ysics 1230: Light and Color
" ‘ |

&

Long raadio waves

* Prof. Leo Radzihovsky Susanna Todaro
(lecturer) (TA/grader)
* Gamow Tower F623 Help Room,
303-492-5436 Duane Physics
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Lecture 9 The eye

Announcements:

* lectures 8 is posted on the class website
* midterm 2 on Tuesday, April 15
* homework 7 is posted on D2L

o due Thursday, April 3 in homework box in Help Room

- solutions will be posted on D2L
* reading for this week is:

o Ch. 4, 5 in SL




Recall Last time
recall lecture 8: Cameras and photography
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Today
The eye

Vilreous humor (upper
half has been removed)

cornea and lens: focusing system

iris and pupil: diaphragm, N e
controls f-number |
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Evolution of the eye

All these visual
system still exist in

various creatures
(Wikipedia)

a) Region of photosensitive cells

Photoreceptors

Nerve
ﬁbres\A

¢) “Pinhole” eye allows finer directional

sensitivity and limited imaging

Water-filled

chambe\
Area ol/

photoreceptors/
retina

e) Distinct lens develops

Cormnea
/

—

b) Depressed/folded area allows
limited directional sensitivity

—4

d) Transparent humor develops
in enclosed chamber

Retina

—

Transpar{

humor

f) Iris and separate
cornea develop

Lens

3 Aqueou
[, humor

y,/~Corne

Optic \ \ .
nerve / - Iris
Retina itreous

humor




Structure of the eye

Conjunctiva (merges —
with inside of
eyelids)

Layers of retina

Vitreous humor (upper

Cornea

* iris and pupil: diaphragm of the camera
* cornea and lens: lens-like to focus image
* refina: image recording, CCD sensor or film



Structure of the eye

Pupil

Iris Cornea

Posterior chamher Anterior chamber

\
eous humour)
2 Ciliary muscle

Suspensory
ligament

Choroid

Sclera

Vitreous

Hyaloid

Optic disc

par.s: that are seen

Optic nerve

hlood vessels

iris and pupil: diaphragm of the camera
cornea and lens: lens-like to focus image
retina: image recording, CCD sensor or film



Evye — camera analogy
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Structure of the eve: iris
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The iris is similar to the
diaphragm in a camera

Your iris widens in dim light
(night) and narrows in
bright light (day)

The f-number of your eye == em—
varies from f/2 (large ‘ ' -
opening: short DOF) to f/8
(small opening: long DOF)
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Compare this to the range of
an average camera lens,

which may have f-numbers
from f/2.8 to f/22




Structure of the eve: iris

With a range of only

f/2 - £/8, your iris can
only reduce the light
coming into your eye by a
factor of 16 (42 = 16)

The range of intensities

that your eye can respond
to is a factor of 10!3

The main function of the
Iris is not to control the
intensity of light coming
intfo your eye

Main functions of iris

o reduce aberrations, sharpen
image

o Increase depth of field
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Structure of the eve: iris

With a range of only

f/2 - £/8, your iris can
only reduce the light
coming into your eye by a
factor of 16 (42 = 16)

The range of intensities

that your eye can respond
to is a factor of 10!3

The main function of the
Iris is not to control the
intensity of light coming
intfo your eye

Main functions of iris

o reduce aberrations, sharpen
image

o Increase depth of field




Structure of the eve: cornea and lens

* There are fwo lenses in your eye, the cornea and the
eyelens

* The cornea, the front surface of the eye, does most of
the focusing in your eye, most optical power, shorter
fixed focal length

* The eyelens provides adjustable fine-tuning of the focus

Cornea

Posterior chamber Anterior chamber

S onniar (aqueous humour)

fibres
Ciliary muscle

suspensory
linament



Structure of the eve: cornea and lens

* There are fwo lenses in your eye, the cornea and the
eyelens

* The cornea, the front surface of the eye, does most of
the focusing in your eye, most optical power, shorter
fixed focal length

* The eyelens provides adjustable fine-tuning of the focus

retina
cornea

eyelens



Structure of the eve: cornea and lens

* Cornea-air surface has a larger change in the index of
refraction, so light bends more -> larger power

* The power of the cornea is = 43 diopters (f = 2.3cm)

