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How Do We See the World?

Let’s design a camera 
• Idea 1:  put a piece of film in front of an object 
• Do we get a reasonable image?

Slide by Steve Seitz



Adding a Pinhole Aperture

Add a barrier to block off most of the rays 
• This reduces blurring 
• The opening is known as the aperture 
• How does this transform the image?

Slide by Steve Seitz



DIY Pinhole Camera



Accidental Pinhole Cameras

Tree shadow during a solar eclipse 
photo credit: Nils van der Burg 

http://www.physicstogo.org/index.cfm
Slide by Steve Seitz

http://www.physicstogo.org/index.cfm
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Accidental Pinhole Cameras

Slide by Steve Seitz



Accidental Pinhole Cameras

A. Torralba and W. Freeman, Accidental Pinhole and Pinspeck Cameras, CVPR 2012

Accidental pinholes project images that are  
unnoticed or misinterpreted as shadows

Accidental pinhole and pinspeck cameras: revealing the scene outside the picture

Antonio Torralba, William T. Freeman
Computer Science and Artificial Intelligence Laboratory (CSAIL)

MIT
torralba@mit.edu, billf@mit.edu

Abstract

We identify and study two types of “accidental” images
that can be formed in scenes. The first is an accidental pin-
hole camera image. These images are often mistaken for
shadows, but can reveal structures outside a room, or the
unseen shape of the light aperture into the room. The sec-
ond class of accidental images are “inverse” pinhole cam-
era images, formed by subtracting an image with a small
occluder present from a reference image without the oc-
cluder. The reference image can be an earlier frame of a
video sequence. Both types of accidental images happen in
a variety of different situations (an indoor scene illuminated
by natural light, a street with a person walking under the
shadow of a building, etc.). Accidental cameras can reveal
information about the scene outside the image, the lighting
conditions, or the aperture by which light enters the scene.

1. Introduction
Researchers in computer vision have explored numerous

ways to form images, including novel lenses, mirrors, coded
apertures, and light sources (e.g. [1, 2, 7, 10]). The novel
cameras are, by necessity, carefully designed to control the
light transport such that images can be viewed from the
data recorded by the sensors. In this paper, we point out
that in scenes, accidental images can also form, and can be
revealed within still images or extracted from a video se-
quence using simple processing, corresponding to acciden-
tal real and “inverse” pinhole camera images, respectively.
These images are typically of poorer quality than images
formed by intentional cameras, but they are present in many
scenes illuminated by indirect light and often occur without
us noticing them.

A child might ask: why we don’t see an image of the
world around us when we view a blank surface? In a sense
we do: light rays yielding images of the world do land on
surfaces and then reflect back to our eye. But there are too
many of them and they all wash out to the ambient illu-
mination we observe in a room or outdoors. Of course, if

a) b)

Figure 1. a) Light enters the room via an open window. b) On the
wall opposite the window, we can see a projected pattern of light
and shadow. But, are the dark regions shadows? See Fig. 2

one restricts the set of light rays falling on a surface, we can
reveal some particular one of the images. This is what a pin-
hole camera does. Only a restricted set of rays falls on the
sensor, and we can observe an image if we look at a surface
with light from only a pinhole falling on it. A second way
to view an image when looking at a surface is to restrict the
reflected rays from the surface by looking at a mirror sur-
face. All rays impinge on the surface, but only those from a
particular direction reflect properly into our eye and so we
again see an image when viewing a surface.

There are many ways in which pictures are formed
around us. The most efficient mechanisms are to use lenses
or narrow apertures to focus light into a picture of what is
in front. So a set of occluders (to form a pinhole camera)
or a mirror surface (to capture only a subset of the reflected
rays) will let us see an image as we view a surface. For
those cases, an image is formed by intentionally building a
particular arrangement of surfaces that will result in a cam-
era.

