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HEAT EXCHANGER: Surface-to-surface radiation from the 
outside shell to the pipe walls transfers heat energy to a 
molten salt that then transports it to a turbine.
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24 RISK TAKER 
The 2012 IEEE Medal 
of Honor goes to 
Stanford University 
president John L. 
Hennessy, who 
boldly predicts the 
end of the lecture hall 
and the coming age 
of online education.
By Tekla S. Perry

30  CONSIDER 
THE KILOGRAM
The kilogram is the only 
base unit in the International 
System of Units that’s still 
tied to a physical artifact, but 
two ambitious efforts could 
soon change that.  
By Rachel Courtland

36 THE DAWN 
OF HAIKU 
Great software need not die 
a slow, unsupported death 
just because its maker goes 
belly-up. That at least is the 
thinking behind the open-

source effort to create the 
Haiku operating system. 
Incredibly, after 11 years,  
a volunteer crew is close  
to pulling it off.   
By Ryan Leavengood

42  FOCUSING 
ON EVERYTHING
Lytro has just started selling 
the first “light-field” camera 
for consumers. The device 
and others like it promise to 
revamp how we think about 
the creative act of taking  
a picture.  By Mark Harris
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NI LabVIEW

the way I think

LabVIEW makes me better because I can

Name
Dr. Christian Altenbach, 
Certifi ed LabVIEW 
Associate Developer

Job Title
Research Ophthalmologist

Area of Expertise
Biophysics

LabVIEW Helped Me
Analyze and visualize 
data interactively using 
custom algorithms

Latest Project
Mapping molecular 
structure changes during 
activation of the light 
receptor, rhodopsin
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Automotive 
Black Boxes
We’ve all heard of the 
flight-data recorder, or 
black box, on airplanes. 
Did you know that 
your car probably has 
a similar device? After 
an accident, this feature 
can provide accident 
analysts (and perhaps the police, courts, and insurers) with 
a data-rich record that details how fast you were traveling, 
when you hit the brakes, and whether you were wearing a 
seat belt. Is what you do behind the wheel no longer private? 
Read more at http://spectrum.ieee.org/carblackbox0512.

THEINSTITUTE.IEEE.ORG   AVAILABLE 4 MAY

ONLINE WEBINARS & RESOURCES            AVAILABLE AT http://spectrum.ieee.org/webinar

SPECTRUM.IEEE.ORG   AVAILABLE 1 MAY

SPEED LIMIT FOR 
BIRDS AND DRONES 

 it 

A KNIGHT 
AMONG US 

DATA CONNECTIVITY 
IN PERU 

11 May: Simulating Smart Materials 
With COMSOL Multiphysics

24 May: Achieving Medical 
Device Software Compliance 
Under IEC 62304

31 May: Embedded Meets Mobility—
M2M Considerations and Concepts

The Smarter Grid—Engineering—
The Path Forward

Transformer and Inductor Modeling 
With COMSOL Multiphysics

Designing Energy-Efficient, 
Connected and Secure 
Smart Energy Solutions

Managing Safety and Security 
Compliance in Energy 
and Utilities Industry

A New System-Level Design 
Methodology for FPGA-Based 
Smart Grid Power Electronics

CST Studio Suite:  
Update on Low Frequency 
Electromagnetic Simulation

Electromagnetic Simulation 
of Antennas Installed Inside 
Vehicles—an Automotive 
EMC Approach

Piezoelectric Device Simulations

Common Platform Virtual 
Technology Forum 2012
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National Instruments 
resource library: 

UPDATE
9 ARM VS. INTEL

By Rachel Courtland

11 SOFT ROBOTS

12 COMPUTING’S LIMITS
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16  THE BIG PICTURE

OPINION
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By Robert W. Lucky
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By Sally Wiener Grotta & 
Daniel Grotta
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By Mark Anderson 
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By David Kushner

56  THE DATA

By Mark Anderson 
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back story

Lots of Lucky

It’s 1957, and transistors still have 
the power to enthrall. Thus Robert 
W. Lucky, a 21-year-old EE fresh 

out of Purdue University, is the 
most fortunate guy in the world. 
He’s got a summer job in the new 
products division of Westinghouse 
Electric Co., where he has access 
to all the transistors he wants, and 
where his chief responsibility is to 
design useful circuits with them.

“To get paid to do that was 
great,” recalls Lucky. “It was the 
best summer job I ever had.”

While still a student at Purdue, 
in West Lafayette, Ind., he had 
joined the Institute of Radio 
Engineers (IRE), one of IEEE’s 
predecessors. Lucky, now an IEEE 
Life Fellow, has also been a hugely 
popular columnist 
for IEEE Spectrum
since 1982. So he 
was the clear choice 
to write this month’s 
Spectral Lines, 
commemorating 
the IRE’s 100th 
anniversary. 

Writing the 
essay gave him 
the opportunity 
to reflect on all 
that’s changed in 
a century—and 
also in the 50-plus 
years spanned 
by his own remarkable career. 
In the photo, he’s working on the 
oscillator circuit at Westinghouse 
that led to his very first patent. 

Lucky would go on to earn a 
Ph.D. from Purdue in 1961 and then 
join Bell Telephone Laboratories, 
which was still secure in its perch 
atop the U.S. corporate research 

edifice. At Bell Labs, he invented 
among other things the adaptive 
equalizer, which is still used in 
today’s modems. He then moved 
into research management, 
eventually taking charge of the 
communications sciences research 
division. In 1992 he became 
corporate vice president in charge of 
research at Bellcore (now Telcordia 
Technologies) and remained 
there until retiring in 2002.

Readers of Spectrum may 
know Lucky best, however, for 
his poignant observations on 
engineering life and the profession. 
Though writing the Reflections 
column might seem effortless at 
this point, it’s not. “Whenever a 
column is due, I go to a bookstore or 
a library, get a coffee, and sit down 
with my laptop,” he says. “I have no 
idea what to write, and sometimes 

I think maybe this is the time 
I don’t come up with anything. But 
in 30 years, that hasn’t happened.”

And, generous as always, he 
has advice for would-be engineer-
columnists. “Over the years, people 
have asked me, How do you get 
to be a columnist?” he says. “I tell 
them: You have to be Lucky.” ❏
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For all its sophisticated attributes, today’s modern product is, at its core, a promise.

A promise that it will perform properly, not fail unexpectedly, and maybe even exceed 
the expectations of its designers and users. ANSYS helps power these promises with 

To help you see every possibility and keep every promise.

Realize Your Product PromiseTM

To learn more about how leading companies are leveraging simulation as a competitive advantage, visit: www.ansys.com/promise

Every product is a promise
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MARK 
ANDERSON,
an IEEE Spectrum
contributing editor, 
wrote “This Is Your 

Brain on fMRI” [p. 21], about current 
attempts to “photograph thoughts,” 
an idea Nikola Tesla proposed in 
1933. Anderson’s second book, 
The Day the World Discovered the Sun: 
An Extraordinary Story of 18th Century 
Scientific Adventure & the Global Race 
to Track the Transit of Venus (Da Capo), 
will be released this month. 

SALLY WIENER GROTTA and 
DANIEL GROTTA are a husband-
and-wife team who have been 
writing about digital imaging, 
photography, and printing since 
the early 1990s. For “Not All Pixels 
Are Created Equal” [p. 18], they 
compared four cameras, ranging 
from 8 to 40 megapixels. The 
most telling results were from 
the two cameras in the middle 
of the range, each with about 
16 megapixels but with a price 
difference of over US $800. Daniel 
notes that a camera’s price usually 
has a direct relationship to its 
image quality. “But if you can’t 
tell the difference—or don’t care—
why pay the extra?” he says.

MARK HARRIS,
a Seattle-based 
freelancer, used to 
be the reviews editor 
for Digital Camera

magazine in the United Kingdom, 
so he was quite eager to write 
about the new “light-field” or 

“plenoptic” cameras, which allow 
photos to be refocused after they’re 
taken [“Focusing on Everything,” 
p. 42]. But Lytro’s new light-field 
camera was a letdown, he says. 

“After just a handful of shots, it 
started to feel gimmicky.” Harris 
expects the thrill to return when 
more sophisticated models emerge. 

“I can’t wait for the first consumer 
Plenoptic 2.0 cameras, with higher 
resolutions and 3-D imaging.”

GABRIELA 
HASBUN
photographed John 
L. Hennessy for his 
IEEE Medal of 

Honor profile [p. 24]. Scheduling 
around the Stanford University 
president’s sabbatical was 
difficult, but she says he was a 
joy to work with. Hasbun is 
currently expanding her series 
on San Francisco’s Mission 
District, which she has been 
documenting through the faces 
and spaces of its stores and 
restaurants since 2003. 

DAVID KUSHNER
writes in this issue 
about “hacker-
spaces” [p. 22], 
where do-it-yourself 

engineers meet to take things 
apart and put them back together 
in new ways. A Spectrum
contributing editor, he has also 
written for Wired, The New York 
Times Magazine, and other 
publications. His latest book,
Jacked: The Outlaw Story of Grand 
Theft Auto (Wiley), came out 
earlier this year.

RYAN 
LEAVENGOOD,
author of “The 
Dawn of Haiku” 
[p. 36], is a computer 

consultant in Boynton Beach, Fla., 
who specializes in Ruby on Rails 
website development. He first 
became involved in the open-
source effort to create the Haiku 
operating system in 2003 and 
is now the group’s treasurer. 
No operating system is perfect, 
he notes, but “some are really 
imperfect. I figured any operating 
system I worked on couldn’t be 
worse than what I was already 
using.” When Leavengood isn’t 
programming, he and his wife, 
Francesca, tend to their four cats, 
one St. Bernard, and a garden of 
native Florida plants.
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For more than a century, Carnegie Mellon University has been 

inspiring innovations that change the world. Consistently top 

ranked, Carnegie Mellon has more than 11,000 students, 90,000 

alumni and 5,000 faculty and staff globally.

In 2004, Qatar Foundation invited Carnegie Mellon to join 

Education City, a groundbreaking center for scholarship and 

research. Students from 39 different countries enroll at our 

world-class facilities in Education City.

Carnegie Mellon Qatar offers undergraduate programs in 

biological sciences, business administration, computational 

biology, computer science and information systems.

Learn more at www.qatar.cmu.edu

Excellence. At Carnegie Mellon.
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spectral lines

In 1912, when the 
Institute of Radio 
Engineers was founded, 

my mother was 10 years 
old. She lived on a farm 
in a house with no 
electricity. She had never 
seen an automobile, and 
it would be quite a few 
years before she heard 
a radio station or saw 
an airplane fly through 
the sky above the farm. 
Yet she lived to see, on 
television, a man walk 
on the moon. What an 
age of achievement!

Radio itself wasn’t 
too much older than 
my mother in 1912, and 
looking back, it seems 
remarkable that an 
institution like the IRE 
would have been founded 
around such a nascent 
technology. But those 
were propitious times 
for radio. Guglielmo 
Marconi’s daughter 
Gioia once told me that 
her father considered 
15 April 1912 the single 
most important day 
in the history of radio. 
That was the day the 
RMS Titanic sank, and 

the world’s attention 
turned to the role of 
radio, in both the saving 
and the loss of lives in 
that disaster. 

Surely the founders 
of the IRE had no idea of 
the miracles that would 
follow from the evolution 
of their experimental 
spark transmitters and 
crystal receivers. In the 
U.S. National Academy 
of Engineering’s list of 
the 20 greatest engi-
neering achievements of 
the 20th century, nearly 
half are directly related 
to electricity and elec-
tronics: electrification, 
electronics, radio and 
television, computers, 
telephone, Internet, 
imaging, household 
appliances, and laser 
and fiber optics. I have 
a strong sense of shared 
pride in contemplating 
that list. We engineers 
did those things. We 
changed the world. 

I’ve been privileged 
to know and sometimes 
work with the pioneers 
who created those tech-
nologies. I feel as if I 

grew up with them, and 
that is largely because of 
the interactions enabled 
and encouraged by the 
IRE and its successor, 
the IEEE, which grew 
out of the merger of the 
IRE and the American 
Institute of Electrical 
Engineers in 1963. 
Before there was such a 
thing as a social network, 
the IEEE was our social 
network. Through its 
publications, confer-
ences, and awards, we 
engineers became famil-
iar with new technology 
and with new colleagues 
from around the world.

The world of radio 
engineers was a very 
small place in 1912. The 
IRE had just 46 charter 
members when it was 
founded; today the 
IEEE has more than 
400 000, over half of 
whom reside outside the 
United States. As the 
IEEE has grown, it has 
branched out, as evident 
in the growing number 
of its societies and 
specializations. Despite 
this diversification, the 
center of our institution 
has held, and its 
purpose and activities 
are still fundamentally 
the same as those 
of the small society 

of radio engineers 
founded in 1912.

