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PICTURES POSING 

QUESTIONS 
The next steps in photography could blur reality 

BY PATRICK L. BARRY 

When a celebrity appears in a fan-magazine 

photo, there's no telling whether the person 
ever wore the clothes depicted visited that 
locale. The picture 

may have been "pho- ^ ?^ BPPI 
toshopped," we say, using a word 

coined from the name of the 

popular image-editing software 

Adobe Photoshop. 
But today's image processing is just 

a prelude. Imagine photographs in 
which the lighting in the room, the posi 
tion of the camera, the point of focus, 
and even the expressions on people's 
faces were all chosen after the picture 

was taken. The moment that the pic 
ture beautifully captures never actually 

happened. Welcome to the world of 
computational photography, arguably 
the biggest step in photography since 
the move away from film. 

Digital photography replaced the film 
in traditional cameras with a tiny wafer 
of silicon. While that switch swapped 
the darkroom for far more-powerful 
image-enhancement software, the cam 
era itself changed little. Its aperture, 
shutter, flash, and other components 
remained essentially the same. 

Computational photography, how 

ever, transforms the act of capturing 
the image. Some researchers use curved 

mirrors to distort their camera's field 
of view. Others replace the camera lens 

with an array of thousands of microlenses or with a virtual lens that 
exists only in software. Some use what they call smart flashes to illu 

minate a scene with complex patterns of light, or set up domes con 

taining hundreds of flashes to light a subject from many angles. 
The list goes on: three-dimensional apertures, multiple exposures, 
cameras stacked in arrays, and more. 

In the hands of professional photographers and filmmakers, the 
creative potential of these technologies is tremendous. "I expect it 
to lead to new art forms," says Marc Levoy, a professor of com 

puter science at Stanford University. 
Medicine and science could also benefit from imaging tech 

niques that transcend the limitations of conventional microscopes 
and telescopes. The military is interested as well. The Defense 

Advanced Research Projects Agency, for example, has funded 
research on camera arrays that can see through dense foliage. 

For consumers, some of these new technologies could improve 
family snapshots. Imagine fixing the focus of a blurry shot after the 
fact, or creating group shots of your friends and family in which 

^^^^^^^^^^^^^^m no one is blinking or making a silly 

jK!!9||^H^^^^^H face. Or posing your children in front 
of a sunset and seeing details of their 
faces instead of just silhouettes. 

Since the late 1990s, inexpensive 
computing power and improvements 
in digital camera technology have 
fueled research in all these areas of 
computational photography. Levoy says 
that scientists "look around and see 

more and more everyday people using 
digital cameras, and they begin to think, 

Well, this is getting interesting.'" 

ROBOTS TO SUPERHEROES 
Computational photography has 
roots in robotics, astronomy, and ani 

mation technology. "It's almost a con 

vergence of computer vision and 

computer graphics," says Shree 

Nayar, professor of computer science 
at Columbia University. 

Attaching a video camera to a robot 
is easy, but it's difficult to get the robot 
to distinguish objects, faces, and walls 
and to compute its position in a room. 

"The recovery of 3-D information from 

[2-D] images is kind of the backbone 
of computer vision itself," Nayar says. 

Other important optics and digital 
imaging advances have come from 

astronomy. In that field, researchers 
have been oushine boundaries to view 

ever-fainter and more-distant objects in the sky. In one technique, 
for example, the telescope's primary mirror continuously adjusts 
its shape to compensate for the twinkling effect created by Earth's >? 

atmosphere (SN: 3/4/00, p. 156). 1 
Rapid progress in computer animation during the 1980s and | 

1990s provided another cornerstone of the new photography. The 3 
stunning visual realism of modern animated movies such as Shrek ?r 
and The Incredibles comes from accurately computing how light ? 
bounces around a 3-D scene and ultimately reaches a viewer's eye ? 
(SN: 1/26/02, p. 56). Those calculations can be run in reverse?start- ? 

ing from the light that entered the lens of a camera and tracing it ? 
back?to deduce something about the real scene. | 

Such calculations make it possible to decode the often-distorted 8 

I 1? #*%> ^ 
""*" 

**?! ? 11 - 

SUN AND SHADOWS ?- A conventional camera 

poorly captures scenes with both extreme brightness 
and dark shadows (top). Using computational 

photography techniques, it's possible to create an 

image that preserves more detail (bottom). 
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images taken by these unconventional cameras. "What the com 

putational camera does is it captures an optically coded image 
that's not ready for human consumption," Nayar explains. By 

unscrambling the raw images, scientists can extract extra informa 

tion about a scene, such as the shapes of the photographed objects 
or the unique way in which those objects reflect and absorb light. 

PHOTO FUSION One powerful way to do computational pho 
tography is to take multiple shots of a scene and mathematically 
combine those images. For example, even the best digital cameras 

have difficulty capturing extreme brightness and darkness at the 
same time. Just look at an amateur snapshot of a person standing 
in front of a sunlit window. 