However, similar arrangements appear naturally by acci-
dental arrangements of surfaces in many places. Often the
observer is not aware of the images produced by those ac-
cidental cameras. Fig. 1.b shows one example of a picture
in which one can see a pattern of shadows and reflections
projected on the walls of different scenes. Indeed, at first,
one could miss-interpret some of the dark patterns on the

1

http://people.csail.mit.edu/torralba/research/accidentalcameras/






Window closed into a pinhole 
(image inverted)

View outside



Accidental Pinhole Cameras

A. Torralba and W. Freeman, Accidental Pinhole and Pinspeck Cameras, CVPR 2012

Accidental pinholes project images that are  
unnoticed or misinterpreted as shadows

http://people.csail.mit.edu/torralba/research/accidentalcameras/


8-Hour Exposure (Abelardo Morell)

http://www.abelardomorell.net/books/books_m02.html From Grand Images Through a Tiny Opening, Photo 
District News, February 2005 

http://www.abelardomorell.net/books/books_m02.html




Largest Pinhole Photograph

“The Great Picture”

http://legacyphotoproject.com


Largest Pinhole Photograph

“The Great Picture”

http://legacyphotoproject.com


Largest Pinhole Photograph

“The Great Picture”

http://legacyphotoproject.com


A. H. Zewail, Phil. Trans. R. Soc. A 2010;368:1191-1204

Camera Obscura: the Pre-Camera

• First Idea: Mo-Ti, 
China (470-390 BC) 

• First build: Al 
Hacen, Iraq/Egypt 
(965-1039 AD) 

• Drawing aid for 
artists: described by 
Leonardo da Vinci 
(1452-1519) 



Camera Obscura near Cliff House, San Francisco



Pinhole Camera Model

Pinhole model: 
• Captures pencil of rays – all rays through a single point 
• The point is called Center of Projection (COP) 
• The image is formed on the Image Plane 
• Camera length is the projection distance from COP to Image Plane  

(often referred to as the effective focal length)

Adapted from slide by Steve Seitz



Pinhole Camera Projective Transform
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Pinhole Camera Projective Transform
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Pinhole Camera Projective Transform

C z

z = d

x, y 0

@
x
y
z

1

A 7!

0

B@
x · d/z
y · d/z

d

1

CA ⇠=

 
x · d/z
y · d/z

!

Standard perspective projection 
• Center of projection: (0, 0, 0)T 
• Image plane at z = d

x
?

?
d

=
x
z

(x, y, z)T



Pinhole Camera Projective Transform
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• Image plane at z = d

(x, y, z)T



Point of observation

Figures © Stephen E. Palmer, 2002

3D world 2D image

Dimensionality Reduction Machine (3D to 2D)

But there is a problem…
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Emission Theory of Vision

“For every complex 
problem there is an 
answer that is clear, 
simple, and wrong.” 
-- H. L. Mencken

Supported by: 
• Empedocles 
• Plato 
• Euclid (kinda) 
• Ptolemy 
• …

Eyes send out “feeling rays” into the world



Point of observation

Figures © Stephen E. Palmer, 2002

How we See the World

3D world 2D image



Point of observation

How we See the World

3D world 2D image

Painted  
backdrop



Fooling the Eye



Fooling the Eye

Making of 3D sidewalk art: http://www.youtube.com/watch?v=3SNYtd0Ayt0

http://www.youtube.com/watch?v=3SNYtd0Ayt0


Point of observation

3D world 2D image

Dimensionality Reduction Machine (3D to 2D)

Why did evolution opt for such strange solution? 
• Nice to have a passive, long-range sensor 
• Can get 3D with stereo or by moving around, plus experience 



Figures © Stephen E. Palmer, 2002

Dimensionality Reduction Machine (3D to 2D)

3D world 2D image

What have we lost? 
• Angles 
• Distances (lengths)



Funny Things Happen…



Parallel Lines Aren’t…

Figure by David Forsyth



Exciting New Study!



Lengths Can’t Be Trusted...

Figure by David Forsyth

B’

C’

A’



Orthographic or Parallel Projection
• Special case of perspective projection 

• Distance from center of projection to image plane is infinite 
• Projection equation: simply drop the z coordinate!

Slide by Steve Seitz

Image World

𝑧

𝑥

𝑦

(𝑥, 𝑦, 𝑧) → (𝑥, 𝑦)



Orthographic or Parallel Projection
• Move (infinitely) far away, and zoom in 

proportionately

Slide by Lana Lazebnik



Orthographic or Parallel Projection
• Special case of perspective projection 

• Distance from center of projection to image plane is infinite 
• Projection equation: simply drop the z coordinate!