Can we expect the 
next 100 years to look 
like the last? Certainly, 
the last century saw 
some great inventions 
that spawned vast indus-
tries; the transistor and 
integrated circuit, the 
laser, and the Internet 
come immediately to 
mind. The one defining 
characteristic through-
out was exponential 
change—a generalized 
Moore’s Law of prog-
ress. I believe that the 
same pace of progress 
will continue. Whether 
electronics will play 
the same central role 
remains to be seen; per-
haps biology will come to 
dominate. Regardless of 
what discipline prevails, 
however, the rigorous, 
analytical thought that 
characterizes engineer-
ing will still be necessary, 
and the supporting 
role of the IEEE will be 
invaluable—even if it 
should mean another 
merger. —Robert W. Lucky

IEEE Life Fellow Robert 
W. Lucky writes the 
Reflections column for 
IEEE Spectrum. For 
more about him, see this 
issue’s Back Story.

In Celebration 
of the IRE

TOGETHER: 

PHOTO: IEEE

Correction
The credit for 
the image of the 
Mariana Trench 
in “Voyage to the 
Bottom of the Sea” 
[March] should 
have read © 2008 
The University of 
New Hampshire 
and its Center 
for Coastal 
and Ocean 
Mapping/Joint 
Hydrographic 
Center.
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PACKED IN: 

PHOTO: CALXEDA 

There are two 

giants in the computer 
processor industry. One 

is Intel, which builds most of 
the processors in today’s PCs 
and servers. The other is ARM 
Holdings, in Cambridge, England, 
which thanks to its vast ecosystem 
of partners has established 
near-complete dominance of the 
market for the core logic inside 
smartphones and tablets.

But the demand for energy-
efficient chips is reshaping the 
industry. As the PC market 
flattens, Intel aims to capture 
a sizable chunk of the rapidly 

growing mobile market, which 
rose to nearly half a billion 
smartphones in 2011. And chip 
designers in ARM’s camp are 
eyeing a US $50 billion server 
market, fueled by the rise of social 
networking and cloud computing. 

The coming months will see 
a number of volleys exchanged 
across the line that has tradition-
ally divided the high-performance 
and low-power chip markets. 
One of the first will come from a 
small start-up in Austin, Texas, 
called Calxeda (pronounced 
cal-ZAY-dah). The fabless firm 
will begin shipping chips for serv-

ers based on 32-bit ARM mobile 
processor designs. They’ll soon 
be joined by AppliedMicro, in 
Sunnyvale, Calif., which is work-
ing on an even speedier, 64-bit 
ARM-based chip. At the same time, 
Intel will leap into the mobile game; 
two companies—Lenovo and 
Motorola—plan to release phones 
based on Intel’s low-power Atom 
processor by the end of this year. 

Exactly how this competition 
shapes up will depend not 
on performance or power 
consumption but on the ratio 
between the two: performance per 
watt. And that metric is fueling a 
fiery debate over the fundamental 
differences between Intel’s x86 
chips and ARM’s processors. 

But the most obvious difference 
between the two may not actually 
be the important one, according 
to experts. ARM processors 
use reduced instruction set 
computing (RISC), while x86 

The High Stakes
of Low Power
This is the year that ARM and Intel 
invade each other’s turf 

more online at spectrum.ieee.org
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processors rely on an older 
approach, retroactively 
dubbed complex instruction 
set computing (CISC). 

Both RISC and CISC 
architectures govern the set 
of machine-level instructions, 
compiled from more complex 
code, that a chip can execute. 
CISC chips have a wider 
vocabulary—they can per-
form certain operations in 
one step that might require 
a series of commands on a 
RISC chip. But RISC chips 
can better handle speed-
boosting tricks like allowing 
overlapping operations 
during each clock cycle.

As a result, over the 
years, Intel has incorporated 
decoders into its x86 chips to 
convert CISC instructions to 
RISC instructions to boost 
performance. This conversion 
process takes energy, but it’s 
unclear whether this added 
step gives ARM an advantage 
when it comes to efficiency.

Instead, other differences 
between ARM and Intel chips 
may have more of a bearing 
on the coming competition. 
One key difference is micro-
architecture—the particular 
way that processor resources 
such as cache and registers 
are distributed and instruc-
tions are scheduled. Today’s 
high-performance processors, 
for example, are designed 
so instructions can be 
performed out of order. 
Every part of a computation 
is done as soon as possible 
to boost speed. Chips that 
employ this approach have 
built-in bookkeeping to make 
sure that the results are 
assembled in the right order 
at the end of the process. 

Such tricks can have a big 
impact on efficiency and per-
formance, says Benjamin C. 
Lee, an assistant professor of 
electrical and computer engi-
neering at Duke University, 
in Durham, N.C. While 
a researcher at Microsoft, 
Lee studied how well the 
company’s Bing Web search 
engine performed on Intel’s 
out-of-order Xeon server chip 

and its in-order Atom net-
book processor. Each core 
on the Atom chip could han-
dle queries at half the rate of 
a Xeon chip core but required 
just 20 percent of the energy 
per request. However, Atom 
wasn’t able to handle some of 
the more complex requests.

Microarchitecture will 
be a key battleground in any 
competition between Intel 
and ARM chips, says micro-
processor industry analyst 
Linley Gwennap. Eking out 
even a slight improvement 
in performance can come at 

the expense of a large boost 
in power consumption. If 
ARM-based devices like 
AppliedMicro’s 64-bit server 
chip are to compete with 
Intel chips in the server 
market, developers will have 
to accept similar dimin-
ishing returns, he says. 

This logic isn’t lost on 
Calxeda. The ARM licensee 
is pursuing applications like 

Web hosting that don’t depend 
on raw performance. In many 
cases, “big data” companies 
like Facebook don’t need 
speedy cores so much as 
they need a lot of servers 
that can handle simple 
tasks like fetching photos.

The processor in a 
dual-core version of the 
company’s ARM-based 
server chip would consume 
about 1.5 watts of power, 
less than a tenth as much 
as a comparable Intel Xeon 
chip. Because the chips 
dissipate little heat, they can 

be densely packed. HP, the 
company’s first client to 
reveal its plans, expects to 
stuff 288 Calxeda chips in a 
space that might otherwise 
be occupied by 8 Intel chips, 
says Karl Freund, Calxeda’s 
vice president of marketing.

A good part of Calxeda’s 
energy savings comes from 
innovations beyond the raw 
capability of the ARM cores, 
Freund says. Calxeda has 
integrated as much server 
infrastructure as possible—
cores, cache, and sophisti-
cated network switches—onto 
every single chip. Designing 
such a system-on-a-chip (SoC), 
which is a core technology in 
today’s smartphones and tab-
lets, cuts down on the power 
consumed by data lines in 
the computer and makes it 
easier to implement power 
management techniques. 
AppliedMicro is pursuing a 
similar integrated approach.

But Intel is unlikely to 
yield its server territory easily, 
says Mark Hung, a research 
director at Gartner Research 
in San Jose, Calif. “It’s a very 
high-margin business for 
them,” Hung says. “I expect 
Intel is going to be very 
protective of their turf.”

At the same time, Intel 
has an added technological 
advantage: Its new 3-D 
transistors are the smallest, 
most energy-efficient 
around. Foundry giant 
Taiwan Semiconductor 
Manufacturing Co., which 
makes mobile chips for 
companies like Nvidia and 
Qualcomm, seems to be at 
least two years away from 
making a similar switch.

—Rachel Courtland

INTEL’S GOAL: 

PHOTO: INTEL
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The word robot calls to 
mind images of C-3PO 
or the Terminator. But 

robots don’t necessarily need 
to be gleamingly metallic 
and hard-edged; some might 
even be downright squishy. 
That at least is the vision of 
some robotics researchers, 
including Carmel Majidi, 
assistant professor of 
mechanical engineering at 
Carnegie Mellon University, 
in Pittsburgh, and head of the 
school’s Soft Machines Lab.

“Nature is just full of 
examples of functionality 
without any rigid parts,” 
says Majidi. Think of an 
octopus squeezing through 
a tight opening or a Venus 
flytrap snapping shut on 
an unwitting insect.

Soft robots could be 
built from various types of 
rubber or silicone. Adam 
Stokes, a postdoctoral fellow 
in George Whitesides’s lab 
at Harvard University, has 
developed a soft rubber 
gripper that can pick 
up an uncooked egg or 
an anesthetized mouse 
without damaging them. 
The gripper, a small six-
pointed star, is made of two 
types of rubber, one softer 
and more extensible than 
the other. Air is pumped 
into microchannels in the 
device through a small tube. 

“When you put air in, the 
softer rubber extends more 
and introduces curvature,” 
Stokes explains. The star 
bends around the top of 
the egg, tight enough to 

lift it but with enough give 
so the egg doesn’t break.

Majidi says the field of 
soft robotics is still fairly 
new and that researchers 
need to find alternatives to 
air pumps as a way to control 
the devices. The robots will 
also need ways to sense their 
own position. For that he’s 
exploring the use of micro-
fluidics, specifically liquid-
filled microchannels inside 
a film of rubber. Something 
as simple as saltwater would 
render the channel conduc-
tive so that the device would 
become electronic. But there 
are other fluids that could 
work, such as Galinstan—
an alloy of gallium, indium, 
and tin that’s liquid at 
room temperature and a 
million times as conductive 
as saline, making it com-
parable to copper wire.

Because bending or 
stretching such a circuit 
changes the shape of the 
microfluidic channel, it 
also changes the circuit’s 
conductivity and thus 
alters an electrical signal 
passing through it. “You get 
something that functions 
like a stretchable circuit,” 
Majidi says. Such a device 
could act as a sensor that 
measures strain, pressure, 
or curvature. It could even 
be used as a stretchable 
antenna, as was recently 
demonstrated by a team led 
by Michael Dickey at North 
Carolina State University.

Soft-robot parts are 
relatively easy to build, 

the researchers say. The 
Harvard lab, for instance, 
uses a 3-D printer to make 
a mold. Stokes says that 
by selecting materials 
with the right mechanical 
properties, it should be 
possible to make devices 
in a wide range of sizes.

“There are lots of things 
you could do with this,” says 
Stokes. Perhaps a robot 
could be a hybrid of hard 
parts, performing some 
of the functions robots 
perform now, plus soft 
parts for manipulating 
delicate objects.

The Whitesides lab also 
makes a four-limbed, air-
powered robot that can 

crawl along a benchtop or 
bend itself to fit through 
a narrow opening. Stokes 
says they’re studying the 
role that different gaits 
could play in letting robots 
move at different speeds.

The ways in which soft 
robots differ from their 
hard-bodied forebears 
give robotics researchers 
entirely new avenues to 
explore, many inspired by 
nature, Majidi says. “We can 
start building devices that 
are more multifunctional, 
more versatile,” he says. 

—Neil Savage

A version of this article 
appeared online in March.

Soft Robots for 
Hard Problems
Squishy machines may move
and manipulate objects in new ways

ROBOT LIMBO: 

PHOTOS: GEORGE M. WHITESIDES/HARVARD UNIVERSITY 
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Computing’s 
Power Limit 
Demon-
strated
Fifty-year-old 
principle is proved: 
Erasing information 
gives off heat

Physicists in Europe 

have experimentally 
demonstrated, for the 

first time, that a theoretical 
principle limiting modern-
day computing is real.

In 1961, Rolf Landauer 
posited that the act of erasing 
a bit of information gives 
off an amount of heat equal 
to kBTln(2), which is the 
product of Boltzmann’s 
constant, the temperature, 
and the natural logarithm of 
2—a total of 3 x 10-21 joules at 
room temperature. Among 
other things, the theory 
has been used to address 
the famous problem of 
Maxwell’s Demon, a thought 
experiment that suggested a 
minute monster could create 
energy for free by sorting 
particles by their speed, in 
apparent violation of the 
laws of thermodynamics. 
Charles Bennett applied 
Landauer’s theory to the 

problem, arguing that the 
energy wasn’t free because 
the demon had to erase a bit 
of information in its memory 
in order to sort each particle. 

Though it sounds like 
a philosophical argument, 
the theory has real 
implications for computing. 
And the debate over its 
validity, some researchers 
claim, has influenced the 
direction of computing and 
semiconductor research.

Eric Lutz, who was at 
the University of Augsburg 
when the research was 
conducted, and a group of 
European scientists set out 
to demonstrate Landauer’s 
limit by building his thought 
experiment in a real system. 
Landauer had imagined 
a memory consisting of a 
single particle. The particle 
can be in either of two wells 
of potential energy. If the 
particle is in the left-hand 
side, the bit is 0; if it’s in 
the right-hand side, the 
bit is 1. The bit is erased by 
forcing it from an unknown 
starting point into the 1 well.

“It’s the simplest memory 
you can think of,” says Lutz. 

“It’s completely generic.”
Lutz and his colleagues 

built this system using a 
2-micrometer-wide glass bead 
in water as the particle and 
created the potential wells 
using a modified version 
of a laboratory instrument 

called optical tweezers. The 
tweezers are a laser system 
that holds particles in place 
at the laser’s focal point. 
The researchers made the 
two wells by alternating the 
focus between two points. 
Erasing the bit involves first 
manipulating the laser to 
lower the energy barrier 
between the wells, tilting 
the whole setup slightly 
to the right so the bead 
will fall in that direction, 
and then reestablishing 
the potential barrier.