* The eyelens is surrounded by the humors, which have
a very similar index of refraction as the lens itself

retina
cornea: n = 1.4

eyelens: n = 1.4

humors: n = 1.3



Focusing

* The eyelens is a fixed, unchanging distance, x; from the
retina at the back of the eyeball, where the image is
created, as the distance to the object, x, changes. Focus
via changing the focal length, f by changing shape

Conjunctiva -

lera Choroid Aetina

* A camera is focused by changing the distance, x; from
the lens to the image at the back of the film or CCD
as the distance to the object, x, changes
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Eve focusing

* The eyelens is a fixed, unchanging distance, x, from the
retina at the back of the eyeball, where the image is
created, as the distance to the object, x, changes. Focus
via changing the focal length, f by changing shape
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The eyelens: accommodation 1 1 1

Lo L f
* The eyelens changes its focal length by changing shape.
Ligaments pull on the lens @change the amount of bulge

short

linament

muscles contract,
ligaments relax, more
bulge, more bending
power, shorter focal
length

Suspensory

Ciliary muscle

queous humour)

Anterior chamber

N

Cornea

&

eyelens

Iris

Posterior chamber

muscles relax, ligaments
contract, less bulge, less
bending power, longer

focal length
ligaments /@\

long f



The evyelens: accommodation 1 1

Lo o)

* eyelens has small depth of field, focusing by changing shape
-> changing its focal length
* cannot see both me and your thumb in focus at same time

thumb out of focus

>
less bulgy, longer f.

professor in focus

thumb in focus

professor out of focus



clicker question Eve focusing

Q: You can’t see the Flatirons and your thumb clearly
at the same fime

(a) because your pupil is too small
(b) because your iris can’t change fast enough

(c) because your eye cannot accommodate
(d) because your eye does not have enough depth of field

ide of . T Layers of retina
with inside /’ P o
eyelids) /// . o
v N
o, e N\ Vitreous humor (upper
Cornea / : '.«3' 1) N N, half has been removed)
rs > \
4 3 \ c
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clicker question Eve focusing

Q: When you see someone or something out-of-focus

(a) there is no image anywhere
(b) there is an in-focus image on your fovea
(c) there is an in-focus image on your retina

d) there is an in-focus image either in front or in back
of your retina

Conjunctiva (merges L = Layers of retina

with inside of =
eyelids)

Vilreous humor (upper
half has been removed)

\ Oplic nerve



clicker question Eve focusing

Q: In order to focus on a close object

(a) your eyelens bulges out

b) your eyelens flatten

(¢) your cornea bulge out

(d) your cornea flatten

(e) the distance, x, between your eyelens and retina

djusts
Conjunctiva (merges P Layers of retina
with inside of = SN
Wﬁm) //” ‘ol 3 ~
. }” """EF. N N
/ A, \ Vitreous humor (upper
Cornea / : /f g % A\ half has been removed)

\\ ‘.\ Optic nerve
Lens
>/ Blood vessels
\ V /
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Pupil (opening "\ -  /
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clicker question Eve licht sensitivity

Q: The most important means by which you can see light
intesity varying by over 13 orders of magnitude, i.e., by
a factor of 10" is:

(a) the variable opening of your iris, which acts like
dlahram

c) your optic nerve

(d) your cornea letting in more light

(e) your photoreceptors turning on and off faster and
slower



Eve focus: near and far points

* eyelens has two extreme conformation points:
- “far point”™ fully relaxed, focused at disfant objects (infinity)

- “near point™ fully bulged = fully accommodated, focused at
nearby object at about 25cm (10in) away

25 cm (10 inches)
A

— o o o o - e o e o o e e e e e e o o e A e e e e o SN — - —

* eyelens changes power by 4 diopters \/




Impertfect vision

* Perfect vision: parallel rays of light coming from infinity,
when eye is fully relaxed at a “far point”, a distant
object is focused on the retina

* Imperfect vision: for improperly-shaped cornea, these
distant parallel rays are not focused on the retina

G

parallel rays focus in front of the retina parallel rays focus past the retina
M_yopia (near-sighted; young) Hyper opia (far-sighted; old)




Impertfect vision

* Myopia (near-sightedness; young) T _ L

- cornea is too powerful \_/

- fully relaxed eyelens -> far point not at infinity, closer
- distant objects focus in front of retina, appear blurry
- corrected with a divergent lens