Compared with a single photo, a 

sequence of shots taken with differ 
ent exposures can capture a scene 

with a wide range of brightness, 
called the dynamic range. Both a 

bright outdoor scene and the person 
in front of it can have good color 
and detail when the set of images is 

merged. The method was described 
by Nayar and others at a conference 

in 1999. 
In a similar way, a series of frames 

in which the focus varies can pro 
duce a single, sharp image of the 

entire scene. Both these types of 

mergers can be arduously per 
formed with standard image-edit 
ing software, but computational 

photography automates the process. 
A related technique fuses a series 

of family portraits into a single 
image that's free of blinking eyes and 

unflattering expressions. After using 
a conventional camera to take a set 

of pictures of a group of people, the 
photographer might feed the pic 
tures into a program described dur 

ing a 2004 conference on computer 

graphics by Michael Cohen and his 
colleagues at Microsoft Research in 

Redmond, Wash. 

The user indicates the photos in 
which each face looks best, and the 

software then splices them into a 

seamless image that makes everyone 
attractive at the same time?even 

though the depicted moment never 
happened. This software is now 

being offered with a high-end ver 
sion of Microsoft's Windows Vista. 

Want that family photo in 3-D? Nayar's group takes three-dimen 

sional pictures with a normal camera by placing a cone-shaped mir 

ror, like a cheerleader's megaphone, in front of the lens. Because 
some of the light from an object comes directly into the lens and 

< the rest of the light first bounces off spots inside the cone, the cam 
o era captures images from multiple vantage points. From those 

? data, computer software constructs a full 3-D model, as Nayar's 
z group explained at the SIGGRAPH meeting last year in Boston. 
x A mirrored cone on a video camera might be especially useful 
o to capture an actor's performance in 3-D, Nayar says. 
> Another alteration of a camera's field of view makes it possible to 
\ shoot a picture first and focus it later. Todor Georgiev, a physicist 
? working on novel camera designs at Adobe, the San Jose, Calif-based 

g company that produces Photoshop, has developed a lens that splits 
q: the scene that a camera captures into many separate images. 

Georgiens group etched a grid of square minilenses into a lens, 
making it look like an insect's compound eye. Each minilens creates 
a separate image of the scene, effectively shooting the scene from 20 

slightly different vantage points. Software merges the mini-images 
into a single image that the photographer can focus and refocus at 

will. The photographer can even slightly change the apparent van 

tage point of the camera. The team described this work last year in 
Cyprus at the Eurographics Symposium on Rendering. 

In essence, the technique replaces the camera's focusing lens 

with a virtual lens. 

LIGHT MOTIFS The refocusing trick made possible by Georgiev's 
insect-eye lens can also be achieved by placing a tiny array of thou 

sands of microlenses inside the 
camera body, directly in front of the 
sensor that captures images. 

Conceptually, the microlens array 
is a digital sensor in which each pixel 

has been replaced by a tiny camera. 

This enables the camera to record 

information about the incoming 
light that traditional cameras throw 
away. Each pixel in a normal digital 
camera receives light focused into a 

cone shape from the entire lens. 

Within that cone, the light varies in 
important ways, but normal cam 

eras average the cone of light into a 

single color value for the pixel. 
By replacing each pixel with a tiny 

lens, Levoy's research team devel 

oped a camera that can preserve this 

extra information. Mathematically, 
say the researchers, the change 

expands the normal 2-D image into 
a 'light field" that has four dimen 
sions. This light field contains all the 
information necessary to calculate a 

refocused image after the fact. Ren 
Ng, now at Refocus Imaging in 
Mountain View, Calif., explained the 
process at a 2005 conference. 

Capturing more information 

about incoming light waves can also 

create powerful new kinds of scien 

tific and medical images. For exam 

ple, Stephen Boppart and his col 
leagues at the University of Illinois 
at Urbana-Champaign create 3-D 

microscopic photos by processing 
the out-of-focus parts of an image. 

The team devised software to 
examine how a tissue sample, for 

instance, bends and scatters light. In the February 2007 Nature 
Physics, the researchers describe how the device uses that infor 

mation to discern the structure of the tissue. "What we've done is 

take this blurred information, descramble it, and reconstruct it 

into an in-focus image," Boppart says. 
In computational photography, the flash becomes more than a 

simple pulse of light. For example, a room-size dome built by Paul 
Debevec of the University of Southern California in Los Angeles 
and his colleagues makes it possible to redo the lighting of a scene 
after it's been shot. Hundreds of flash units mounted on the dome 
fire one at a time in a precise sequence that repeats dozens of times 

per second. A high-speed camera captures a frame for every flash. 

The result is complete information about how the subject reflects 
light from virtually every angle. Software can then compute exactly 

(continued on page 219) 
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women had previously experienced high-altitude pulmonary 
edema, a potentially life-threatening condition in which fluid col 
lects in the lungs. Eight of them would soon experience it again. 