At 3 x 10-21 J, the heat 
predicted to be released by 
this action is so small that 
no laboratory calorimeter 
could measure it. However, 
the measurement can be 
derived by closely following 
the bead’s trajectory as the 
bit is erased. And that’s what 
Lutz, now at Freie Universität 
Berlin, and his collaborators 
at École Normale Supérieure 
de Lyon, in France, and the 
University of Kaiserslautern, 
in Germany, were able to 
do. In the journal Nature,
they reported that the 
heat released was exactly 
as Landauer predicted.

“This is beautiful 
experimental work,” 
says IEEE Fellow Mark 
Lundstrom, a professor of 
electrical and computer 
engineering at Purdue 
University, in West Lafayette, 
Ind., and an expert on the 
limits of nanodevices.

The energy involved in 
computing today, Lundstrom 
points out, is hundreds 
of thousands of times the 
Landauer limit. Today’s 
computers use CMOS 
electronics to implement 
what’s called irreversible 
logic—you cannot run 
the process backward to 
reproduce the input. By its 
nature, this kind of logic 
destroys information with 
every cycle of the processor 
clock. In 2000, IEEE Medal 
of Honor recipient James 
Meindl calculated that the 
smallest amount of energy 
such a CMOS computer 
would need is limited by 
Landauer’s principle. The 
new work from Europe 
proves it experimentally, 
showing that Landauer’s 
limit is real for any 
irreversible operation. LA
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By now, you’d expect that com-
munications engineers would 
have explored every trick in their 

century-old effort to cram more data into 
a limited number of frequencies.

But researchers in Italy and Sweden 
have shown that there is still uncharted 
territory. A little-explored quantum 
property, they claim, has the potential 
to boost the number of channels avail-
able in a single-frequency microwave 
link, perhaps as much as elevenfold. 

In early March the researchers simul-
taneously transmitted two radio beams 
at exactly the same frequency between 
two of Venice’s islands, a distance of 
442 meters. The signals were received and 
decoded as clearly as if they’d been sent 
at two different frequencies. Ordinarily, 
coding schemes require either different 
frequencies to distinguish the signals or 
the division of a channel into time slots. 

The new trick hinges on using a quan-
tum state of photons called orbital angu-
lar momentum. A photon can carry angu-
lar momentum just as a rotating body 
does and can even transfer the momen-
tum to small particles, causing them 
to rotate. The orbital angular momen-
tum of photons has been intensively 
explored in the optical region of the elec-
tromagnetic spectrum. But its study in 
the radio-frequency region is quite new.

In theory, a photon can occupy any one 
of an infinite number of these quantum 
states, each associated with an integer 
value. These quantum states impart the 
radio beam with a distribution of phases 
as it travels through space that gives the 
beam the shape of fusilli pasta (a helix).

The researchers started with two 
off-the-shelf transmitters and receivers 
designed to operate at the Wi-Fi frequency 
of 2.414 gigahertz. “We chose this fre-

But irreversible logic isn’t 
the only way to compute. An 
experimental form of computing 
called reversible logic doesn’t 
necessitate destroying 
information. So, in principle, 
it could dodge Landauer’s 
limit, its proponents say.

According to Gregory L. 
Snider, professor of electrical 
engineering at the University of 
Notre Dame, in Indiana, reversible 
logic does just that. In results 
to be published in the Japanese 
Journal of Applied Physics, he and 
his colleagues report an electronic 
reversible logic system that gives 
off less heat than Landauer’s 
limit. “There is no limit if you’re 
doing it reversibly,” says Snider.

The need to get past this 
limit isn’t urgent today, but 
extrapolating Moore’s Law to 
that limit leads to some absurd 
ends. A chip built near the limit 
about a decade from now would 
throw off more energy per square 
centimeter than the surface 
of the sun, Snider estimates.

But others are skeptical of 
reversible computing’s chances. 
Ralph K. Cavin, chief scien-
tist at Semiconductor Research 
Corp., in Research Triangle Park, 
N.C., points out that electrons, 
unlike microscopic glass beads, 
can randomly tunnel through 
an energy barrier by virtue of 
their quantum nature. Any elec-
tronic computing scheme look-
ing to dodge the Landauer limit 
would need to correct for that, and 
that correction would give off 
heat. In fact his colleagues chris-
tened the imaginary monster 
doing the job “Cavin’s Demon.”

Cavin acknowledges that low-
power computing is critical, but 
he doubts the Landauer limit 
can be surpassed. “It’s a bit like 
perpetual motion: dreamed of…
but not doable.” —Samuel K. Moore

A version of this article 
appeared online in March.

A New Twist 
on Radio Waves
Using the angular momentum of light could make one radio 
channel into two, three, or more. But many wireless experts 
are skeptical

SIGNAL RECEIVED: 

  PHOTO: FABRIZIO TAMBURINI 
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quency because equipment 
that can easily be controlled 
is available,” says Fabrizio 
Tamburini, an astrophysicist 
at the University of Padova, in 
Italy. The setup also included 
two Yagi-Uda antennas (simi-
lar to old television aerials) for 
reception and a radio dish and 
a Yagi-Uda antenna for trans-
mission, all commercial mod-
els. But the team modified the 
dish antenna by bending it 
into a somewhat helical shape. 

The shape of the dish was 
important, because when 
an ordinary wave of radia-
tion from the antenna horn 
struck it, what reflected off 
was a wave whose phase was 
shifted into the shape of a con-
tinuous helix, corresponding 

to an orbital angular momen-
tum of 1. At the same time, a 
beam of exactly the same fre-
quency was emitted with 
a Yagi-Uda antenna, which 
imparted no phase twist, cor-
responding to an orbital 
angular momentum of 0. 

At the receiver, the 
team could easily sepa-
rate the twisted radiation 
from the nontwisted beam 
by measuring the phase. 

Tamburini stresses that 
the experiment was just 
a proof of principle and 
that real-world systems for 
data transmission will use 
phased-array antennas for 
transmission and reception 
instead of bent dishes. These 
consist of arrays of small 

antennas, each fed with a 
signal at a shifted phase to 
create the helical wave.

Tamburini and his col-
leagues plan to perform 
experiments with more 
transmission channels and 
to develop smart phased-
array antennas that can 
generate radio waves with 
several orbital angular 
momentum states simul-
taneously. Tamburini says 
that satellite companies 
are interested in the tech-
nology and that he and his 
colleagues plan to start a 
spin-off company in collab-
oration with the university. 

Convincing communica-
tion companies that twisted 
radio waves can add capacity 

where there was none before 
will require the simultane-
ous demonstration of three 
or more channels at the 
same frequency, each having 
different angular momen-
tum, argues Michael Steer, 
an RF and microwave expert 
at North Carolina State 
University. “That would 
have been convincing; now 
the [researchers] are really 
asking us to trust them.”

Indeed, some radio com-
munication specialists are 
skeptical, saying that the 
technique will add no capac-
ity. Ove Edfors and Anders 
J. Johansson, both at Lund 
University in Sweden, argued 
in the February 2012 issue of 
IEEE Transactions on Antennas 
and Propagation that at its 
heart, radio transmission 
using orbital angular momen-
tum is no different from the 
multiple-input multiple-
output (MIMO) communica-
tion technology in use today. 
MIMO, which involves trans-
mitting and receiving on sev-
eral antennas, increases data 
throughput and range with-
out increasing power or using 
more bandwidth. Though 
the Lund group submitted 
their paper before the dem-
onstration in Venice, Edfors 
says, “I still argue that this is 
traditional MIMO, but with 
a more esoteric antenna.” 

Stefano Maci, an IEEE 
Fellow and antenna expert 
at the University of Siena, 
agrees. “I have some doubt 
about the practical feasibil-
ity of actual systems based 
on radio vorticity. One 
should compare this system 
to a MIMO system,” he says. 

—Alexander Hellemans 

SLIGHT TWIST: 
PHOTO: FABRIZIO TAMBURINI
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B ioengineers are getting 
better at replacing and 
enhancing body parts, but 

so far they’ve struggled to power 
implantable bionics without 
resorting to clunky batteries. 
Recently, researchers have 
turned to blood as a power source, 
because it carries energy in the 
form of electron-rich molecules like 
glucose and delivers it to all parts 
of the body. Chemist Evgeny Katz 
of Clarkson University, in Potsdam, 
N.Y., and his colleagues tested a 
new kind of fuel cell that, when 
implanted in Neohelix albolabris
snails and immersed in the snails’ 
blue, blood-like hemolymph, pro-
duced a small, steady supply of 
electricity over a period of months. 

They started by coating the 
cell’s anode with an enzyme that 
goes by the initialism PQQ-GDH. 

That enzyme pulls electrons 
from glucose molecules. The 
researchers then coated the cath-
ode with a plant enzyme, laccase, 
which pushes electrons onto oxy-
gen molecules. When immersed 
in hemolymph, the electrodes 
delivered a measurable current.

Choosing the right material for 
the electrodes is important because 
the intermediate enzymes usually 
interact little with electrodes, Katz 
explains. His team used bucky-
paper, a rough, 3-D structure built 
of tiny conducting carbon nano-
tubes. “Buckypaper electrodes 
are very practical,” says biochem-
ical engineer Sven Kerzenmacher 
at the University of Freiburg, in 
Germany, who was not involved 
with Katz’s team but is also 
experimenting with buckypaper 
electrodes for biological energy 

harvesting. The nanomaterial 
exposes more of the electrode 
to electron-bearing molecules 
in the snail’s hemolymph than 
other electrode materials would.

In the snails Katz studied, the 
electrodes extracted as much as 
7.45 microwatts in a 20-minute 
burst and sustained 0.16 μW for 
up to an hour. Researchers at Case 
Western Reserve University, in 
Cleveland, recently implanted 
similar biofuel cells in cockroaches, 
extracting slightly less power. By 
comparison, a modern human 
pacemaker typically requires a 
steady supply of around 1 μW.

Other scientists are working 
on energy harvesters that could 
be powered by human blood 
instead of hemolymph. There 
are important differences: 
Human blood is better than 
snail hemolymph at distributing 
glucose, but most of its oxygen is 
trapped in hemoglobin. Humans 
also have strong immune systems 
that attack foreign bodies.

Biomedical engineer Philippe 
Cinquin of Joseph Fourier 
University in Grenoble, France, 
has tested his glucose biofuel cells 
for a period of 40 days in living 
rats, but in contrast with the 
Potsdam team’s snail experiments, 
he had to build membranes to 
keep some harmful biochemicals 
away from his electrodes.

An initial application for human 
biofuel cells could be to power 
short-term implants, such as blood 
glucose sensors for diabetes, says 
Kerzenmacher. But once long-term, 
implantable electricity harvesters 
are available, they could enable 
tiny distributed devices to 
stimulate nerves and alleviate 
chronic pain, researchers say. 

“There are a lot more biomedical 
devices we could build if we 
know we have energy for them,” 
says Cinquin. —Lucas Laursen

A version of this article 
appeared online in April.

Snails in a Race
for Biological
Energy Harvesting
Blood-based fuel cells could power
implanted electronics

news 
brief
Small, 
Swift, but 
not Svelte
This grain-of-
sand-size statue 
doesn’t evoke 
speed, but in 
fact it has set 
a world record. 
Scientists at 
the Vienna 
University of 
Technology 
used a new 3-D 
laser-printing 
technique to 
construct the 
little fellow in 
just 4 minutes. 
Previously, 
the technique 
took hours 
or even days. 
The researchers 
hope to use 
it to make 
custom parts 
for medical 
procedures.
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the big 
picture
A BIG 
TURN OFF 

These aren’t rabbit-
ear antennas for a 
giant TV set. The 
unit is actually the 
world’s first circuit 
breaker capable 
of switching on 
and off power 
lines that carry 
1.2 megavolts. The 
circuit breaker was 
created by Siemens 
at the behest of the 
Indian government, 
which will test it 
at a transformer 
substation in 
Bina. India wants 
to replace the 
800-kilovolt 
transmission lines 
that presently 
carry current from 
generating facilities 
in the country’s 
mountainous regions 
to its largest cities. 
Because resistive 
power losses 
diminish as voltage 
is stepped up, a 
1.2-MV transmission 
line can carry more 
than twice as much 
power as the 800-kV 
lines.  
PHOTO: SIEMENS
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T he metric most 
often used by camera 
manufacturers 

and marketers to tout their 
products has been pixel count. 
That’s a shame, but it was 
probably inevitable—it’s easy 
to measure, and consumers 
are used to the idea that 
more is better. However, the 
number of pixels is a measure 
of quantity, not quality. 

To be sure, in the 
beginning—the 1990s—
there was a great need for 
more pixels. But by 2000, 
pixel counts plateaued 
at 3.3 megapixels. At that 
number, the sensor was 
relatively cheap to produce, 
and the resulting images 
had just enough resolution 
for decent 8½- by 11-inch 

color enlargements from 
inexpensive inkjet photo 
printers. For a while, 
manufacturers competed not 
on size but with new features, 
such as geotagging, optical 
image stabilization, extended 
zoom ratio, and video. Then 
pixel escalation resumed 
with a vengeance. Nowadays, 
12-, 14-, and 16-megapixel 
point-and-shoot digitals 
are the rule rather than the 
exception, and cellphones 
routinely offer 5-, 8-, and 
even 12-megapixel resolution. 