SimCity 2000 12th century Chinese scroll 
(via A. Hertzmann)

Slide by Lana Lazebnik

https://aaronhertzmann.com/2024/10/07/picture-perception.html
https://aaronhertzmann.com/2024/10/07/picture-perception.html


Scaled Orthographic or “Weak Perspective”



Scaled Orthographic or “Weak Perspective”



Field of View (Zoom)



Effect of Focal Length on FOV

For a fixed sensor size, decreasing the focal length 
increases the field of view. 

FOV = 2 arctan
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Effect of Sensor Size on FOV
Object

Lens

Sensor(s)

35mm Full Frame 

APS-C



Sensor Sizes

Credit: 

http://lensvid.com


Maintain FOV on Smaller Sensor?

Lens

Large Sensor

To maintain FOV, decrease focal length of lens  
in proportion to width/height of sensor

Focal length

Lens
Small Sensor

Shorter 
focal  

length



Focal Length v. Field of View

• For historical reasons, it is common to 
refer to angular field of view by focal 
length of a lens used on 35mm-format film 
(36 x 24mm) 

• Examples of focal lengths on 35mm 
format:  

» 17mm is wide angle 104° 

» 50mm is a “normal” lens 47° 

» 200mm is telephoto lens 12° 

• Careful!  When we say current cell phones 
have approximately 24mm “equivalent” 
focal length, this uses the above 
convention.  The physical focal length is 
often 5-6 times shorter, because the 
sensor is correspondingly smaller 



Focal Length v. Field of View

From London and Upton, and Canon EF Lens Work III



Focal Length v. Field of View

From London and Upton, and Canon EF Lens Work III



Focal Length v. Field of View

From London and Upton, and Canon EF Lens Work III



Focal Length v. Field of View

From London and Upton, and Canon EF Lens Work III



Expensive Toys…



Perspective Compression

Large FOV, small f 
Camera close to car

Small FOV, large f 
Camera far from the car

Sources: F. Durand



Perspective Compression
• Move away and zoom in proportionately 

z





Dolly Zoom (“Vertigo Shot”)

First used by Alfred Hitchcock in “Vertigo” 1958



Focal Length / Viewpoint in Portraiture 



Focal Length / Viewpoint in Portraiture 

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 

From Canon EF Lens Work III

16 mm



Focal Length / Viewpoint in Portraiture 

From Canon EF Lens Work III

24 mm

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 



Focal Length / Viewpoint in Portraiture 

From Canon EF Lens Work III

50 mm

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 



Focal Length / Viewpoint in Portraiture 

From Canon EF Lens Work III

135 mm

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 



Focal Length / Viewpoint in Portraiture 

From Canon EF Lens Work III

200 mm

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 



Focal Length / Viewpoint in Portraiture 

From Canon EF Lens Work III

In this 
sequence, 
distance from 
subject 
increases with 
focal length to 
maintain image 
size of human 
subject.  

Notice the 
dramatic 
change in 
background 
perspective. 



Focal Length / Viewpoint in Portraiture 

16 mm (110°)

Up close and zoomed wide 
with short focal length



Focal Length / Viewpoint in Portraiture 

200 mm (12°)

Walk back and zoom in 
with long focal length



Perspective Composition 
(Photographer’s Mindset)



Wide angle: 15mm, f/2.8



Wide angle: 18mm, 1/750, f/8



Ren NgCS184/284A
Normal: 50mm, 1/80, f/1.4



Ren NgCS184/284A
Normal: 64mm, 1/3200, f/2.8



Ren NgCS184/284A
Telephoto: 150mm, 1/640, f/1.8



Pinholes to Lenses



DIY Pinhole Camera

http://www.debevec.org/Pinhole/

Why so 
blurry?

http://www.debevec.org/Pinhole/35mm-pinhole-camera.jpg
http://www.debevec.org/Pinhole/


Shrinking the Aperture

Why not make the aperture as small as possible? 
• Less light gets through 
• Diffraction effects…

Slide by Steve Seitz



Shrinking the Aperture



Pinhole Image Formation

London and Upton



Lens Image Formation

London and Upton



Focus



Focus and Defocus

A lens focuses light onto the film 
• There is a specific distance at which objects are “in focus” 

– other points project to a “circle of confusion” in the image 
• Changing the shape of the lens changes this distance