* Hyperopia (far-sightedness; oid):  --------=------== 2

- cornea is not powerful enough

- distant objects focus in behind of retina, appear blurry

- eyelens can partially accommodate to increase power of
cornea-lens system and focus distant but not near
objects on the retina

- corrected with a convergent lens



Multiple lenses power

recall:

* The power of two lenses held fogether is equal
to the sum of their individual powers:

P =P, + P,

* The focal length of the combined lenses is:

combined

Fcombined = l/pcombined

* This can be used in the lens equation

|

2



Combining lenses using diopters

recall: pcombined - pl + pz

* Diopters power of a multi-lens combination?
* Example:
- lens 1, f;= 0.5 m { 2
- lens 2, f,=2m
- What is the power of combined lens?
- What is the focal length f_  .i..q Of combined lens?

* Solution:
- power of lens 1 is 1/(0.5) = 2 diopters
- power of lens 2 is 1/2 = 0.5 diopters
- combined lens P__ ., =P, + P, =2 + 0.5 = 2.5 diopters
- focal length of a combined lens, f. ., = 1/P,., = 0.4m
- only valid for fouching thin lenses




Imperfect vision

* Myopia (near-sightedness) .- 1=

- corrected with a divergent lens

* Hyperopia (far-sightedness) ~  —— >Q B
- corrected with a convergent lens O
Sl /ﬁ
f
{ \T




Imperfect vision: myopia

* Myopia (near-sightedness) .- 1=

- corrected with a divergent lens

f<O

- a divergent lens creates an infermediate image of a

distant object at your “far point”, so that your eye
can see it even though the star is beyond your far point

far point

intermediate image of distant object



Imperfect vision: hyperopia

* Hyperopia (far-sightedness): >Q
- corrected with a convergent lens ’O

ey

f>0

- a convergent lens creates an infermediate image of a

book 25 cm away at your "near point”, so that your eye
can see it even though it is closer than your near point

focal point of corrective lens



Determining prescription: myopia

* If you are near-sighted, you want the diverging
corrective lens to create an intermediate image of a
distant object at your far point:

-> the object distance x, = oo

-> the image distance is your near point, X; = = X¢qpoint
-> find the focal length and power from the lens equation
1 1 1

* The image distance x; is negafive (same side of the lens as the
object)



Determining prescription: hyperopia

* If you are far-sighted, you want the converging
corrective lens to create an intermediate image at your
near point of an object at 25 cm:

-> the object distance x, = 0.25m

-> the image distance is your near point, X; = - X,cqrpoint
-> find the focal length and power from the lens equation
1 1 1

* The image distance x; is negafive (same side of the lens as the
object)



clicker question Corrective lens power

Q: A myopic eye is too powerful, say it has power of 63
diopters. What power of lens should you put on it to
get a combined power of 60 diopters (normal eye)?

a) -2 diopters

(b) -3 diopters

c) 2 diopfters
(d) 3 diopters

A: P =P, + P,=63 - 3 = 60 diopters

combined



clicker question Corrective lens power

Q: If a person with hyperopic eyes of power 58 diopters,
wears corrective lenses of power 2 diopters, what is
the focal length of the combined set of lenses?

a) 1.5 cm (0.015 m
(b) 1.7 cm (0.017 m)
C O cm (0.0 m

A: pcombined = Pl + P2 =58 + 2 =60 diop’rers
Fcombined = 1/Pcombined = 1/60 = 0.017m



clicker question

Determining prescription

Q: You are near-sighted and your far point is 1 meter

away. What

a) +1 diopter

(b) -1 diopter

c) +2 diopter
(d) -2 diopter
(e) +3 diopter

A:XO=°0,Xi=

IS your prescription?

-1 meter -> f = -1 meter -> P = -1 diopters



clicker question Determining prescription

Q: You are far-sighted and your near point is 1 meter
away instead of 25cm. What is your prescription?