What manufacturers 
didn’t bother explaining 
was what a pixel is—and 
why we should care how 
many we have. Essentially, 
at the heart of every digital 
camera is an image sensor. 

The lens focuses photons 
reflected by the scene being 
photographed onto that 
image sensor. Etched into 
the image sensor’s silicon 
are pixels (short for “picture 
elements”)—technically, 
photoreceptor or photo-
diode sites. Each pixel is a 
single point that collects the 
electrons, which are then 
interpreted into information 
about color and light. As 
in the Postimpressionist 
style of pointillism, which 
used thousands of paint 
dots to create a work of art, 
the signals from pixels are 
processed into a recognizable 
image. The more pixels, the 
more information collected 
and the larger the photo.

But bigger pictures 
don’t necessarily mean 
better pictures. In fact, pixel 
count alone cannot ensure 
a quality image. If it were 
otherwise, then a US $139 
16-megapixel Nikon Coolpix 
S3300 point-and-shoot 

camera would produce 
pictures as good as those 
from a $5995 professional 
Nikon D4 digital single lens 
reflex (DSLR) with the same 
number of megapixels. Or, 
to take the comparison to 
an even greater extreme, 
the recently unveiled (and 
still unpriced) 41-megapixel 
Nokia 808 PureView 
smartphone (yes, Virginia, 
there is a 41-megapixel phone 
camera) would have image 
quality similar to that of a 
$17 500 40-megapixel Phase 
One 645DF camera. Some 
obvious differences account 
for the higher prices of the 
Nikon D4 and the Phase 
One 645DF: much faster 
performance, higher quality 
construction, more durable 
body, superior ergonomics, 

SIZE MATTERS: The size 
of a camera’s lens is a 
good indication of the size 
of its image sensor.
PHOTO: SALLY WIENER GROTTA
& DANIEL GROTTA 

tools & toys

NOT ALL PIXELS 
ARE CREATED EQUAL
The size of a camera’s sensor, not
the pixel count, determines the quality
of a photograph

Pentax K-5 DSLR 
(23.7 x 15.7 mm)

Pentax 645D
(sensor: 44 x 33 mm)

Pentax 
Optio RZ18

(6.1 x 4.6 mm)

Samsung Galaxy S
(approximately 2.5 x 2.5 mm)
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more precise settings and 
adjustments, interchangeable 
lenses, and so on. But those 
factors don’t explain the most 
important advantage: vastly 
superior image quality. 

If the number of pixels 
doesn’t directly relate 
to image quality, what 
does? Actually, there are 
several factors that define 
and determine a digital 
camera’s image quality: the 
physical size of the pixels 
and the image sensor, the 
filters (and usually the 
microlenses) bonded to the 
image sensor, the firmware 
that processes pixel data, 
and the camera lens.

But it all centers on 
the individual pixels.

Pixels on an image 
sensor are analogous to a 
bunch of red, green, and 
blue paint buckets placed 
side by side. (Red, green, 
and blue combine to create 
all colors.) The bigger the 
buckets, the more paint 
(electrons) they can capture. 

Here’s where it gets a little 
tricky, so it’s best to explain 
by another analogy. Suppose 
you need to estimate how 
much rain falls onto a farm, 
and you have only a minute’s 
worth of rainfall to do your 
measurements. Imagine that 
you spread 100 empty soup 
cans around the property, 
capped by funnels that are 
10 centimeters in diameter. 
You might collect only a few 
hundred drops in each. Now 
suppose you could double 
the size of the funnel. The 
amount that can be collected 
increases exponentially. 
Calculating how much 
rain falls on the field by 
extrapolating the water 

collected with, say, 1000-cm 
funnels will yield vastly 
more accurate results. Here’s 
why: If your raindrops are 
really photons, the signal-
to-noise ratio is dominated 
by the fact that the noise 
is equal to the square root 
of the number of photons. 
Thus the more rain each 
soup can collects, the higher 
the signal-to-noise ratio.

Similarly, large pixels 
collect more electrons than 
small pixels, so the point 
when the pixel flips from a 
0 to a 1 can be much more 
precise. That in turn means 
far less data processing. 
With small pixels, the 
camera’s firmware is 
forced to extrapolate data. 

What’s more, there are 
technical complications that 

can affect the amount and 
quality of the data collected. 
For instance, on CMOS 
image sensors, electrons 
must first pass through 
a layer of metal wiring 
before being collected in the 
photoreceptor site. Some 
electrons can be deflected 
or absorbed and need to 
be re-created via image-
processing firmware. While 
modern cameras have far 
better firmware than their 
predecessors, extrapolation 
is still at best an imperfect 
process. When the software 
guesses wrong, an image 
can have the wrong colors, 
lose detail, or produce visual 
artifacts like purple fringing.

It’s axiomatic that at a 
given number of pixels, the 
larger the image sensor, the 

larger the individual pixels 
can be. Conversely, the 
smaller the image sensor, the 
smaller the pixels. What’s 
more, cramming the same 
number of pixels into a much 
smaller area introduces 
other challenges that can 
generate technical errors, 
such as noise (electronic 
chaff) and blooming (light 
spilling off the sides of 
the pixels), which in turn 
lead to image degradation. 
Conversely, larger pixels 
and image sensors enhance 
image quality by producing 
a higher signal-to-noise 
ratio, greater dynamic 
range (the ability to capture 
details in the highlights and 
shadows), and truer colors. 
Higher-priced cameras 
have other advantages 
in addition to physically 
larger image sensors: 
better lenses with superior 
optics, better color filters 
and microlenses bonded 
onto the image sensor, and 
more advanced firmware.

To demonstrate all 
this, we grabbed four 
cameras from our studio. 
The first two were a $180 
16-megapixel Pentax Optio 
RZ18 compact camera with 
a built-in 18X zoom lens and 
the $1000 16.3-megapixel 
Pentax K-5 DSLR with 
a 50-millimeter lens. 
(We used Pentax cameras 
for our tests because Sally 
already had them in the 
studio on a long-term 
loan; Pentax is an in-kind 
sponsor of Sally’s American 
Hands fine art project.)

We set up a still-life scene 
that covered the full potential 
of dynamic range, including 
specular highlights and 

COMPARE AND CONTRAST:

PHOTOS: SALLY WIENER GROTTA & DANIEL GROTTA 

Pentax K-5 DSLR

Pentax 645D

Pentax Optio RZ18

Samsung Galaxy S
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lots of detail in highlights, 
midtones, and shadows. 
Since the two camera lenses 
have different focal lengths, 
we adjusted each camera 
so that the still life covered 
approximately the same 
percentage of the viewfinder 
(hence a similar number 
of megapixels were used 
to capture the different 
elements of the scene). We 
put the cameras on a rock-
solid camera stand and used 
their self-timers, to ensure 
that the act of taking the 
pictures caused no motion 
blur. Then we took a series 
of photographs, first with 
studio lights at 100 and 
400 ISO equivalencies 
and then without lights 
at 100, 400, and 1600 ISO. 
The cameras were set for 
comparable exposures. 

Out of curiosity, we 
also took the same 
series of photographs 
with two other cameras: 
a $12 500 medium-format 

40-megapixel Pentax 645D 
(with a 55-mm lens) and 
the 5-megapixel camera 
in Sally’s $200 Samsung 
Galaxy S phone. (The phone 
has no ISO settings or tripod 
socket, so we carefully 
propped it on the camera 
stand, with and without 
lights but with no sensitivity 
adjustments.) The four 
image sensors cover quite 
a range of sizes, from 44 by 
33 mm (for the Pentax 645D) 
to about 2.5 by 2.5 mm for 
the smartphone. (Samsung 
does not provide image-
sensor size information, 
but it is quite tiny, about 
the size of a BB pellet.) 

Under studio lights 
that gave ideal daylight 
illumination, each of the 
four cameras captured an 
attractive photograph when 
viewed on a computer screen 
at snapshot size. This did not 
surprise us—just about any 
camera can give you a decent 
picture in good light, if all 
you want to do is view it on a 
computer monitor. It’s under 
magnification, when you 
want to print your photos, 
or if you are photographing 
under poor lighting that 
the differences among 

cameras become evident.
Even with studio lighting, 

of the two 16-megapixel 
cameras, the K-5 DSLR’s 
larger image sensor (and 
better lens) captured more 
detail and less noise than 
the Optio’s. But under low 
light, shot at 1600 ISO, the 
differences between the 
DSLR and the compact 
camera were extreme, with 
the Optio’s shadow details 
completely lost. The 40-
megapixel 645D did even 
better, even when we 
downsized the photos 
so they were the same 
resolution as those from the 
16-megapixel Optio compact. 
The precision of capture 
with the larger image sensor 
and stellar optics of the 
645D far outshone all the 
others and did so under 
all lighting conditions. 
Indeed, we’re confident the 
same thing is true at the 
small end: The advantages 
of a comparatively larger 
image sensor, larger pixel 
size, and a better lens are 
so great that a compact 
camera would have done a 
job significantly superior to 
the phone’s camera even at 
the same 5-megapixel size.

So it makes a huge 
difference if your image 
sensor is the size of a BB 
pellet, a Chiclet, a postage 
stamp, or a tea cookie. 
Luckily, you don’t have to 
research the Internet or 
white papers to find out the 
size of a camera’s image 
sensor (a figure that not 
all manufacturers readily 
provide). Just look at the 
lens. Technically, an image 
sensor is a component in 
the camera’s optical system. 
As such, it must match the 
lens. The diameter of the 
lens at the point where it is 
attached to the camera will 
give you an indication of the 
size of the image sensor. 

For professional and 
fine art photographers 
who must have absolutely 
top quality photos and 
are likely to produce large 
prints, the difference in 
image quality offered by big 
image sensors (plus their 
matching superior lenses, 
better firmware and such) 
is critical. We’ve found that 
serious hobbyists are often 
just as particular as pros 
when it comes to getting the 
best possible picture their 
budgets can afford. For 
everyone else, whether or 
not the size of your pixels 
matters will depend on your 
plans to shoot in less-than-
ideal lighting conditions 
or to print enlargements, 
or if you really care about 
details in your pictures. If 
all that’s really important 
to you is that the baby is 
beaming, reach for the 
smartphone that’s always 
in your purse or pocket.

—Sally Wiener Grotta

& Daniel Grotta

NIGHT AND DAY:

becomes quite dramatic.
PHOTO: SALLY WIENER GROTTA & DANIEL GROTTA 

tools & toys

Pentax K-5 DSLR Pentax Optio RZ18
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A t the end of last year, 
IBM predicted that 
by 2017 limited forms 

of mind reading would “no 
longer [be] science fiction.” 
Along similar lines, though, 
in 1933 Nikola Tesla said he 
would soon be able to photo-
graph people’s thoughts.

Is IBM going to be 
equally wrong?

Maybe not. Surveying 
leading neurotech experts 
has turned up some support—
albeit limited and carefully 
qualified—for the company’s 
prediction. And oddly enough, 
one reason is that Tesla’s 
prediction is—in very limited 
ways as well—coming true too.

Neuroscientists at the 
University of California, 
Berkeley, have used func-
tional magnetic resonance 
imaging (fMRI) to produce 
rough representations of 
images as actually seen by 
a subject’s visual cortex. 

First, researchers created 
computer models of fMRI 
signals from each subject’s 
visual cortex while the subject 
watched Hollywood movie 
trailers. Then the scientists 
recorded visual cortex activity 
during a second set of clips. 
They then simulated what 
the brain “saw” during the 
second set by running their 
models on some 5000 hours 
of online video clips to isolate 
snippets of images and 
motions that most closely 
matched the visual cortex’s 
activity in each moment. 

Lars Kai Hansen, 
professor of cognitive systems 
at the Technical University 
of Denmark, in Copenhagen, 
says his field has undergone 
dramatic change over the 
past 15 years. “I see no reason 
to doubt that...algorithms 
will allow us to speak ‘brain’ 
in much more detail than 
we can now,” he says.

That said, no one expects 
cutting-edge scientific labo-
ratories, let alone consumer 
technology, to be able to 
decode the brain’s activities 
in any way that could enable 
actual mind reading. It’s more 
that scientists have learned 
the first few phrases in a very 
complex language. Worse, 
the phrases rarely have a 
fixed meaning and don’t 
combine to form sentences 
in a straightforward way.

Geraint Rees, director 
of the Institute of Cognitive 
Neuroscience at University 
College London, has been 
looking for the equivalent of 
a Rosetta Stone. “Is looking 
at red plus drinking a glass 
of wine equivalent to the 
sum of looking at red and, 
separately, drinking a glass 
of wine? Or is there some 
kind of nonlinear interaction? 
We don’t know the rules 
of those combinations.”

Moreover, says Chris Frith, 
emeritus professor at the 
Wellcome Trust Centre for 
Neuroimaging at University 
College London, no one has 
figured out how to read an 

individual neuron without 
opening up a skull and attach-
ing a tiny wire to it. Instead, 
he says, fMRI reads the activ-
ity of clusters of hundreds of 
thousands of neurons. And 
even the best electroencepha-
logram (EEG) technology still 
can resolve only down to the 
level of hundreds of neurons.

That’s enough to do 
some useful work, though.