“circle of  
confusion”

Slide by Steve Seitz



Image Focus Varies with Projection Distance

lens sensor



Image Focus Varies with Projection Distance

focus far



Image Focus Varies with Projection Distance



Image Focus Varies with Projection Distance



Image Focus Varies with Projection Distance

light rays travel further



Image Focus Varies with Projection Distance

focus close



focus far

Image Focus Varies with Projection Distance



The Ideal Thin Lens Equation

zo zi

f f

zo � f

f
=

f

zi � f

(zo � f)(zi � f) = f2

zozi � (zo + zi)f + f2 = f2

zozi = (zo + zi)f

1

f
=

1

zi
+

1

zo

Object Lens

Focal 
point Image



Lens Focusing – Conjugate Points

Sensor / lens gap determines plane of physical focus.

Credit: Stanford CS 178



Varying Focus



Depth of Field



Depth of Field (DOF)

• Depth of field is the range of object depths that are 
rendered with acceptable sharpness in an image

From
 London and Upton



Aperture Size Affects Depth of Field

• A smaller aperture increases the range in which the object is 
approximately in focus 

• But small aperture reduces amount of light – need to increase 
exposure



F-number: Focal Length / Aperture Diameter



f / 4 
0.01 sec

f / 11 
0.1 sec

f / 32 
0.8 sec

Constant Exposure: Depth of Field vs Shutter Speed

• Photographers must trade off depth of field and motion blur for moving subjects



Shallow Depth of Field Can Create a Stronger Image

From Peterson, Understanding Exposure 
200mm, f/4, 1/1000 (left) and f/11, 1/125 (right)



Motion Blur Can Help Tell The Story

From Peterson, Understanding Exposure 
1/60, f/5.6, 180mm



Lens Flaws



Real Lens Focus Is Not Ideal – Aberrations
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Real plano-convex lens (spherical surface shape). 
Lens does not converge rays to a point anywhere.



Lens Flaws: Chromatic Aberration
Dispersion: wavelength-dependent refractive index 

• (enables prism to spread white light beam into rainbow) 
Modifies ray-bending and lens focal length: f(λ) 

color fringes near edges of image 
Corrections: add ‘doublet’ lens of flint glass, etc.



Chromatic Aberration

Slide by Carl Doersch



Chromatic Aberration 

Near Lens Center Near Lens Outer Edge



Radial Distortion (e.g. ‘Barrel’ and ‘Pin-Cushion’)

straight lines curve around the image center  



Radial Distortion



Exposure



Shutter Speed

http://en.wikipedia.org/wiki/Shutter_speed

http://en.wikipedia.org/wiki/Shutter_speed


Exposure: Shutter Speed vs. Aperture



High-Speed Photography (Short Shutter)

Harold Edgerton



Long-Exposure Photography

https://www.demilked.com/best-long-exposure-photos/





Slow Shutter Speeds - Painting with Light

Photos by Fredo Durand



More Long-Exposure Fun

http://vimeo.com/14958082

http://vimeo.com/14958082


Programming Project #1

Project out Today!







Extras



(11). The size of each opsin family is growing
rapidly as investigators look at nontraditional
organisms and in unexpected places. Multiple
new opsin genes, as well as new genes for other
phototransduction-specific families [e.g., hetero-
trimeric guanine nucleotide–binding proteins (G
proteins) and nucleotide-gated channels], arose
early in vertebrate evolution during extensive
chromosome duplications and very likely facili-
tated retinal specializations (12). For example,
opsin gene duplication was responsible for the
independent evolution of three-color (trichro-
matic) vision in old and new world primates
(13). Similarly, opsin gene duplications in Lepi-

doptera, followed by an increased rate of evolu-
tion, produced a diversity of pigments sensitive to
visual spectra important for specific species (14).
Photoreceptor wavelength absorption spectra
are exquisitely modulated by a small collec-
tion of amino acid side groups adjacent to the
chromophore-binding site in the seventh trans-
membrane domain of opsins, where the effects
of natural selection are now most evident (15).

