, 162—-167
neurological conditions, brain research and, 67
neuronal correlates of consciousness (NCC)
defined, 230
future research issues, 239
locus of, 231
motion induced blindness, 234
neuronal firing rates, computational models, 184
neurons. see also V neuronsadaptability of, 125
in inferior temporal cortex, 113
lesion studies and silencing of, 66
object transformation tolerance, 118
population responses of, 121
preferences in ITC of, 117
response latency in, 104
single-neuron computational models, 135
task goals and modulation of, 128
tuning properties of, 117, 120, 129
neuroscience
consciousness and, 229
correlations and causality in, 63
visual stimuli, 92
Newsome, William, 82
noise, in perception, 121
non-linearity
convolutional neural networks, 160
single-neuron models, 137
novel transformations, object recognition and, 47
nystagmus, 57

object classification and categorization
computer vision and, 195
milestones in, 200
object detection/object localization, 196
object recognition
complex neuron tolerance and, 94
ITC neurons and, 123
labeled databases, supervised learning algorithms, 168
template matching and, 156
visual classification tasks, 158

object transformation, neuron tolerance to, 118
object verification, 196
object-specific algorithms, 8
occluded object
ITC neuron robustness and, 120
pattern completion and, 49
oddball paradigm, neuron adaptation and, 125
on-off direction-selective RGC, 36
optic chiasm, 89
optic nerve, response latency of, 32
optogenetics, 65
overfitting, computer vision systems and, 170

Parker, Andrew, 3, 18
parts and wholes effect, 44
parvocellular cells (P-type RGCs, midget cells), 36
pattern completion, 49
pattern completion, ITC neurons and, 119
pattern recognition, 5
Penfield, Wilder, 12, 78
Penrose, Roger, 228
perception
anorthoscopic, 51
binocular rivalry, 238
bistable, 235
discrimination threshold and, 233
experience and, 55
image inversion and, 26
visual consciousness and, 14
visual illusions and, 41
perceptron neural network, 162
pharmacology, lesion studies, 65
phosphenes, visual cortex electrostimulation, 81
photons, electrical signal conversion, 26
photoreceptors, information from, 32
physics, consciousness and laws of, 228
pixels, 22
digital images, 20
retinal processing of, 9
plasticity, brain lesion studies and, 67
Plato, 20
Poggio, Tomaso, 160
pooling of signals
neural network models, 160
pooling of signals, neural network models, 145
power law, 22
predictive coding
feedback signals, 187
PredNet architecture, 188—190
prefrontal cortex, eye movement predictions, 180
pretrained neural networks, 166
primary visual cortex
neuroanatomy of, 89
neuron responses in, 92
neuronal correlates of consciousness and, 232
orientation selectivity in, 97
scotoma lesions in, 70
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primate vision, computational models of, 154
priming, visual recognition and, 52
promoter, optogenetics and, 66
prosopagnosia, 11, 77

proximity grouping, 44

psychophysics, 15

qualia, defined, 225

quantitative models
importance of, 133
single neurons, 136

Ramon y Cajal, Santiago, 28, 89
Rao, Rajesh, 187
rapid serial visual presentation tasks, 50
rapid visual recognition, 5
Raster plots, lesion studies, 64
reaction time measurements, visual recognition
speed, 50
receiver operating curve (ROC), computer vision
algorithms, 205
receptive fields, 33
LGN neurons and structure of, 98
Mexican Hat receptive field, 35
size increases in ventral stream, 106
study of, 12
rectifying linear unit (ReLU)
deep convolutional neural networks, 172
neural network models, 137, 160
recurrent networks, 189
relay cells, 37
religious/dualistic perspectives on visual
consciousness, 227
repetition suppression, neuron adaptation and,
125
response latency
human vs. monkey brains, 116
in macaque monkeys, 105
optic nerve, 32
ventral visual cortex, 104
retina
electrical signal processing in, 26
neurons, 28
schematic diagram, 28
structure and function of, 8
visual vields of, 89
retinal connectome, 32
retinal ganglion cells (RGCs), 31
action potential emission, 32
neuronal correlates of consciousness and, 232
receptive field in, 35
transient responses, 35
ventral visual cortex models and, 155
visual illusion and, 107
retinotopic mapping, 71
Riddoch, George, 69
Riesenhuber, Max, 160
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rodents
neurophysiological studies of, 101
population responses in, 125
visual function in, 60