In 2009, an Australian 
company called Emotiv 
Systems released a com-
mercial EEG unit called 
the EPOC. A US $299 fitted 
wireless headset, the EPOC 
reads faint neural signals 
through the device’s 14 scalp 
electrodes, which envelop 
the head like plastic tentacles. 
According to Emotiv’s website, 
the user’s computer—running 
Emotiv’s proprietary signal 

geek life

This Is Your Brain on fMRI
The science of mind reading is further along 
than you might think

BRAIN RECONSTRUCTION:

IMAGES: SHINJI NISHIMOTO
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hands on
processing software—then 
translates Emotiv’s data stream 
into meaningful information 
about activity in various 
brain regions.

Scores of videos on 
YouTube show EPOC users 
training their brains to control 
a video game, keyboard, robot, 
or wheelchair. But this is a 
long way from—to steal Tesla’s 
term—thought photography. 

“Learning to control things 
using our brain activity is not 
the same as mind reading,” 
Frith says. “I agree that 
control via a brain is no longer 
science fiction. But it will not 
lead to thought monitoring.”

Ken Norman, principal 
investigator at Princeton’s 
Computational Memory 
Lab, says people should 
be “superskeptical” about 
any claims of mind-
reading technology.

“Brain data is noisy,” 
Norman says. “The cognitive 
states we’re trying to detect 
are complicated. And 
we’re measuring all sorts 
of things in the brain that 
have nothing to do with the 
thought we want to decode.” 

He adds, though, that 
devices like the EPOC 
could still find some 
amazing applications.

We can measure whether 
someone thinks they’re doing 
something right or wrong, how 
much effort they’re expending, 
their focus of attention, or 
their familiarity with an object, 
Norman says. “Most of the 
cleverness is going to come 
from people coming to grips 
with the limits of the technol-
ogy and then being really smart 
about what sorts of applica-
tions you can make work with 
that signal.” —Mark Anderson

SULTANS
OF SOLDER 
At hackerspaces 
like the Hacktory, 
geeks turn on, tune 
in, and hack out 

It’s a Tuesday night in 
Philadelphia—hacker 
time. A small group of 

do-it-yourself engineers 
and hipster geeks gather in 
a cluttered space downtown. 
One holds a Kinect, the 
motion-sensing controller 
for Microsoft’s Xbox 360 
system. But he’s not playing 
a video game. He’s about to 

take the Kinect apart to see 
if he can get it to work with 
a shoot-’em-up space game 
for which it wasn’t intended.

It’s a typical challenge 
at the Hacktory, a free-
wheeling engineering 
clubhouse and just one of 
the many self-described 

“hackerspaces” popping 
up in cities around the 
world. The group takes its 
name from Andy Warhol’s 
famous 1960s hangout, the 
Factory, hoping to bring that 
sort of imaginative spirit to 
the technically inclined—
and reclaim the word hacker.

“It’s a way to take something 
apart and put it back 

together in a new way,” says 
Hacktory director Georgia 
Guthrie. “It’s a creative 
act, not a destructive act.”

While many people think 
of hacker communities 
as existing online, there’s 
also a desire to collaborate 
in person. “Physical 
hackerspaces sprang 
out of a need to have a 
sense of community and 
a place to hang out,” says 
Jonathan Lassoff, president 
of Noisebridge, in San 
Francisco, which operates 
out of a former sewing shop 
and at almost 500 square 
meters is one of the larger 
hackerspaces around.

SMASH HIT: 

hackers let attendees release 
their technofrustrations at a 

PHOTO: THE HACKTORY
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Hackerspaces.org, a 
hub for the collectives, 
lists dozens of groups, 
from Toylab in Argentina 
to Blind Security in 
Uganda. In addition to 
being a clearinghouse for 
information on the scene, the 
site holds a monthly call-in, 
which allows groups around 
the world to share ideas (the 
audio files are kept for future 
reference). Hackerspaces.org 
also organizes hackathon 
events every month. A recent 
example, The Playing Card 
Box Challenge, required 
participants to “create a 
hackerspace gift that will 
fit inside the box from a set 

of playing cards and mail 
it to another hackerspace.”

Launched in 2007, the 
Hacktory was an outgrowth 
of the burgeoning “maker” 
scene—the do-it-yourself 
subculture that spawned its 
own glossy magazine, Make,
and convention series, the 
Maker Faire. The Philly 
group sought to distinguish 
itself by focusing on creativity, 
letting the engineering 
sneak in by the side door. For 
example, a design workshop 
in which kids created jewelry 
tacitly introduced them 
to light-emitting diodes. 

“We’ve decided to cater 
more to art and integrate 
technology with art in any 
way possible,” says Guthrie, 
an art historian who became 
interested in electronics 
after getting disenchanted 
with her museum work. 

“I thought, museums are old 
and stuffy,” she says. “They 
don’t let you touch anything.”

The Hacktory offers a 
weekly open house. The club 
hosts special events, such 
as Nerf Gun Hacking, and 
concerts by musicians who 
perform on Nintendo Game 
Boy devices. One of the more 
popular activities was a sex 
toy hacking workshop, in 
which participants made 
their own devices using 
materials as diverse as 
plastic eggs and bicycle 
parts. Newcomers look for 
a place to build something 
themselves and end up 
sharing their knowledge and 
tools. “The network is the 
most important thing,” says 
Andrew Davidson, a graphic 
designer who helps organize 
Hacktory events. “The people 
I’ve become friends with at 

the Hacktory are reliable 
resources for information.”

Nonprofit Technology 
Resources, a Philadelphia-
based group that offers 
computer hardware and 
training to low-income 
families in the city, provides 
the Hacktory with classroom 
space, financing from state 
grants, and management 
of those and other funds. 
Stanley R. Pokras, president 
and chief executive officer 
of the group, says the 
Hacktory fits in with his 
organization’s mission to 
educate and inspire people 
to express themselves 
through technology. 
People understand 
technology by actually 
making things, he says.

The Hacktory has tried 
to overcome the stereotype 
of hacking as something 
only for postadolescent 
boys. “Most hackerspaces 
strike me as male nerds 
who are so superinvolved 
in their nerd-dom that 
they can’t comprehend 
something like sewing,” 
says Davidson. “We try 
to be a little more female 
friendly—and kid friendly.”

One of the more popular 
events is the egg drop, which 
challenges participants to 
wrap an egg so that it won’t 
break when it’s dropped 
from a building. Another 
favorite happening is the 
printer smash, a stress-
relieving way to get rid of 
old machines—and salvage 
the shattered parts for reuse. 
The Hacktory lets people 
have at the devices with 
the help of a sledgehammer. 
Participants don goggles 
and gleefully whack at the 

printers, shattering the 
parts into pieces in a parking 
lot near the Hacktory. The 
smash was a highlight 
of Philly Tech Week, a 
springtime celebration of 
technology and innovation 
throughout the city.

With interest in hacker-
spaces growing, there 
comes a new challenge: 
making money. Collectives 
are brainstorming possible 
solutions. Platoniq, a 
Barcelona-based group, 
commissioned a report 
on business models 
for hackerspaces that 
recommends charging 
for services and 
manufacturing third-party 
open hardware. While 
many spaces are loose and 
casual, some of the bigger 
ones are getting more 
organized, with boards, 
officers, and membership 
dues that can reach US $80 
per month. Some use the 
spaces as freelance work 
environments as well.

The Hacktory is no 
exception, says Davidson: 

“The next step is to turn 
into a business and 
generate income.” The 
group is beginning to offer 
mainstream classes, such 
as basic Web development 
and Python programming. 
It’s also collaborating with 
hackerspaces in other cities. 

“We like being one of the 
organizations that stands 
for the original definition 
of the word hack,” Guthrie 
says. “We want to show 
that being a hacker is cool.”

—David Kushner

A version of this article appeared 
online in November 2011.
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I’m a believer in online technology in education. 
I think we have learned enough about this to 
understand that it will be transformative. It’s going 
to change the world, and it’s going to change the 
way we think about education. Institutions like 
Stanford should be willing to fund the experiments, 
to try different things, to think about different 
models. We can do what other institutions would 
be strained financially to do, and they can learn 
from our experience.

It’s going to filter down into high school, too, 
where we have an even more dramatic problem, 
considering the shortage of highly qualified high 
school teachers, particularly in science and math.

For us, it started a few years ago. One of my 
faculty colleagues, Daphne Kohler, said, “You 
know, I don’t feel very useful when I stand in front 
of a classroom and give a set of lectures, 85 percent 
of which are the same as the year before. It’s not 
very rewarding for the student, and sitting in 
large lecture halls is not the way students want to 
learn, particularly this generation.” She pointed 
out that the large lecture hall is not a good learning 
environment, and it’s not a good use of her time. And 
she was right. I agree that physical presence isn’t all 
it’s cracked up to be. 

But it’s not really about what I think. The 
students are rewriting the rules for us. That large 
lecture hall with nice banked seating and 300 people 
sitting with their attention focused on somebody 
standing in the front of the classroom is a model that 
lasted for many years, but the students have made 
it clear that that’s not a model they find particularly 
attractive anymore.

Instead, this generation is completely comfortable 
watching a video online; for them, it’s not markedly 
different than having a person up at the front of the 
classroom. They are happy using technology. They 
know how to hit the pause button; they know how 
to speed it up a little bit, to watch it 20 percent faster 
and make the process more efficient. 

We started using technology to improve what was 
happening on campus. And we learned. We learned 
that if a video is simply a talking head with a set of 
PowerPoint slides, it can be just as stupefying as 
sitting in a big classroom listening to a lecturer. So 
what you need is more interactive learning. When 
Daphne Kohler started her experiment, she broke 
her lectures into chunks of 10 to 20 minutes and 
had a little miniquiz in between. And the miniquiz 

John L. Hennessy, then a professor of electrical engineering at Stanford University, 

shook up the computer industry by taking the concepts of reduced instruction set 

computing (RISC) to the masses. Hennessy wrote papers, gave talks, designed chips, 

started companies, and even, literally, wrote the book (a textbook that’s still used 

today). The RISC architecture, which focused on simpler, lower-cost microprocessors, 

was then thought to be an academic exercise with little practical use; today it plays a major role in the industry.

Hennessy, now president of Stanford, is once again designing, testing, and advocating a new architecture, 

this time in the field of university education. He first began rethinking research at universities and recently 

began reimagining university education itself. 

For these efforts, in June Hennessy will receive the 2012 IEEE Medal of Honor “for pioneering the RISC pro-

cessor architecture and for leadership in computer engineering and higher education.” 

IEEE Spectrum profiled Hennessy and his career as a computer architect and entrepreneur in “RISC Maker,” 

[November 2002]. This year, we checked in on Hennessy’s recent efforts to shake up higher education. Stanford 

has a long history in distance education, which in the 1990s moved from closed-circuit TV to Internet delivery. 

More recently, the university explored offering online courses to a much larger audience with a programming 

class for iPhone applications, first available in 2009, that has been downloaded more than one million times. 

Since then, Stanford has been developing and testing tools for producing, distributing, and enabling social net-

working for online courses. This past fall, more than 100 000 students around the world took three engineering 

classes—Machine Learning, Introduction to Artificial Intelligence, and Introduction to Databases. Hennessy 

says that’s just the beginning. In fact, in his vision of the future, the lecture hall—those ubiquitous tiers of seats 

with fold-down writing arms, curving around a professor at a podium—will play a much smaller role. 

But not everyone has applauded these educational experiments. One Stanford student who took the 

online machine learning class and blogged about it afterward said it didn’t match the rigor of traditional 

courses. He also worried that a proliferation of online classes would reduce the value of a Stanford degree. 

Other critics take the opposite tack and wonder if the courses are too hard for the general public, noting that 

the vast majority of students who signed up for the online classes dropped out partway through. 

Spectrum visited Hennessy at his office on Stanford’s historic quad and asked him about his educational 

vision. Here’s what he had to say: 

In the 
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was able to identify that the student must have been 
asleep during that section or that there’s one little 
thing to brush up on before moving on—hit this link 
and you’ll go back to that place in the video.

We also learned that students like an online 
technology-mediated learning environment because 
it allows them to balance their lives. So if a student 
has a big project due for class XYZ this week, he 
may choose to fall behind one week of lectures in 
another course and then catch up on the weekend. 
Things like this can help with stress reduction, 
which is a big issue for many students.

And I think we learned that there is fun to be 
had with this online experiment. Last fall, a group 
of our faculty said, Well, why don’t we just put these 
courses online, let anybody who wants take them. 
And who would have guessed you’d have more 
than 100 000 people sign up? Nobody. Courses 
like Machine Learning, Introduction to Artificial 
Intelligence, and Introduction to Databases are not 
of such obvious use as the iPhone programming 
course we put up a few years ago. That time, we 
could expect a lot of downloads because we knew 
people thought they’d soon be selling a widget 
in the App Store for a dollar a copy and making 
a lot of money. But Introduction to Artificial 
Intelligence isn’t a skills-based course like that; it’s a 
fundamental course. We were surprised how many 
students were willing to do the assignments and 
have them graded. 

