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Human Perceptual Systems



Patient P.T: Introduction to the visual system



Some General Features

• Receptors: 
• Specialized cells that transduce energy
• They are selective

• Receptive field
• That part of the world to which a receptor responds

• Perception is active



Visual system

• Sensitive to energy in a small range of the 
electromagnetic spectrum (~400-700nm)
• Visible light



The Eye: more detail shortly
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The Retina

Receptor cells
Rods
Cones

Neurons
Horizontal
Amacrine
Bipolar
ganglion
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LGN

•Part of the thalamus
•There are two, one in 
each hemi
•A 6-layered structure
•Projections from the 
two eyes are 
segregated
•Magno and Parvo type 
retinal ganglion cells 
project to different 
LGN layers
•Neurons have 
receptive field 
properties like ganglion 
cells
•Retinotopic
organization w/in each 
layer

Parvo = 3-6
Magno = 1-2





Primary Visual Cortex



Visual fields and retina 
projections from eyes to brain



Retinal ganglion cell (RGC) subtypes

• LGN target classification: 
M-cell RGCsà magnocellular layer
P-cell RGCs à Parvocellular layer

M ganglion 
cell

P ganglion 
cell



M and P pathways 
in the LGN

I = ipsilateral
C = contralateral

Visual field

Lateral geniculate 
nucleus

Dorsal

Ventral

Magnocellular
Pathway
(M channel)

Parvocellular
Pathway
(P channel)

Primary visual cortex



I = ipsilateral
C = contralateral

Visual field

Lateral geniculate 
nucleus

Dorsal

Ventral

Magnocellular
Pathway
(M channel)

Parvocellular
Pathway
(P channel)

Primary visual cortex

LGN of the thalamus
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Visual stimuli detected by the Magnocellular and 
Parvocellular pathways
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Receptive fields in the retina

Receptive field 
in the periphery

Receptive field 
near the fovea

Light

Retinal 
Ganglion 
cell

Inner 
Retinal 
cells

Photoreceptors 
contributing to receptive 
field

Center-surround of 
ganglion cell receptive field

On area
(center)

Off area
(surround)



Center-surround LGN receptive fields
On-center LGN cell

On area
(center)

Off area
(surround)

Off area
(center)

On area
(surround)

Off-center LGN cell

Central 
illumination

Surround
illumination

Diffuse
illumination

Light on Light on
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Our perception of the world is 
not simply the image projected 
onto the retina.

Rather, what we see is produced 
by the mind/brain.



High-level
processing

Object 
identification

Sensitivity of cortical neurons to 
visual features is the basis for 
central visual processing.



Two pathways in visual processing



Primary Visual Cortex (V1)

V1 processes information about the orientation of 
an object in the visual field.



Organization of V1

Area V1 also has a 
modular organization 
that continues from the 
layers of the LGN



V1 Retinotopic 
Mapping
Visual cortical areas including 
V1 contain an orderly mapping 
of the visual world.  In V1 this 
map is strictly of the 
contralateral hemifield.



Primary and Secondary Visual 
Cortex (V1 & V2)
Visual information passes from V1 to the secondary 

processing area, V2.



Visual Association Areas
In hierarchical processing, visual information is 
serially passed through different regions of 
visual cortex, indicated below.



Processing Visual Input
Two streams for spatial 
and object processing:

1. Dorsal �where� stream
• Motion
• Object locations
• Control of eyes, arms

2. Ventral �what� stream
• Form recognition
• Object representation
• Conscious experience
• Long-term memory storage



Face-responsive Regions
Core System

Lateral Fusiform Gyrus (FG)

IOG: Inferior occipital gyrus
AMG: amygdala

Activity Response

�Fusiform Face Area�





Capgras Delusion

•�Mme M.� believed that her husband, children, neighbours and 
others had been replaced by doubles (Capgras 19thC). 

•Ramachandran�s patient in San Diego called PK (2001). 
•He believed that his mother has been replaced by an impostor.

•Cases have been described where the delusion that pets or even 
inanimate objects have been replaced by replicas.



Face recognition

Somatic / 
Emotional 
response

Analysis of 
visual form

Identification

Capgras?





Face inversion effect





Why moving eyes?