An example of how color vision shapes cone
opsin evolution is in the visual systems of cichlid
fishes in the East African lakes. In one riverine
species, ancestral to the lake species, seven cone
opsin genes are present as the result of gene

duplications. Although only four
cone opsins are found in the adult
retina and, hence, can contribute
to wavelength discrimination by
the animal, the rest are expressed
at various points during ontogeny.
This preservation of opsin genes
may offer a substrate for rapid
selection of different visual chro-
matic sensitivities in response to
selective pressures (16). Another
mechanism for modifying the
spectral sensitivity is found in
bluefin killifish. Animals living in
murky swamps have different col-
or sensitivities from those living
in clear springs, and the difference
is produced through differential
expression of cone opsin genes
within individual photoreceptors,
although how this is regulated is
unknown (17).

The two best-known photo-
receptor types use distinct families
of opsins packed in quite differ-
ent membrane specializations
and require different transduction
mechanisms (Fig. 3). Vertebrate
photoreceptors use members of
the ciliary opsin (c-opsin) fam-
ily incorporated into specialized
cilia, whereas invertebrate pho-
toreceptors use members of the
rhabdomeric opsins (r-opsin)
that are typically formed into
rhabdoms. Each receptor type
uses different G proteins: trans-
ducin in vertebrates and the Gq

family in invertebrates. Ver-
tebrate photoreceptors produce
hyperpolarizing potentials via a
phosphodiesterase cascade; in-
vertebrate photoreceptors are
depolarizing and use a phospho-
lipase C cascade. The site of bio-
chemical signal amplification is
different between these receptor
types, as are the mechanisms for
terminating the response. More-

over, opsins in invertebrates are fixed to their
membranes (18), which allows polarization de-
tection, whereas those in vertebrates are not. It
now seems clear that these photoreceptor types
arose independently and coexisted in urbilate-
rians before bilaterians arose (see below).

In using vision to extract information about the
environment, all animals exploit the same proper-
ties of light: intensity differences to produce
contrast and wavelength differences to produce
hue. However, no unique solutions exist, and spe-
cializations that evolved to process intensity and
wavelength differ among species; these differences
reflect how similar problems are solved via diverse

Fig. 1. Eight major types of optics in animal eyes. Both chambered eyes (top) and compound eyes (bottom) form
images using shadows (A and B), refraction (C to F), or reflection (G and H). Light rays shown in blue,
photoreceptive structures are shaded. The simple pit eye (A) (chambered nautilus) led to the lensed eyes in fish
and cephalopods (C) (octopus) and terrestrial animals (D) (red-tailed hawk). Scallop eyes (G) (bay scallop) are
chambered but use concave mirror optics to produce an image. The simplest compound eye (B) (sea fan) found in
bivalve molluscs led to the apposition compound eye (E) (dragonfly) found in bees, crabs, and fruit flies; the
refracting superposition compound eye (F) (Antarctic krill) of moths and krill; and the reflecting superposition eye
(H) (lobster) found in decapod shrimps and lobsters. Diagrams modified by permission from (2). [Sources: (A)
Wikipedia; (B) Robert Pickett/CORBIS; (C) Russell Fernald/Stanford University; (D) Steve Jurvetson/Wikipedia; (E) David L.
Green/Wikipedia; (F) Gerd Alberti, Uwe Kils/Wikipedia; (G) Bill Capman/Augsburg College; (H) Lawson Wood/CORBIS]

SPECIALSECTION

www.sciencemag.org SCIENCE VOL 313 29 SEPTEMBER 2006 1915

 o
n 

Fe
br

ua
ry

 6
, 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

R. Fernald, Casting a Genetic Light on the Evolution of Eyes 
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new opsin genes, as well as new genes for other
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trimeric guanine nucleotide–binding proteins (G
proteins) and nucleotide-gated channels], arose
early in vertebrate evolution during extensive
chromosome duplications and very likely facili-
tated retinal specializations (12). For example,
opsin gene duplication was responsible for the
independent evolution of three-color (trichro-
matic) vision in old and new world primates
(13). Similarly, opsin gene duplications in Lepi-
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visual spectra important for specific species (14).
Photoreceptor wavelength absorption spectra
are exquisitely modulated by a small collec-
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chromophore-binding site in the seventh trans-
membrane domain of opsins, where the effects
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species, ancestral to the lake species, seven cone
opsin genes are present as the result of gene

duplications. Although only four
cone opsins are found in the adult
retina and, hence, can contribute
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the animal, the rest are expressed
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This preservation of opsin genes
may offer a substrate for rapid
selection of different visual chro-
matic sensitivities in response to
selective pressures (16). Another
mechanism for modifying the
spectral sensitivity is found in
bluefin killifish. Animals living in
murky swamps have different col-
or sensitivities from those living
in clear springs, and the difference
is produced through differential
expression of cone opsin genes
within individual photoreceptors,
although how this is regulated is
unknown (17).