Of course, that creates a challenge, because 
it means that all assignments have to be graded 
automatically. There has been a lot of progress 
in grading technology. SAT writing exams 
[a standardized university admissions test], for 
example, are partially graded by computer right now. 
Each essay gets one grade from a computer and one 
from a person, with a second person looking at a test 
only if the scores differ significantly; logic courses 
have proof checking online. But at this point we don’t 
know how far we can push grading technology and 
what is the right mixture of online and off-line grading. 

We found that we were able to handle a lot of the 
Q&A through social networking. It’s amazing that 
when you have 10 000 students in a class and a student 
puts up a question, the group quickly converges on 
the right answer: Several students put up an answer, 
other students come in and vote for what they think 
is the best answer, and there’s a high probability that 
you’ll converge to a pretty good answer in less than an 
hour. And if at the end of the two days there are three 
questions where the answers are not really clear, the 
instructor can come in and say, “This is the way you 
should think about this problem.”

Our experiments so far have raised questions we 
don’t know the answers to. How much should 
we invest in production values? Take Sal Khan, 
of the Khan Academy online learning effort. His 
videos are pretty simple in terms of the production 

qualities; there’s not a big investment. On the other 
hand, you go to anything that’s done on TV, even 
something like “Myth Busters,” and the investment 
in production is gigantic. Where on that spectrum 
do we really want to be? 

One of the more interesting problems came 
up around problem sets. If you’re teaching an 
on-campus course with 40 or 50 students or 
100 students, you can probably live with a little 
ambiguity in the questions because there’s usually 
a teaching assistant around. But if you’re teaching 
a course online with 10 000 students and there’s 
ambiguity in a homework question, it’s a nightmare. 

While we have experience using online 
technologies for teaching classes of up to a few 
hundred Stanford students, the experience of 
teaching a course with thousands or tens of 
thousands of students is very new. We are still 
very much in the early experiments. Teaching a 
smaller class of students who have been screened 
by our admissions procedures tends to ensure 
greater consistency in their abilities and allows 
more adaptation and feedback from instructors. 
Clearly, a class with 10 000 students allows almost 
no individual interaction and presents new learning 
challenges. There are also many experiences at 
Stanford that we do not see how we can re-create 
online, like small seminar courses and hands-on 

Stanford Under  
Hennessy’s Watch
Finances:
Stanford’s endowment grew from US $8.9 billion in 2000 
to $16.5 billion in 2011. Stanford received $7 billion in 
gifts during the fiscal years 2001 through 2011, including 
$1.1 billion in support of undergraduate education 
and $6.2 billion as part of the Stanford Challenge. 
These gifts fund more than 130 new endowed faculty 
appointments and more than 366 graduate fellowships 
and also provide $27 million in research seed grants. 

Construction boom: 
During the past 12 years, Stanford has completed more 
than 100 major construction projects, including academic 
buildings, housing, and athletic facilities. Notable is the 
new Science and Engineering Quad, a group of buildings 
that to date includes the Jerry Yang and Akiko Yamazaki 
Environment and Energy Building ($118.8 million), the 
Jen-Hsun Huang Engineering Center ($84.3 million), the 
Center for Nanoscale Science and Engineering ($77.5 million), 
and the Bioengineering and Chemical Engineering Building 
($197.3 million). In 2011, the trustees approved more 
projects, including a $41.2 million computing facility and 
$438 million in improvements for campus energy systems. 
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project courses. For this reason, blended learning 
models may be very attractive.

It’s important to keep in mind the difference 
between learning and credentialing. Universities—
and high schools, for that matter—do both: 
They assist students in learning, and they provide 
a credential as evidence that a student has mastered 
certain material. I’m convinced that online learning 
will be widely used: The millions of downloads 
a day experienced by the Khan Academy and the 
broad interest in Stanford’s online courses are clear 
evidence. But online credentialing is a new space 
and one that has much greater uncertainty. We have 
to consider a range of issues, from how credentials 
received online will be viewed by employers to how 
good online credentialing can be. 

This can all add up to big changes in how we think 
about a university education. Could you imagine 
a situation where students do some of their degree 
work remotely and then do some on campus, 
particularly the small, experiential classes that 
don’t transfer well to online? 

This could be a way of keeping costs down, 
because you’re living at home for a while or you’re 
working part-time while you’re doing the remote 
courses. So it could begin to address this issue of 

the cost of higher education. It’s hard to predict how 
much you could reduce the cost of instruction, but it’s 
important to understand that the cost of instructors 
is the No. 1 cost factor in education. If you could 
double the student–faculty ratio by reusing online 
material without reducing student learning, you 
could significantly reduce the cost of education.

The biggest way this could go wrong is if we assume 
that we can fully automate this, if we think that 
we can throw students in front of terminals, that 
we don’t need any live instructors anywhere, that 
students can be totally successful without ever 
talking to anybody. I think this is a model that will 
leave many students behind. 

In a university, there is always a very small 
fraction of students who probably never need to come 
to class. They could just sit in their rooms, read the 
textbook, and they’re capable enough, focused enough, 
disciplined enough, and driven enough that they 
could be successful. But that’s a very small minority. 

Likewise, there’s a small minority of students 
who could watch everything online, never talk to 
anybody else, never engage with an instructor, never 
engage with teaching assistants, and learn just fine. 
But again, that’s a very tiny minority. 

The other potential problem is that we could see a 
lot of schlock out there. Because the Internet enables 
everybody to be a publisher, 
we could have a lot of things 
out there that are of lesser 
quality. Will people be able to 
distinguish quality in online 
education? This isn’t resolved.

We have to remember that 
the undergraduate experience 
is a whole experience. Part of that, particularly in the 
American higher education system, is the process 
of living and working with people of your own age. 
It involves learning how to work in teams, learning 
how to work with people with different backgrounds 
and different experiences. You certainly don’t want 
to dismiss that part in a pursuit of doing it all online.

In spite of these hazards, I think online education 
and the role of technology in education are going to be 
transformative. And I’d like to think that what we’ve 
started here will not only continue at Stanford but 
that other universities will see it as a way to organize 
education and to play a larger role in the world.

To do this, however, universities have to be 
willing to change. Universities build on tradition 
and history, but they also have to be dynamic. And 
I think that struggle to balance those two opposing 
forces—to not become too attached to the past in such 
a way that you can’t do something new, or to become 
too faddish in such a way that you lose your core 
values—is an ongoing challenge for all institutions.

 But online education is going to happen; it’s not 
going to wipe everything else out, but it is going to 
happen. We have to embrace it. ❏

The biggest 
way this could 
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CHANGING TH E STAN DARDS

CST STUDIO SUITE 2012
Discover what happens…

CST – COMPUTER SIMULATION TECHNOLOGY | www.cst.com | info@cst.com

Components don’t exist in electromagnetic isolation. They influence 
their neighbors’ performance. They are affected by the enclosure or 
structure around them. They are susceptible to outside influences. With 
System Assembly and Modeling, CST STUDIO SUITE 2012 helps optimize 
component as well as system performance.
Get the big picture of what’s really going on. Ensure your product and 
components perform in the toughest of environments.

Choose CST STUDIO SUITE 2012 – complete technology for 3D EM.

Making Sense of the Real World 
– System Level EM Simulation
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Two difficult experiments are poised to remake 
one of the world’s most fundamental units

By Rachel Courtland

Consider the  
kilogram
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Once a year, three officials bearing three separate keys meet 
at the bottom of a stairwell at the International Bureau of Weights and 
Measures, in Sèvres, France. There they unlock a vault to check that a 
plum-size cylinder of platinum iridium alloy is exactly where it should be. 
Then they close the vault and leave the cylinder to sit alone, under three 
concentric bell jars, as it has for most of the past 125 years.

This lonely cylinder is the International Prototype of the Kilogram, 
known colloquially as Le Grand K, and it is the last remaining physical 
object to define a unit of measure. It’s a quaint throwback to a time when 
people compared the ocean’s depth to the span of a man’s outstretched arms 
and the second to a tiny fraction of a year. Now we fix our rulers to the 
speed of light and our clocks to a spectral property of cesium. By thus link-
ing measurement to fundamental and unchanging phenomena, scientists 
have paved the way for GPS satellites, gravity-wave detectors, and many 
other precision technologies that simply wouldn’t have been possible before.

The trouble posed by the master kilogram is apparent in the many 
friction-filled steps by which it calibrates other masses. Once every few 
decades, a scientist plucks the cylinder from its perch with chamois-
leather-padded pincers, rubs its surface with a cloth soaked in alcohol 
and ether, and steam-cleans it. Then he puts the prototype in a precise 
balance that compares it to the bureau’s official copies, which are in turn 
compared to copies kept by member countries. And thus the prototype’s 
mass trickles down to set the standard for the rest of the world.

The system has been far from seamless. When the cylinder was last 
removed from the vault in 1988, the bureau’s metrologists were disap-
pointed to discover that its mass and those of its official copies had drifted 
apart by as much as 70 micrograms since 1889. That discrepancy is tiny—
comparable to the mass of a small grain of sugar—but it confirmed a trou-

bling instability. All that metrologists can say is that 
the master kilogram seems to have lost as much as 
50 μg over the course of a century relative to its sib-
lings. But the actual drift could be up or down, and it 
might even be a lot more than 50 μg, because the proto-
type and its metallurgically identical copies could all 
be changing as an ensemble. 

“It’s a bit ridiculous in this day and age, because 
it’s not just the mass that depends on the prototype. 
It’s all energy, all force, all units that are linked in any 
way to the kilogram,” retired metrologist Terry Quinn 
explains one gray afternoon at the bureau, about a 
week before an international committee was set to con-
vene to decide the kilogram’s fate. 

A former director of the bureau (often referred to 
by its French acronym, BIPM), Quinn has been cam-
paigning since the early 1990s to peg the kilogram to 
an unchanging aspect of nature. Such a change would 
be a boon to scientists who depend on stable units 
to perform long-term measurements, Quinn says. It 
could also have a big impact on electrical engineering, 
particularly for makers of precision multimeters and 
other basic tools. 

When he began lobbying, Quinn says he thought 
it would take just a few years to come up with a bet-
ter standard. But the effort to develop a precise way to 
measure mass with respect to a constant of nature has 
turned out to be phenomenally difficult.

CYLINDERS AND SPHERES: The International 
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The October meeting marked a big turning point 
for the kilogram. Delegates from the bureau’s then 
55 member countries unanimously agreed on a tenta-
tive plan to base the kilogram on a fundamental con-
stant of quantum mechanics. Three other core units—
the ampere, the mole, and the kelvin—will likely 
change at the same time [see table, “Natural Units”].

This coup is largely the result, after decades of work, 
of steady strides in two challenging strategies for mea-
suring mass. One approach attempts to pin down the 
exact electromagnetic force needed to balance the grav-
itational tug on an object. The other harnesses Cold 
War–era uranium enrichment technology and a host of 
experimental techniques to count the number of atoms 
in extremely round balls of ultrapristine silicon. 

For years, the two approaches have produced 
starkly conflicting results. But over the past few months, 
metrologists have been excited to find glimmers of con-
vergence, and the effort to pin down mass once and for 
all is beginning to pick up steam.

century dreamed of a system of units based on some-
thing more fundamental and precise than the span 
of a hand or the mass of a seed. This notion solidi-
fied toward the dawn of the French Revolution, when 
Enlightenment thinkers shaped the beginnings of the 
modern metric system. They defined the meter as a 
small fraction of the circumference of the Earth. The 
kilogram they in turn derived from the meter, as the 
mass of a cubic decimeter of distilled water.

Linking units to the natural world was a lofty goal, 
but in the end, practicality demanded physical objects 
that could serve as references. The meter was a metal 
rod until the standard was retired in 1960, when the 
new measurement system—the International System 
of Units, or SI—pegged the meter to the wavelength 
of light spit out by atoms of krypton-86. The meter 
has since been redefined once again as the distance 
light moves through a vacuum in slightly more than 
three nanoseconds. 

The kilogram’s resistance to redefinition can 
in part be chalked up to politics. Getting an inter-
national consensus on a change to the SI takes time; 
one metrologist likened the process to steering a 
supertanker. But the big part of the delay comes from 
the sheer difficulty of measuring mass precisely with 
respect to unchanging standards of nature.

The challenge is most clearly seen in the effort to 
determine Planck’s constant, the quantum-mechanical 
quantity that’s set to become the new kilogram stan-
dard. Planck’s constant governs the smallest amount 
of energy allowed by the laws of physics, and it appears 
in basic equations like E=h , which relates the energy 
of a photon to the frequency of light. Because Planck’s 
constant is linked to energy, it can also be linked to 
mass through Einstein’s famous equivalence, E=mc2.

The tool of choice for measuring Planck’s constant is 
the watt balance. Rather than weigh one mass against 
another, such a balance weighs an object against the 
amount of electromagnetic force needed to keep the 
object in place. The electrical quantities measured by 

the balance can be linked back to Planck’s constant using instruments 
that make precise quantum-electrical measurements.

A number of national labs are working on watt balances, but the largest 
one occupies a two-story, copper-foil-lined room in a remote building on the 
National Institute of Standards and Technology’s sprawling, deer-studded 
campus northwest of Washington, D.C. NIST’s project began in 1980, and 
the watt balance has been tweaked and overhauled so much that it’s a matter 
of debate whether the instrument should be considered the third or fourth 
generation of the experiment. “There’s a lot of Frankenstein here,” says 
Jon Pratt, who took over management of the balance last year. 