• Economy of brain space dedicated to visual 
processing
• More economical to have minutely foveated, 

moveable eyes than to have massively foveated, 
immoveable eyes.
• Would need larger structures in the brain for 

processing vision.



Basic Anatomy of the eye



Three basic functions

• Blinking
• Accommodation
• Pupil dilation

None of these require any movement



Blinking

a) Blinking protects and moistens the cornea. 
b) Blinks can be trained to occur after an 

unconditioned stimulus such as a tone is 
associated with a conditioned stimulus

c) Blinks also depend on high-level cognition,as
when one blinks at high rates while lying. Visual 
sensitivity is attenuated during



2. Accommodation

• Accommodation helps focus blurry images
• It is triggered by detection of blurriness within the 

visual cortex and is achieved by contracting and 
relaxing the ciliary muscles, which are attached to 
the lens of the eye. 
• Lens elasticity decreases with age.



3. Adjustment of pupil diameter

Pupil responses have reflexive and voluntary 
components. 
• The reflexive component is elicited, under normal 

conditions, by changes in illumination or by an 
approaching object. 
• Pupil dilation allows more light into the eye, 

whereas pupil constriction reduces the amount of 
light that can enter. 



Higher level pupil functions

• Pupil dilation also indexes the mental load invested 
in a task and changes before spontaneous changes 
in perception (e.g., reversal of the Necker cube). 
• Pupil dilation is also taken as a social cue
about interest in an ongoing task or other person.





The Necker cube



Extra-ocular muscles





Amblyopia

• Visual stimulation fails to transmit through the 
optic nerve to the brain. 
• Brain turns off visual processing to one eye, to 

prevent double vision, in the case of strabismus.
• Strabismus can be fixed with surgical treatment to 

the extra-ocular muscles



Strabismus surgery to illustrate 
extra-ocular muscles



Control of Eye movements
• Eyes are controlled by six 

agonist / antagonist pairs.
• Reduced to two degrees 

of freedom, azimuth and 
elevation
• Unique eye position is 

associated with each gaze 
direction (Donder’s Law)



Trajectory formation in eye-
movements
• No conventional stretch reflex in extra-ocular 

muscles
• Afferent signals from muscle sense are ambiguous 

about eye position.

Structural constraints:
• Vestibulo-ocular reflex
• Optokinetic response



Types of eye movements

•Fixations (& microsaccades)

•Vergence

•Saccades

•Smooth pursuit

Raymond Dodge (1902)







Starting and stopping saccades:

•Velocity profile is similar to hand paths

•Trajectories are selected to minimize the time to target 

•Possibly optimized by same principles as hand/arm movements.



When do we make saccades?

• Three times a second when awake
• Saccades are also made in sleep
• Dreaming happens during the REM phase of 

sleeping
• People woken up during the REM phase report 

having a dream.



Smooth pursuit movements



In the lab

• Saccadic tracking
• Tracking a ‘jumping’ target

• Smooth-pursuit tracking

(Shelhamer et al. 2003; Joiner et al. 2006)





Recap…
• Looking and seeing
• Retinal stabilization, foveation and active sensing of the 

world
• Blinking, accommodation and dilation
• Voluntary eye movements: saccades & smooth pursuit
• Vestibular ocular reflex
• Specific page numbers of readings to be posted later 

today (from chapter 5)



The vestibular system and VOR







Demonstration of  VOR



Optokinetic response (OKR)



Proprioception

• Sense of place and position
• Sensory afferents
• Muscle spindles
• Joint receptors
• Cutaneous afferents

• Other mechanisms
• Force feedback (Golgi tendon organ)
• Effort feedback (Renshaw/recurrent inhibition)



RECAP: Case study of 
deafferented patients
• Differences between IW 

and GL
• Balance
• Mirror drawing tasks
• How do multiple senses 

work together in the 
control of movement?



Muscle spindle
• Bundles of encapsulated, 

specialized fibers
• �Intrafusal�

• Contractile polar regions
• Passive equatorial region
• Isolated from surrounding 

structure

• Sensory afferents



Golgi Tendon Organ
• Interwoven collagen and neural fibrils
• Series connection between fiber & tendon
• Active force sensor
• Fibers pulls collagen
• Collagen deforms neuron





Visual proprioception and arm 
location



One more time…

• How do visual and proprioceptive systems come 
together?
• Sense of position comes from both
• Sensory systems can combine seamlessly or can be 

in conflict.