The two best-known photo-
receptor types use distinct families
of opsins packed in quite differ-
ent membrane specializations
and require different transduction
mechanisms (Fig. 3). Vertebrate
photoreceptors use members of
the ciliary opsin (c-opsin) fam-
ily incorporated into specialized
cilia, whereas invertebrate pho-
toreceptors use members of the
rhabdomeric opsins (r-opsin)
that are typically formed into
rhabdoms. Each receptor type
uses different G proteins: trans-
ducin in vertebrates and the Gq

family in invertebrates. Ver-
tebrate photoreceptors produce
hyperpolarizing potentials via a
phosphodiesterase cascade; in-
vertebrate photoreceptors are
depolarizing and use a phospho-
lipase C cascade. The site of bio-
chemical signal amplification is
different between these receptor
types, as are the mechanisms for
terminating the response. More-

over, opsins in invertebrates are fixed to their
membranes (18), which allows polarization de-
tection, whereas those in vertebrates are not. It
now seems clear that these photoreceptor types
arose independently and coexisted in urbilate-
rians before bilaterians arose (see below).

In using vision to extract information about the
environment, all animals exploit the same proper-
ties of light: intensity differences to produce
contrast and wavelength differences to produce
hue. However, no unique solutions exist, and spe-
cializations that evolved to process intensity and
wavelength differ among species; these differences
reflect how similar problems are solved via diverse

Fig. 1. Eight major types of optics in animal eyes. Both chambered eyes (top) and compound eyes (bottom) form
images using shadows (A and B), refraction (C to F), or reflection (G and H). Light rays shown in blue,
photoreceptive structures are shaded. The simple pit eye (A) (chambered nautilus) led to the lensed eyes in fish
and cephalopods (C) (octopus) and terrestrial animals (D) (red-tailed hawk). Scallop eyes (G) (bay scallop) are
chambered but use concave mirror optics to produce an image. The simplest compound eye (B) (sea fan) found in
bivalve molluscs led to the apposition compound eye (E) (dragonfly) found in bees, crabs, and fruit flies; the
refracting superposition compound eye (F) (Antarctic krill) of moths and krill; and the reflecting superposition eye
(H) (lobster) found in decapod shrimps and lobsters. Diagrams modified by permission from (2). [Sources: (A)
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(11). The size of each opsin family is growing
rapidly as investigators look at nontraditional
organisms and in unexpected places. Multiple
new opsin genes, as well as new genes for other
phototransduction-specific families [e.g., hetero-
trimeric guanine nucleotide–binding proteins (G
proteins) and nucleotide-gated channels], arose
early in vertebrate evolution during extensive
chromosome duplications and very likely facili-
tated retinal specializations (12). For example,
opsin gene duplication was responsible for the
independent evolution of three-color (trichro-
matic) vision in old and new world primates
(13). Similarly, opsin gene duplications in Lepi-

doptera, followed by an increased rate of evolu-
tion, produced a diversity of pigments sensitive to
visual spectra important for specific species (14).
Photoreceptor wavelength absorption spectra
are exquisitely modulated by a small collec-
tion of amino acid side groups adjacent to the
chromophore-binding site in the seventh trans-
membrane domain of opsins, where the effects
of natural selection are now most evident (15).

An example of how color vision shapes cone
opsin evolution is in the visual systems of cichlid
fishes in the East African lakes. In one riverine
species, ancestral to the lake species, seven cone
opsin genes are present as the result of gene

duplications. Although only four
cone opsins are found in the adult
retina and, hence, can contribute
to wavelength discrimination by
the animal, the rest are expressed
at various points during ontogeny.
This preservation of opsin genes
may offer a substrate for rapid
selection of different visual chro-
matic sensitivities in response to
selective pressures (16). Another
mechanism for modifying the
spectral sensitivity is found in
bluefin killifish. Animals living in
murky swamps have different col-
or sensitivities from those living
in clear springs, and the difference
is produced through differential
expression of cone opsin genes
within individual photoreceptors,
although how this is regulated is
unknown (17).