(a) +1 diopter
(b) -1 diopter
(c) +2 diopter

d) -2 diopter 1 1 1
(e) +3 diopter | = —
Lo Lq f

A: X, = 0.25m, x; = -1 mefter
->1/f=1/0.25 -1/1=4 -1=3 -> f =1/3 meter
-> P = +3 diopters



Structure of the eye

* What is inside the eye?

o Vitreous humor

o retina
o optic nerve

Cornea

Posterior chamber Anterior chamber

Zonular " (aqueous humour)

fibres —
s Ciliary muscle

Suspensory
\ )\ ligament
Retina ‘

Choroid ' ,' Vitreous

humour
Sclera

Hyaloid

Optic disc

Optic nerve

hlood vessels



Structure of the eve: retina

* the retina is the sensor or “film” of the eye
* its layers serve three function:

- provides blood and nutrients (choroid)
- absorb light and convert to an electrical signal (photoreceptors)
- transfer the signal to the brain (nerve cells)

Light
J_|7 {L {} Relina {} Light
N N NS
= Optic
a / e : nerve
\| ' i
k-a N o o1 cate
:;< :',l = S = TA
Plexiform layer (nerve cells) 3 —_— ol

Cone

Rods and Cones (photoreceptors)

Red

Choroid (blood vessels)




Photoreceptors: rods and cones

{L Retina Light

Photoreceptors (rods and cones) ==mpin=ts o
convert light into electrical signal (@) (&

¢ LA 5o

cone

;9%8;; W a/se color image



Photoreceptors: rods

(=

! I Retina I | Light
N N
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* responsible for low light, peripheral, black-white vision
* present everywhere in the retina, except fovea
* there are 125 million rods in the average retina



Photoreceptors:

Light
P N
/" .
: . Optic
Invaginations o S/
cell membranes //’ }Outer Segment nerve
that form a stacks of ... .
membranous disks ".,‘ Gangllon
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Cone cell

responsible for fine detailed and color vision
clustered near the center of the retina, called fovea

there are 5 million cones in the average retina



Color effects: rods and cones

* rods are only sensitive to , blue; not sensitive to
red,
-> in low light, red objects appear very dim
-> relative brightness of different colors changes when
viewed under different lighting conditions
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RECEPTOR DENSITY {mm~2 x 107)

Photoreceptors: rods and cones

! | Retina Light
Optic
nerve
! cone peak 1 |
180 Ut \ \ Ganglion
wt  rod peak X : A\ cells
- x J
140 | ¢ &, /,'f \ S
120 F (| ot & . Bipolar
|) - \J ‘ Y ' * CG"S
| ¥ ods
80 I lul -
= |
@ r I
I
©F
T ]
20 I Cone
P — T —— -
°706050403020100102030405060703090 o
TEMPORAL fovea NASAL

ECCENTRICITY in degrees  Qgterberg, 1935

Because of their different functions, rods and cones
are present in varying densities in the retina. The
blind spot is due to the connection of the optic nerve

* Signal goes to the brain through optic nerve, no rods
and cones there -> blind spot
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* Because of their different functions, rods and cones
are present in varying densities in the retina. The
blind spot is due to the connection of the optic nerve

* Signal goes to the brain through optic nerve, no rods
and cones there -> blind spot



Structure of the eve: retina

* retina blood supply

* red eye
- light bounces off blood vessels see red
- red eye reduction via pre-flash to close pupil

Human retina

Fig. 1. Human retina as seen through an opthalmoscope.



Persistence of vision

* “persistence of response” (shutter speed)
- time during which photoreceptor is active
and is responding to light
* images remain on receptors
- for 1/25 second in low light
-> movies 24 frames/sec in dark room

- for 1/50 second in bright light
-> TV 60 frames/sec, OK in lighted room
- compare to a camera, which has shutter speed
from more than 1 second to 1/1000 second



* Even within the cone and rod system, your
retina adjusts its sensitivity over a huge

range (10'3) in response to the overall light levels

* When you walk into a dark/bright room, you cannot see
anything, but after a few minutes, you adapt and can
start to see things

* After about 30 minutes of adaptation can see an
equivalent to a candle 10 miles away
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10 miles!



Dark adaptation

rods in dark, cones in light
takes about 7 minutes to switch to
using all rods, 25 minutes for full adaptation

hi |, - 1 o 1
2 the cones are more
2 sensitive here ~ 7
: 1
= 2 gl
2 llllllllll Cones .
O —
= rod-cone the rods are “ SH
) break X more sensitive here @ '
c £ 4}
F o rods ', 7
O
I I R R ~ 3]
0 5 10 15 20 25 30
Time in dark (minutes) 2L - -

Time in dark (min)