rote memorization machine algorithm, 45

saccades
eye movement and, 24
visual recognition speeds and, 51
Sacks, Oliver, 29, 67, 78
same or different rule, computer vision algorithms
and challenge of, 217
scale changes, tolerance to, 45
scotomas (local blind spots), 70
segmentation, 44, 197
selectivity
shape recognition and, 152
ventral visual cortex, 115
visual cortex and, 14
visual recognition and, 6
self-driving vehicles, machine vision systems, 4
self-supervised learning, predictive coding and, 189
semantic edge detection, 197
Serre, Thomas, 160, 217
shallow neural networks, 161
shape recognition deficits, lesion studies of, 75-78
shape similarity, ITC neurons and, 124
similarity grouping, 43
simultanagnosia, 73
softmax function, 172
spatial attention, 109
spatial attention, V4 modulation and, 129
spatial frequencies, 22, 94
spatial information, visual recognition and, 53
spatiotemporal pattern completion, 52
speed, of visual recognition, 7, 153
Sperry, Roger, 68
stimulus onset asynchrony (SOA), 52
stochastic gradient descent, 166
structural descriptions, computational models and,
156
subjective perception, 14
superior colliculus, 37
super-stimuli, neuronal preferences and, 118
supervised learning algorithms, labeled databases,
168
support vector machine (SVM) classifier, 123, 159
suprachiasmatic, 37
surround inhibition, 34
surround suppression, 187, 190

tachistoscope, 50
task goals
eye movement predictions, 179
neuronal response modulation and, 128
t-distributed stochastic network embedding (tSNE),
175
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Tegmark, Max, 241

template matching, object recognition and, 156
temporal correlation, natural images, 23

temporal information in videos, 199

temporal integration, visual recognition and, 51
temporal retina, 89

thalamus, visual system and, 36

Thatcher effect, 44

Thorpe, Simon, 50

three-dimensional interpretation, of two-dimensional

ventral visual cortex

bottom-up models, 159

modeling of, 155

neural correlates of consciousness and, 231
neural functions in, 102

neuronal correlates of consciousness and, 228
response latency in, 104

shape selectivity in, 116

visual deficits and lesions in, 72

visual information and, 101

images, 56 verbal models, 153
three-dimensional rotation, 47 VGG neural network, 180
tolerance videos, temporal information in, 199

image transformation and, 45 visual adaptation, 55
line drawing recognition, 47 visual classification tasks, object recognition and,
to object transformation, ITC neurons, 119 159
visual recognition and, 6 visual cognition, 16
Tononi, Glulio, 241 visual consciousness

top-down signaling
attentional modulation, 109
cortical connections, 89
deep convolutional neural networks and absence
of, 186
eye movement prediction, 180
predictive coding, 187
transfer learning, 166
transformation-tolerant visual recognition,
48, 152
trilobite, visual system evolution and, 3
Turing test for vision, 193
image captioning and, 221
qualia and, 225

computer vision and, 225

experimental approaches to study of, 233
illusion of, 228

integrated information theory and, 241
neural correlates of, 14
neurophysiological correlates, 237-239
physical structures and, 227

visual cortex

circuit functions in, 12

connectivity, 89

electrostimulation of, 81-82

neural tuning preferences in, 130
neurological conditions and study of, 67
subjective percepption and, 16

visual hemifields, 68
visual illusion
bistable percepts, 235
perception and, 41
RGC response and, 107
underdetermined systems, computer vision systems,  visual imagination, 128
170 visual interpretation
unsupervised learning, predictive coding, 189 overview, 2
visual neurons
localized receptive fields, 32
retinal, 28
transient responses, 35
visual pathway, 9
visual recognition

Turing, Alan, 18, 193

two-dimensional images, three-dimensional
interpretation of, 56

two-dimensional rotation, 47

V1 neurons binocular rivalry and, 239
electrostimulation studies, 93
future research issues, 99
Hubel-Wiesel model of, 136
real world images, 99

receptive field temporal structure, 98
simple and complex, 93
topography of, 96

V2 neurons attentional modulation in, 110
illusory contours and, 107
research on, 106

human, monkey and computational model
performance comparisons, 178

key features, 6

neural networks and, 148

spatial information and, 53

speed measurements of, 49-53

V4 neurons attentional modulation in, 110
color constancy and, 109
research on, 106

visual scotoma. see scotomas (local blind spots)
visual stimuli, neural responses to, 92
visual system

spatial modulation in, 129
Vandermonde matrices, 242

animal vs. human vision, 58-60
evolution of, 2, 4
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future of, 4
large image transformations, 45
photons in, 10
study of lesions in, 11
visualy impairment, computer vision algorithms for,
208

waterfall effect, 55
weights learning, 162-167

backpropagation, 163
parameters for, 170
Wiesel, Torsten, 13, 92, 96-97, 135
winner-take-all (WTA) mechanism, eye movement
prediction, 182
working memory, neuronal response in, 127

XDream algorithm, 211
Xiao, Will, 118, 211
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