The two best-known photo-
receptor types use distinct families
of opsins packed in quite differ-
ent membrane specializations
and require different transduction
mechanisms (Fig. 3). Vertebrate
photoreceptors use members of
the ciliary opsin (c-opsin) fam-
ily incorporated into specialized
cilia, whereas invertebrate pho-
toreceptors use members of the
rhabdomeric opsins (r-opsin)
that are typically formed into
rhabdoms. Each receptor type
uses different G proteins: trans-
ducin in vertebrates and the Gq

family in invertebrates. Ver-
tebrate photoreceptors produce
hyperpolarizing potentials via a
phosphodiesterase cascade; in-
vertebrate photoreceptors are
depolarizing and use a phospho-
lipase C cascade. The site of bio-
chemical signal amplification is
different between these receptor
types, as are the mechanisms for
terminating the response. More-

over, opsins in invertebrates are fixed to their
membranes (18), which allows polarization de-
tection, whereas those in vertebrates are not. It
now seems clear that these photoreceptor types
arose independently and coexisted in urbilate-
rians before bilaterians arose (see below).

In using vision to extract information about the
environment, all animals exploit the same proper-
ties of light: intensity differences to produce
contrast and wavelength differences to produce
hue. However, no unique solutions exist, and spe-
cializations that evolved to process intensity and
wavelength differ among species; these differences
reflect how similar problems are solved via diverse

Fig. 1. Eight major types of optics in animal eyes. Both chambered eyes (top) and compound eyes (bottom) form
images using shadows (A and B), refraction (C to F), or reflection (G and H). Light rays shown in blue,
photoreceptive structures are shaded. The simple pit eye (A) (chambered nautilus) led to the lensed eyes in fish
and cephalopods (C) (octopus) and terrestrial animals (D) (red-tailed hawk). Scallop eyes (G) (bay scallop) are
chambered but use concave mirror optics to produce an image. The simplest compound eye (B) (sea fan) found in
bivalve molluscs led to the apposition compound eye (E) (dragonfly) found in bees, crabs, and fruit flies; the
refracting superposition compound eye (F) (Antarctic krill) of moths and krill; and the reflecting superposition eye
(H) (lobster) found in decapod shrimps and lobsters. Diagrams modified by permission from (2). [Sources: (A)
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Traditional cameras used for common imaging applications
consist of one or multiple lenses projecting an image of the
object of interest onto an array of photodetectors. This

configuration, similar to the human eye architecture, can provide
excellent spatial resolution, but suffers from a fundamental tra-
deoff between small size and wide field-of-view, originating from
aberration effects at large angles of incidence. In nature, the
solution devised by evolution to address this issue is the com-
pound eye1, which in fact is universally found among the smallest
animal species, such as insects and crustaceans (Fig. 1a). While
different types exist, its basic architecture consists of an array of
many imaging elements called ommatidia pointing along differ-
ent directions (Fig. 1b), each collecting a single point of infor-
mation about the scene being imaged. Typical ommatidia found
in the apposition compound eye include a facet lens, a crystalline
cone, a waveguiding fiber (rhabdom), and photoreceptor cells.
These elements can be packed in extremely compact volumes
providing nearly full hemispherical vision with no aberration.
With this arrangement, all objects in the field-of-view are also
automatically in focus at all times (i.e., the depth of field is
essentially infinite), regardless of their distance from the camera
and without the need for any focal-plane readjustment, leading to
exceptional acuity to motion. As a result of these unique attri-
butes, optoelectronic compound-eye cameras are ideally suited to
address a wide range of imaging applications where extreme size
miniaturization, wide-angle fields of view, and high temporal
resolution are of particular importance. Specific examples include
chip-on-the-tip endoscopy, concealed surveillance, wearable and
swallowable cameras, and machine vision for obstacle avoidance
and autonomous navigation, especially in drones.