A mechanical engineer and former punk rocker with a soul patch, 
Pratt is a newcomer to the kilogram definition effort. He’s been given the 
job of revamping and systematically studying the balance to see if it can 
be used to replicate the experiment’s 2007 result, performed by Richard 
Steiner and others at NIST, which still stands as the most precise watt-
balance measurement made to date. 

During a December 2011 visit, I got a rare glimpse of the upstairs sec-
tion of the balance. Ordinarily, the entire apparatus is housed in vac-
uum to eliminate error due to the buoyancy force of air, which can easily 
fluctuate with the temperature and pressure of the room. But the bal-
ance’s vacuum chamber had been opened to allow technicians to work 
on a repair. The interior was a mess of wires, rods, and what looked like 
cantilevers. All the joints had been machined to be as loose as possible 
so that motions induced by gravity will always be oriented exactly down-
ward. This became clear when, at one point, a guide accidentally nudged 
a component and set a few nearby parts jiggling as if they were Jello.

NIST’s watt balance is the largest ever built, because its designers 
opted to build the magnet out of superconducting coil. But like all the 
world’s watt balances, it works according to the principle outlined in 1975 
by Bryan Kibble, then a physicist at the National Physical Laboratory 
in Teddington, England, who had been working on electrical balances 
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in order to make precision measurements of the ampere. A mass is placed 
on one part of the balance and a coil of conducting wire immersed in a mag-
netic field is used to balance the object’s downward force. The experiment 
operates in two modes: In weighing mode, the coil remains static, and the 
machine is used to measure the current that must be run through the coil 
to enable it to maintain its position against the weight of the object. In the 
other mode, the current is switched off, and the coil is made to move up and 
down in the magnetic field, inducing a voltage across the coil. 

Ideally, these two measurements can be combined to create a sim-
ple relation between mass, current, velocity, and voltage that does not 
depend in any way on the physical dimensions of the coil, which are 
difficult to pin down. The voltage and current in the coil can be mea-
sured with great precision by using calibration instruments that exploit 
the Josephson effect and the quantum Hall effect, quantum-mechanical 
effects that both depend on Planck’s constant. 

At the moment, watt balances like NIST’s use objects of known mass, 
calibrated against the international prototype, to measure Planck’s constant. 
In the future it’ll be the other way around—the value of the Planck constant 
will be fixed, and watt balances will use this number to measure the mass 
of objects placed upon them. 

That is, of course, if the physicists and engineers working on the experi-
ments can make them accurate enough. The NIST group’s 2007 measure-
ment of the Planck constant pegged its value with an estimated precision 
of 36 parts per billion. In isolation, it was an impressive result that put the 
experimental uncertainty close to a target of 20 parts per billion. (The inter-
national prototype, however much it might be drifting, can be compared to 
other objects with about 10 times that precision.)

But results from another watt balance, now housed at a laboratory at 
the National Research Council of Canada, in Ottawa, tell a different tale. 
Last year, the Canadian team reported its own precise measurement of the 
Planck constant, which differs from the NIST group’s by some 250 parts 
per billion. When the two conflicting results are plotted on the same graph, 
their error bars don’t overlap. 

Clearly, both experiments can’t be right. But in some ways this dis-
crepancy isn’t all that surprising. Today’s best watt balances are extraor-
dinarily sensitive: Metrologists have found they can pick up earthquakes, 
magnetic interference from passing trains, the gravitational tug exerted by 
nearby snow cover, and even subtle shifts in ground level created when 
wind passes through nearby trees. Many of these sources of error are ran-

dom and transient and can be eliminated by simply run-
ning the experiment longer. But there are still dozens 
of other quantities that must be carefully measured in 
order to get the right result. “The error budget is large,” 
says Barry Wood, who manages the Canadian watt bal-
ance. “It’s over 50 items that have to be calculated and 
assessed, and each of those is an experiment in itself.”

Even the most careful work can overlook large 
sources of error. Before arriving in Ottawa in 2009, 
Canada’s watt balance was built and run for nearly 
two decades across the Atlantic at the watt balance’s 
birthplace—the National Physical Laboratory. Weeks 
before the instrument was set to be boxed up at the 
British lab, physicist Ian Robinson was performing last 
checks on the experiment when he discovered an over-
looked issue: The angle of the balance beam changed 
when a mass was added, in part because some small 
metal joints, used to align the coil, had been compress-
ing. The hard-to-detect change could offset measure-
ments of Planck’s constant by a significant amount. 

“That was one of those moments where the penny 
dropped, and it was not very pleasant,” Robinson says. 

“But I was very, very glad that I thought of it.”
The Canadian team has been working on a modifica-

tion to fix the problem and is now partnering with the 
American team to resolve the discrepancy between 
the two results. But progress is slow. In February, 
representatives from both teams met at NIST to col-
laborate on just one of the corrections that must be 
made to the measurements: the exact value of gravita-
tional force at the exact point where the mass sits in its 
pan. In the case of NIST’s tall watt balance, which has 
a pan that sits a good 5 meters above ground level, the 
necessary correction can be dozens of times as big as 
the targeted precision of the machine. To resolve the 
two experiments, the watt-balance teams will likely 
have to run through dozens of other potential sources 
of error. All eyes are now on NIST, which is hoping to 
get a new result—the first in five years—later this year. 
Waiting in the wings are other watt-balance projects 
at the BIPM and national labs in China, France, New 
Zealand, and Switzerland.

-
balance teams, which for years have had to operate on 
opposite sites of the Atlantic. But it’s been a vital part 
of another effort to measure mass—by linking it not to 
Planck’s constant but to the mass of an atom. 

The effort centers around the Avogadro constant, 
a quantity often used in chemistry to link the masses 
of macroscopic objects to the mass of their molecular 
or atomic constituents. Avogadro’s constant is cur-
rently defined as the number of atoms in a mole of a 
substance, and its value is identical to the number of 
carbon-12 atoms needed to make up exactly 12 grams. 
But Avogadro’s constant can just as easily be used to 
work from any sort of atom all the way up to the kilogram. 

Silicon is a natural candidate for such measurements. 
Thanks to the semiconductor industry, we can grow sili-
con crystals that are pretty much structurally perfect, 
making them ideal for measurements of basic crystal 

PURSUING PLANCK: 
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properties. But beating the uncertainty in Avogadro’s 
constant down to a level that could enable it to replace 
the international prototype is a different story.

Natural silicon isn’t pure. Although its domi-
nant isotope is silicon-28, nearly 8 percent of it con-
sists of the heavier isotopes silicon-29 and silicon-30. 
That slight contamination gives rise to a big uncer-
tainty in silicon’s molar mass. In the early 2000s, 
Peter Becker, who was spearheading efforts to mea-
sure Avogadro’s constant at Germany’s metrological 
institute, the Physikalisch-Technische Bundesanstalt, 
realized that natural silicon wouldn’t work. But for-
tune intervened. A colleague from what was once East 
Germany suggested the team use a Russian uranium 
enrichment facility to purify some material. Becker 
raised €2 million to get the material. After about half 
a year and the efforts of roughly 250 gas centrifuges, 
the international team that had pitched in money was 
presented with 6 kg of 99.995 percent silicon-28.

After a crystal was grown from that stock, it was cut 
into two spheres, which were polished to such extreme 
roundness that repeated measurements of a single 
parameter—the sphere’s diameter—could be used to 
determine its volume. The spheres have since been toted 
from lab to lab in a transparent acrylic suitcase, always 
carried by hand onto airplanes because the objects are 
too precious to ship. Over the course of two years, an 
international team worked to pin down every property 
of the spheres. A reflective cavity was used to estab-
lish the diameter, and thus the volume, of each sphere. 
Teams at the BIPM and in Germany and Japan mea-
sured its mass against official kilogram copies. In Italy, a 
team used X-rays to work out the exact spacing between 
atoms in the crystal. In Switzerland, researchers char-
acterized the chemical composition of the thin layer of 
quartz-like oxide that had grown around them. A team 
in Germany developed a novel dilution technique to 
work out the exact isotopic composition, which deter-
mines the molar mass of the spheres.

Last year, the Avogadro team published their first 
results, which pinpointed Avogadro’s constant to a pre-
cision of 30 parts per billion. The precision was a fabu-
lous improvement over the old results, but when it was 
converted to Planck’s constant, the measurement was 
disappointingly off—it didn’t agree with the American 
watt-balance measurements and had only a slight over-
lap with the Canadian watt-balance results. Since then, 
two teams of chemists in the United States and Canada 
have joined the effort to measure the molar mass of the 
silicon crystal. The measurement is difficult—the nat-
ural silicon in laboratory glassware or even in the dust 
in the air can throw off measurements, says Greg Turk, 
who is leading the effort at NIST. But early results from 
the Canadian team have pushed things closer to the 
results of the Canadian watt balance, suggesting that a 
convergence might just be under way.

has set some exacting standards for the kilogram 
experiments. At least two experiments with the watt 
balance, together with the Avogadro project, must 

demonstrate an accuracy equivalent to 50 parts per billion. One experi-
ment must demonstrate an accuracy of at least 20 parts per billion. All 
the results must agree with one another.

So far, the NIST and Avogadro experiments meet the first requirement, 
but the second requirement is still out of reach, and there are unexplained 
differences between existing results. Some express bafflement over the 
stringency of the requirements. “Nobody talks about this, but the uncer-
tainty in uncertainty is huge,” says NIST’s Pratt. “Sweating over 20 parts 
per billion or 36 parts per billion seems a bit pedantic.”

The requirements are particularly nonsensical, says Quinn, given the 
fact that the real uncertainty in the mass of the international prototype is 
ignored. Despite its known drift with respect to its copies, the uncertainty 
in the mass of the kilogram is, by definition, zero. “The point I take and 
I emphasize is that our knowledge of the absolute mass of the kilogram is 
so poor that almost anything else is better,” Quinn says. “I think that we 
could do [the redefinition] today and we would be better off.” 

One immediate benefit could be to electrical measurements. In the SI, 
the ampere is still impractically defined as the force between infinitely long 
conductors. Since 1990, those in need of precise voltage and resistance mea-
surements have used a separate system of units, which employ what are now 
somewhat outdated values for several fundamental constants. Pegging the 
kilogram to Planck’s constant—and the ampere to fundamental charge—
will bring electrical units back into the fold. 

The kilogram hunters are now eyeing 2014—the next General Conference 
on Weights and Measures—as the year when all their hard work will finally 
pay off. But it’s far from guaranteed that the experiments will agree in time 
to meet such a deadline. Nonetheless, metrologists are getting ready. 

Sometime soon, the keepers of the kilogram will take the cylinder out 
of its enclosure for the first time in more than 20 years. Once again, they 
will measure it against its copies, in the hope of establishing as close a 
link as possible between the present-day mass of the cylinder and the 
results of the experiments that would replace it. The retiring of the proto-
type will be slow and careful—which is only fitting for an object that has 
for so long supported the weight of the world. ❏

Natural Units

Present Proposed

A

K

mol

kg

ampere (current)
The current required to produce 
a certain force between two 
infinitely long parallel conductors 
placed 1 meter apart in vacuum.

kelvin (temperature)
A certain fraction (1/273.16) of the 
thermodynamic temperature 
of the triple point of water.

The ampere will be set by 
fixing the numerical value 
of e, the fundamental 
unit of charge. 

The kelvin will be set by fixing 
the numerical value of k, the 
Boltzmann constant, which 
has units of joules per kelvin.

kilogram (mass)
The mass of the International 
Prototype of the Kilogram, kept 
in a vault in Sèvres, France. 

The kilogram will be set by 
fixing the numerical value of h,
the Planck constant, which has 
units that contain the kilogram. 

mole (amount of matter)
The amount of a substance that 
contains as many elementary 
entities as there are atoms in 
0.012 kilogram of carbon-12.

The mole will be set by 
fixing the numerical value 
of the Avogadro constant.

Four of seven base units in the International System 
of Units could change as early as 2014

POST YOUR COMMENTS online at http://spectrum.ieee.org/kilogram0512
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t was the summer of 2001, and computer programmer Michael Phipps had a problem: 
His favorite operating system, BeOS, was about to go extinct. Having an emotional 
attachment to a piece of software may strike you as odd, but to Phipps and many others 
(including me), BeOS deserved it. It ran amazingly fast on the hardware of its day; it had 
a clean, intuitive user interface; and it offered a rich, fun, and modern programming 
environment. In short, we found it vastly superior to every other computer operating 
system available. But the company that had created BeOS couldn’t cut it in the market-
place, and its assets, including BeOS, were being sold to a competitor. 

Worried that under a new owner BeOS would die a slow, 
unsupported death, Phipps did the only logical thing he 
could think of: He decided to re-create BeOS completely from 
scratch, but as open-source code. An open-source system, he 
reasoned, isn’t owned by any one company or person, and so 
it can’t disappear just because a business goes belly-up or key 
developers leave. 