The Auditory system

• How do we perceive sound?

• Waves: Periodic disturbances that travel through a 

medium (e.g. air or water)



Sound

• A longitudinal, mechanical wave

• caused by a vibrating source

• Pack molecules at different densities

• cause small changes in pressure

• Model pressure differences as sine waves



Sound Waves

• Pure Tones - simple waves 
• Harmonics - complex waves consisting of 

combinations of pure tones (Fourier analysis) - the 
quality of tone or its timbre (i.e. the difference 
between a given note on a trumpet and the same 
note on a violin) is given by the harmonics



Changes in Air Pressure



Frequency (temporal) Theory

• Periodic stimulation of membrane matches 
frequency of sound
• one electrical impulse at every peak
• maps time differences of pulses to pitch

• Firing rate of neurons far below frequencies that a 
person can hear
• Volley theory: groups of neurons fire in well-coordinated 

sequence



Physical Dimensions of Sound
• Amplitude

• height of a cycle
• relates to loudness

• Wavelength (w)
• distance between peaks

• Frequency ( λ )
• cycles per second
• relates to pitch
• λ w = velocity

• Most sounds mix many frequencies 
& amplitudes Sound is repetitive changes

in air pressure over time



Auditory Perception
Auditory perception is a branch of psychophysics.

Psychophysics studies relationships between perception and physical 
properties of stimuli. 

Physical dimensions: Aspects of a physical stimulus that can be 
measured with an instrument (e.g., a light meter, a sound level meter, a 
spectrum analyzer, a fundamental frequency meter, etc.)

Perceptual dimensions: These are the mental experiences that 
occur inside the mind of the observer. These experiences are actively 
created by the sensory system and brain based on an analysis of the 
physical properties of the stimulus. Perceptual dimensions can be 
measured, but not with a meter. Measuring perceptual dimensions 
requires an observer (e.g., a listener).



Visual Psychophysics:
Physical Properties

Perceptual Dimensions of Light

Hue Wavelength                
Brightness Luminance
Shape Contour/Contrast

Auditory Psychophysics:
Physical Properties

Perceptual Dimensions of Sound

Pitch                                              Fundamental Frequency                
Loudness                                       Intensity
Timbre (sound quality)                  Spectrum Envelope/Amp Env



The Three Main Perceptual Attributes of Sound
•Pitch (not fundamental frequency)

•Loudness (not intensity)

•Timbre (not spectrum envelope or amplitude envelope)

The terms pitch, loudness, and timbre refer not to the physical 
characteristics of sound, but to the mental experiences that occur in 
the minds of listeners.



Recap

• Somatosensory system: Touch, position, force
• Auditory system, properties of sound.
• Difference between physical properties and perception 

(pitch, loudness, and timbre refer mental/neural 
experiences).
• The ear is more sensitive to F0 differences in the low 

frequencies than the higher frequencies. 
• Loudness is strongly affected by the frequency of the signal. 

If intensity is held constant, a mid-frequency signal (in the 
range from ~1000-4000 Hz) will be louder than lower or 
higher frequency signals. 



Perceptual Dimensions

• Pitch
• higher frequencies perceived as higher pitch
• humans hear sounds in 20 Hz to 20,000 Hz range

• Loudness
• higher amplitude results in louder sounds
• measured in decibels (db), 0 db represents hearing 

threshold



Perceptual Dimensions (cont.)
• Timbre

• complex patterns added to the lowest, or 
fundamental, frequency of a sound, referred to 
as spectrum envelope

• spectrum envelopes enable us to distinguish 
musical instruments

• Multiples of fundamental frequency give music

• Multiples of unrelated frequencies give noise



Decibels of Everyday Sounds

80Auto traffic

120Concert

10Rustling leaves

180Spacecraft launch

140 Jet motor

60Conversation

45Ambient office noise

30Whisper

DecibelsSound



Pitch and Fundamental Frequency
All else being equal, the higher the F0, the higher the perceived pitch.

Lower F0, lower pitch Higher F0, higher pitch



The ear is more sensitive to F0 differences in the low frequencies 
than the higher frequencies. This means that:

300 vs. 350   ¹ 3000 vs. 3050

That is, the difference in perceived pitch (not F0) between 300 
and 350 Hz is NOT the same as the difference in pitch between 
3000 and 3050 Hz, even though the physical differences in F0 are 
the same.