These considerations have motivated significant research
efforts on the development of novel cameras directly inspired by
the compound-eye vision modality. Most prior implementations
have been based on planar2–4 or curved4–11 arrays of microlenses
combined with carefully aligned image-sensor arrays. The curved
geometry directly mimics the compound-eye architecture of
common arthropods, but is complicated by limited compatibility
with standard microelectronic circuits, which are traditionally
based on planar substrates. As a result, it requires either the
introduction of bulky optical relay systems5,8,9,11 or the devel-
opment of complex fabrication and packaging processes to

produce photodetector arrays and readout electronics on a curved
surface6,7,10. A possible implementation of a flat compound-eye
camera is shown in Fig. 1c, where the photodetector/microlens
pair in each pixel detects light incident along a different direction
determined by the position of the photodetector within the focal
plane of the microlens3. However, the field-of-view in this geo-
metry is severely constrained by optical crosstalk between
neighboring pixels at large angles of incidence (as illustrated by
the dashed line in Fig. 1c), which can lead to the formation of
ghost images unless interpixel blocking layers are employed.
Either way, even with multiple lens arrays the maximum
achievable field-of-view is limited by the f-number of the
microlenses to values below ±35°4. In a somewhat related tech-
nology, each photodetector is stacked with two diffraction grat-
ings on top of one another to produce a sinusoidal dependence of
detected signal on angle of incidence12. While also capable of
significant miniaturization, this approach is not directly based on
the compound-eye vision modality and its imaging capabilities
depend on the results of a more complex global deconvolution
procedure. Additionally, its maximum reported field-of-view
(<±50°) is once again limited by design and fabrication con-
straints. More recently, the use of optical phased arrays for angle-
sensitive photodetection has also been reported13, which allows
for dynamic tuning of the angle of peak detection but requires a
local laser oscillator for heterodyne mixing. Finally, another
related device from the recent literature is a photodetector con-
sisting of two closely spaced nanowires that can directly measure
the polar illumination angle, for applications such as triangula-
tion and optical ranging (rather than full image reconstruction)14.

Here, we describe a compound-eye camera based on a funda-
mentally different approach that can provide wide-angles field-of-
view (over ±75°) on a flat substrate. Its key innovation is the
integration of each pixel of a standard image-sensor array with a
specially designed metasurface (ensemble of subwavelength
optical nanostructures) that only allows for the detection of light
incident along a small, geometrically tunable distribution of
angles, whereas light incident along all other directions is
reflected (Fig. 1d). Computational imaging techniques are then
employed to enable image reconstruction from the combined
signals of the individual sensors. With this approach, ultrathin
planar cameras can be developed without any lenses, featuring all

Microlenses

c

a b

dGhost

Rhabdom

Crystalline
cones

Lenses

Metasurfaces
Glass plate

Image sensors

Fig. 1 Compound eyes. a Micrograph of the compound eyes of a horse fly. Used with permission (copyright: Michael Biehler/123RF.COM). b Schematic
illustration of the apposition compound-eye architecture. c Artificial compound-eye camera based on a planar microlens array and a photodetector array
separated by a glass plate. By design the two arrays have different periodicities, so that each sensor detects light incident along a different direction.
d Compound-eye camera based on the angle-sensitive metasurfaces developed in the present work, where only light incident along a different direction is
transmitted into each image sensor.
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The vision system of arthropods such as insects and crustaceans is based on the compound-

eye architecture, consisting of a dense array of individual imaging elements (ommatidia)

pointing along different directions. This arrangement is particularly attractive for imaging

applications requiring extreme size miniaturization, wide-angle fields of view, and high sen-

sitivity to motion. However, the implementation of cameras directly mimicking the eyes of

common arthropods is complicated by their curved geometry. Here, we describe a lensless

planar architecture, where each pixel of a standard image-sensor array is coated with an

ensemble of metallic plasmonic nanostructures that only transmits light incident along a

small geometrically-tunable distribution of angles. A set of near-infrared devices providing

directional photodetection peaked at different angles is designed, fabricated, and tested.

Computational imaging techniques are then employed to demonstrate the ability of these

devices to reconstruct high-quality images of relatively complex objects.
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Lens Design in 1839

Louis Daguerre Chevalier Lens (f/16)



Lens Design in 1839

Joseph Petzval Petzval Portrait Lens (f/3.6)



Lens Design in 1839

Joseph Petzval Petzval Portrait Lens (f/3.6)
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