Moreover, blood-oxygen saturation at high elevation was sig 

nificantly lower in the edema-prone volunteers than in the com 

parison group, and it was particularly low among volunteers who 
As people climb mountains, the air 

they breathe gets thinner and thinner, 
and the blood pressure in their lungs 
increases to compensate for the blood's 

relatively low oxygen content. 

For reasons that aren't yet under 

stood, that response is exaggerated in 

some people, and a quick increase in ele 

vation to an altitude of 2,500 m or 

higher can cause edema in their lungs. 
The fluid can block gas exchange and 
lead to respiratory failure. 

Although medical treatments are 
available, the best way for a climber to 
reverse high-altitude pulmonary edema 
and prevent permanent harm is to 

return promptly to a lower elevation, 

says Yves Allemann, a cardiologist at the 

University Hospital's Swiss Cardiovascu 

K lar Center in Bern. "It's only life threat 

| ening if you do not take the necessary 
j? therapeutic measures," he says. 
3 The researchers tested each volunteer 
i? twice to see whether he or she had a PFO 

o and, if so, to determine the size of the 

i opening. PFOs were more than four times 

had large PFOs. 
Eight members of the edema-prone 

group?six of whom had a PFO?again 
developed pulmonary edema. No one in 

the control group developed the prob 
lem, Allemann's team reported in the 

Dec. 27, 2006 Journal of the American 
Medical Association. 

Professional mountain guides led ill 
volunteers down to a lower elevation. "As 
soon as they go down and have normal 

oxygen [concentrations] in the air, they 
heal," says Allemann. 

The findings suggest a physiological 
connection between having a PFO and 

being prone to high-altitude pulmonary 
edema, Allemann concludes. 

Climbers who have experienced pul 
monary edema might seek testing to 
determine whether they have a PFO, and 
the presence of the abnormality might 

discourage them from making extreme 

climbs, Allemann says. In the future, 
doctors might seal PFOs in an attempt 
to eliminate such climbers' susceptibil 

ity to altitude sickness, he suggests. 

OF GASPS AND GAPS ? At this research 

station high in the Alps, a serious form of 

altitude sickness affected 6 of 11 climbers 
who had abnormal openings in their hearts. 

? as common in the volunteers who had previously experienced 

| high-altitude pulmonary edema as in the other climbers, Alle 

? mann and his colleagues found. In the test conducted at the top 
I of the peak, PFO was present in 69 percent of the former group 
o and just 16 percent of the latter group. 

There's some precedent for that approach. Allemann's boss, 
Bernhard Meier, was among the first researchers to link PFO 
to decompression illness. He's now conducting a trial designed 
to test whether sealing divers' PFOs can reduce their risk of 
recurrent illness. 

(continuedfrom page 217) 
how the scene would look in almost any lighting environment, the 
researchers reported at the 2006 Eurographics Symposium on Ren 

image is wearing might be going too far, Nayar proposes. 
Often, the goal of computational photography isn't to depart from 

reality but to create a closer facsimile of it. For example, someone 

looking at people standing 
in front of a sunset can see 

the faces clearly and can 

focus on any part of the 
scene. A normal photo 

graph, with its dark silhou 
ettes and fixed focus, offers 
a viewer less than reality. 

So, a manipulated image 
can be "closer, by some sub 

jective argument, to what 

the real world is for a per 
son looking at it," Levoy 
says. 

It's difficult to say which 
of the many technologies 
under the umbrella of 

computational photogra 

phy will ever reach the 
consumer market. The 

room-size dome contain 

ing hundreds of flash units 

dering. This method is par 
ticularly promising for 

making films. 

WHAT IS REALITY? 
With all this manipulative 

power come questions of 

authenticity. The more 

that photographs can be 
computed or synthesized 
instead of simply snapped, 
the less confident a viewer 

is that a picture can be 

trusted. 

"Certainly, all of us have 
a certain emotional attach 

ment to things that are 
real, and we don't want to 

lose that," Nayar says. For 

^ example, to get a perfect 
i family portrait, one might 
| prefer that nobody had 

3-D FROM A DOUGHNUT ? 
Photographing a person's face with a cone-shaped 

mirror in front of the lens creates a distorted, doughnut-shaped image (left). 
The cone provides two extra perspectives of the face on opposite sides of the 

center point, providing enough information to construct a 3-D model (right). 

will almost certainly remain in the realm of specialized photogra 
phers and movie studios. Other techniques may be suitable for 
everyday use, but whether and when they reach the market will 

depend on the vagaries of business and marketing. 
In whatever form computational photography becomes com 

monplace, people continue to adopt it over conventional image 

making will take pictures that capture more of what they actually 
see, and sometimes what never was at all. 

? blinked. But is a bad shot better than a synthesized moment? 
H Whether film or digital, photographic images have always departed 
? from reality to some degree. 'And every generation, I believe, will rede 

| fine how much you can depart," Nayar says. 'What was completely 
? unacceptable 20 years ago has become more acceptable today." 
? Perhaps 20 years from now, when a photographer changes a pic 
| ture s vantage point, people will still consider the scene to be real. 
8 But using a computer to change the clothes that a person in the 
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