300-350:     3000-3050:

Pitch Perception



Loudness and Intensity
All else being equal, the higher the intensity, the greater the loudness.

Higher intensity, higher loudness              Lower intensity, lower loudness 



Loudness is strongly affected by the frequency of the 
signal. If intensity is held constant, a mid-frequency 
signal (in the range from ~1000-4000 Hz) will be 
louder than lower or higher frequency signals. 

125 Hz, 3000 Hz, 8000 Hz

The 3000 Hz signal should appear louder than the 125 
or the 8000 signal, despite the fact that their intensities 
are equal.

Loudness Perception



Loudness and Pitch

• More sensitive to loudness at mid frequencies than 
at other frequencies
• intermediate frequencies at [500hz, 5000hz]

• Perceived loudness of a sound changes based on 
the frequency of that sound
• basilar membrane reacts more to intermediate 

frequencies than other frequencies



IEOR 170 91

Human Auditory Spectrum
• < 20 Hz - infrasound
• > 20 KHz - ultrasound
• human auditory range 

decreases with age
• �ultrasonic� cleaning 

devices, burglar alarms 
(20-40 KHz)
• CD 20 KHz cutoff, vinyl 

60-80 KHz



The Structure of the Auditory 
System



The Auditory system

• How do we perceive sound?

• Waves: Periodic disturbances that travel through a 

medium (e.g. air or water)
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Central Auditory Processing



Tonotopic map in the cortex

• The 
Tonotopic
relation is 
maintained 
in the 
auditory 
cortex as 
well (A1)

This figure indicate the locations of neurons 
that are responsive to particular frequencies 
(see the number -- kHz)





Music Perception

•Tone height: A sound quality 
whereby a sound is heard to 
be of higher or lower pitch; 
monotonically related to 
frequency

•Tone chroma: A sound 
quality shared by tones that 
have the same octave 
interval

•Musical helix: Can help 
visualize musical pitch
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Hierarchical 
Processing:

Core à belt à
Parabelt

Complex sounds are 
processed later
What vs. Where 
system:

Where: dorsal pathway

àSound localization

What: ventral pathway

à Identifying sounds



Cross-modal plasticity in 
congenitally deaf

• These PET/MR images show increased neural activity in the 
superior temporal gyrus in congenitally deaf subjects when 
they viewed signs or sign-like movements, suggesting that 
auditory cortical regions may contribute to the processing of 
visual information in the deaf



Auditory Motion Perception

• Early blind subjects show activation of the visual 
cortex during an auditory motion tracking task

• Visual areas become
involved in auditory
processing

• Functional Re-mapping 
of the cortex

Poirier et. al. (2006) 



Optic nerve hypoplasia

• Sometimes referred to as ONH autism
• Or DeMorsier�s syndrome 
• Congenital blindness (optic nerve to one or both 

eyes impaired before birth)
• Extremely sensitive to sound; for example have 

perfect pitch.
• Musical savants can have ONH.



VIDEO OF A MUSICAL SAVANT





How is the brain of a gifted 
musician different?
• Is it in the encoding?
• Work from Nina Kraus’s lab in Chicago
• http://www.soc.northwestern.edu/brainvolts/projects/

clintech/soundwaves_demo.php
• What else does musical training do to the brain?
• Rhythm processing



Multisensory perception: McGurk





Music Perception
How do we have the ability to produce music?





• Pinker: Music is an evolutionary accident piggy-
backing on language

• “Vocal learning and rhythmic synchronization" 
hypothesis: entrainment to a musical beat relies on 
the neural circuitry for complex vocal learning.

Auditory 
Cheesecake



Examples of meter/entrainment
• Meters that are difficult to read: Gregorian chant       

AND Stravinsky (Tarantella) 
• Rock and roll: 4/4 rhythm 
• Triple meter : Leonard Bernstein’s America  
• Triple meter: with triple subdivision 



Meet snowball



Meet Ronan the Sea Lion

• http://www.youtube.com/watch?v=6yS6qU_w3JQ



One more time…

• Perception is essentially multisensory
• While one sense could dominate another 
• Successful movement requires the processing of all 

of these senses.