Now if you’ve ever done any programming, you’ll know 
that creating an operating system is a huge job. And expect-
ing people to do that without paying them is a little nuts. But 
for the dozens of volunteer developers who have worked on 
Haiku, it has been a labor of love. In the 11 years since the proj-
ect began, we’ve released three alpha versions of the software, 

and this month we expect to release the fourth and final alpha. 
After that we’ll move to the beta stage, which we hope to get 
out by the end of the year, followed by the first official release, 
known as R1, in early 2013. 

Even now, anybody can install and run the operating sys-
tem on an Intel x86-based computer. Many of those who have 
done so comment that even the alpha releases of Haiku feel 
as stable as the final release of some other software. Indeed, 
of all the many alternative operating systems now in the 
works, Haiku is probably the best positioned to challenge 
the mainstream operating systems like Microsoft Windows 
and Mac OS. For both users and developers, the experience 
of running Haiku is incredibly consistent, and like BeOS, it is 

The Dawn of Haiku

         How a volunteer crew brought

                A crack OS back

B y  RYA N  L E AV E N G O OD
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fast, responsive, and efficient. What’s 
more, Haiku, unlike its more estab-
lished competitors, is exceedingly 
good at tackling one of the tough-
est challenges of modern computing: 
multicore microprocessors. Let’s take 
a look at why that is, how Haiku came 
to be, and whether the operating sys-
tem running on your computer really 
performs as well as it should.

F i r s t ,  a  l i t t l e  h i s t o r y .  In 1991, a 
Frenchman named Jean-Louis Gassée 
and several other former Apple 
employees founded Be Inc. because 
they wanted to create a new kind of 
computer. In particular, they sought 
to escape the backward-compatibility 
trap they’d witnessed at Apple, where 
every new version of hardware and 
software had to take into account 
years of legacy systems, warts and 
all. The company’s first product was 
a desktop computer called the BeBox. 
Finding no other operating system 
that met their needs, the Be engineers 
wrote their own.

Released in October 1995, the BeBox 
didn’t last long. BeOS, on the other 
hand, quickly found a small yet loyal 
following, and it was soon running on 

HAIKU CLOSE-UP: 

IMAGES: TOP, ANDREAS TEICHMANN;  
OTHERS, HAIKU INC.
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Intel x86-based PCs and Macintosh PowerPC clones. At one 
point Apple even considered BeOS as a replacement for its own 
operating system. The company eventually released a stripped-
down version of BeOS for Internet appliances, but it wasn’t 
enough. In 2001, Palm acquired Be for a reported US $11 million.

Even as the sale of Be was being finalized, Phipps launched the 
Haiku project, which back then was known as OpenBeOS. (The 
name changed a few years later; see box, “What’s in a Name?”) 

From the start, Phipps decided that the project’s singu-
lar focus would be to replicate the last official release of BeOS, 
known as R5. In hindsight, this was a stroke of genius. Open-
source efforts, generally done for fun in people’s free time, can 
sometimes fizzle out or get sidetracked without ever releasing 
anything tangible. Haiku has avoided this 
fate because the developers all believed in 
the goal of replicating R5.

Still, Phipps and those who joined him 
had their work cut out for them. An operating 
system is extremely complex, especially one 
as comprehensive as BeOS, whose various 
layers and applications had all been designed 
from the ground up to work together. Some 
of the most gifted engineers in Silicon Valley 
had developed the software over the course 
of more than 10 years. Re-creating such a 
system with an all-volunteer crew working 
in their free time was a crazy idea. But then, 
that’s how Linux came to be, as well as the 
Free Software Foundation’s GNU software, 
from the Gnu C Compiler to GnuCash, an 
accounting program. 

Much like the layers of a cake, a com-
puter system consists of the hardware, an 
operating system that manages the hard-
ware, and the applications that run within 
the operating system, such as Web brows-
ers, document editors, and fun things like 
games. The operating system is also the 
means by which programmers give instruc-
tions to the hardware. 

Fortunately, BeOS had been written 
in a modular fashion, making it relatively straightforward to 
develop, test, and then replace each component of BeOS with its 
open-source equivalent. A few pieces of BeOS had already been 
released by Be as open source, such as the Tracker and Deskbar, 
which are equivalent to Windows’ Explorer and Taskbar and to 
OS X’s Finder and Dock. One of the first chunks of code that the 
volunteers tackled was the screen-saver kit, which has a very 
simple function but also a lot of moving parts. Among other 
things, it has to constantly monitor activity on the keyboard and 
mouse, load the screen-saver settings at the right times, and ask 
for a password when the screen saver is turned off. Once all the 
parts had been nailed down, Phipps replaced the BeOS screen 
saver with the open-source version, and much to everyone’s sur-
prise and delight, it worked. More important, it was a proof of 
concept that showed the developers they could replace each mod-
ule in BeOS and know it would be fully compatible.

In 2008 we reached a milestone. Haiku, like any piece of 
software, is written in source code; to convert the source code 
into binary instructions that the computer can process, you 
need to compile it. The breakthrough was that we were finally 

able to compile the Haiku source code from within Haiku itself; 
programmers refer to that feat as “self-hosting.” This step is 
critical in the development of any operating system, because 
without it, the OS will always be dependent on other systems. 

Even as the development was getting under way, Phipps 
was working to create an organizational home for Haiku, 
eventually establishing Haiku Inc. as a nonprofit organiza-
tion in 2003. In addition to overseeing the project and taking 
in donations, Haiku Inc. holds the copyrights to and the trade-
marks of the Haiku website, logo, and of course, the source 
code. All Haiku source code is now licensed under what’s 
called the MIT License, which allows full and free use of the 
code by pretty much everyone, including private companies 
and other open-source projects. 

Of course, the Haiku team also has to 
be mindful of not infringing on BeOS’s pat-
ents, which are still in force. In general, we 
maintain a friendly relationship with the 
Japanese software company Access, which 
now owns the rights to BeOS; for exam-
ple, the company allows us to post BeOS 
documentation on our website, and it has 
never challenged any of our efforts to rep-
licate BeOS technology. Would Access or 
some other corporation that thinks it has 
a right to our code choose to sue a small 
open-source project like ours? Financially, 
it wouldn’t make much sense, and it would 
also generate a lot of bad publicity. But we’ll 
just have to wait and see. Given the current 
frenzied state of intellectual property liti-
gation in the United States and elsewhere, 
no software project can be considered com-
pletely immune from legal troubles. 

In 2007, Phipps announced he was leaving 
the project for personal reasons, and a new 
group of people took over Haiku Inc. Much 
as Phipps had anticipated at the outset, the 
loss of one leader hasn’t doomed the proj-
ect. I’m currently the treasurer and, along 
with the other executives of Haiku Inc., sit 

on its board of directors. We’ve kept the momentum going, and 
at their latest gathering in Düsseldorf, Germany, in early April, 
Haiku developers worked on the imminent alpha release.

At this point, we’ve replicated BeOS R5 so precisely that leg-
acy BeOS applications, now more than 10 years old, can run on 
Haiku. When the project first started, many thought this sort 
of compatibility would be impossible. And in many key areas, 
Haiku has surpassed its predecessor. For example, Haiku sup-
ports more languages than BeOS did and is more amenable to 
internationalization in other ways as well. It can also handle 
modern video cards, newer processors, and wireless network 
access, and it supports more memory than BeOS could. 

And in terms of programming, Haiku makes it much easier 
to design user interfaces for applications, because it has a built-in 
layout tool that lets you automatically place icons and other wid-
gets on the screen. With BeOS, developers had to specify each 
minute detail of the layout, aligning buttons with check boxes by 
hand, for instance. These and other enhancements have allowed 
Haiku to remain relevant, despite the lightning-fast pace of inno-
vation in computer hardware and software. 

What’s in a Name? 
When the project to re-create BeOS 
began, it was known as OpenBeOS. 
But “BeOS” wa s trademarked, 
so a new name was needed. A 
naming contest held in 2002 drew 
a large number of entries, of which 
Haiku carried the day. The name 
harked back to an eccentricit y 
in the wording of the BeOS Web 
browser’s error messages: They 
were all rendered as haiku, the 
classic Japanese poetry form. So, 
for example, if a website could not 
be found, one error might be: 

These three are certain:
Death, taxes, and site not found.
You, victim of one.

A list of BeOS error messages is 
available online at www.8325.org/
haiku. There are plans to incorporate 
the messages into Haiku’s Web 
browser. —R.L.
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Even so, you may be wondering: With 
Windows, Mac OS X, hundreds of 
versions of Linux, and numerous 
mobile operating systems, does the 
world really need Haiku? 

Yes, it does, for many reasons. 
Much as in nature, computer viruses 
f lourish in a monoculture, and 
because so many of us use Windows 
computers, Windows viruses find 
plenty of victims. Further, if one 
operating system has a monopoly, its 
creators have little reason to improve 
their software. (Competition from the 
Mozilla Firefox browser is, after all, 
largely what prompted Microsoft to 
update Internet Explorer.) And diver-
sity promotes interoperability because it compels software 
developers to create code that plays well with others. When 
there’s very little competition, there’s no incentive to do so. 

But Haiku does more than just expand the gene pool of 
operating systems. One of the first things people notice about 
it is that it doesn’t feel anything like Windows or OS X or 
Linux. It’s unique. Linux, for instance, is based around a 
core—called a kernel—that was originally designed for use 
in servers and only later modified for desktop systems. As 
a consequence, the kernel sometimes gives short shrift to 
the user interface, which Linux users experience as annoy-
ing delays when their computers are doing especially taxing 
things, like burning a DVD or compiling code. Haiku’s ker-
nel has always been for a desktop system, and so it always 
gives priority to whatever is happening by way of its graph-
ical user interface. 

In between the kernel and the graphical user interface 
is what’s known as the application programming interface, 
or API. An API is what application developers use to access 
other software systems, and the design of that API can affect 
both the developers and the eventual users of their software. 
Haiku has just one API. Linux, by contrast, has hundreds 
of APIs and about as many user interfaces, so you can’t just 
switch seamlessly from one version of Linux to another. The 
version you use can greatly alter the appearance of your com-
puter screen, the way programs boot and execute, and vari-
ous other things, all of which make it quite difficult to develop 
software that consistently runs well on all Linux systems.

All of Haiku’s components are designed to work together 
from the ground up; that includes its applications, like the 
media player and the Web browser. Its source code even uses 
a consistent style, something developers really appreciate 
because it allows them to quickly get up to speed. A devel-
oper writing code for Haiku can be confident it will run and 
act the same way on all Haiku installations. Even though 
Haiku is open source, there will always be only one official 
version. All this combines to provide a remarkably consis-
tent user experience.

W h a t r e a lly s e t s H a i k u a p a r t , though, is its efficiency and 
speed. On my three-year-old desktop computer, Haiku boots 
up from a cold start in 10 to 15 seconds, and when running it 
uses only about 170 megabytes of RAM. Compared with other 
operating systems, it’s great at maximizing available comput-
ing resources. Haiku feels fast and responsive even when run-

ning on older systems that would otherwise be considered 
obsolete because they can no longer handle the inefficiency 
and bloat of other operating systems.

Much of Haiku’s efficiency and speed is a direct result 
of its BeOS legacy. BeOS was designed from the start to 
make full use of threads, which in computing terms repre-
sent sequences of executing code. Much as fabric consists 
of many threads woven together, an operating system is 
made of threads that all have to share time on the processor. 
Generally, there is one thread for each application and one 
for the operating system’s user interface as well. The problem 
is that the user interface in particular needs more than one 
thread. Those “application is not responding” messages in 
Windows and the “beach ball of death” in OS X—which most 
of us experience with some regularity and frustration—
are a direct result of using just one thread for the user inter-
face. When that thread gets too backed up with work or has 
another problem (like a slow network), the whole application 
interface locks up. 

That didn’t happen on BeOS, and it doesn’t happen on 
Haiku. Where BeOS drove ahead of other operating systems 
of its time (and where Haiku is still ahead of contemporary 
operating systems) is that each individual application uses 
many threads. The core of the application itself has one thread, 
and each window the application creates has a thread. While 
this can make the code a little more complicated to write, the 
result is that applications almost never lag or lock up. 

This highly threaded system means that Haiku can make 
great use of multiple processors or CPU cores, which are 
now ubiquitous. The Haiku kernel allows each thread to 
run on its own core or processor—even threads within the 
same application. Adding more threads for other tasks, such 
as retrieving data from a network, is also straightforward. 
Other operating systems make use of multiple cores only 
when running many applications at the same time or when 
a particular application has special multithreading code 
added to it. But this multithreaded code is difficult to write, 
and so most applications don’t have it. 

Haiku simplifies the process of writing multithreaded 
code by hiding most of the thread interaction so that the 
developer doesn’t need to worry about it. A big part of what 
makes this work is the extensive use of message passing. 
Let’s say Thread A and Thread B in an application both want 
to retrieve a piece of data from Thread C. Instead of directly 
accessing that data, Threads A and B 

■  It’s free to use and designed to 
maximize user freedom.

■  It’s open source, with 
a very reasonable license. 
Companies can use it 
for commercial efforts 
with minimum fuss.

■  It makes extensive use of 
threads, leveraging multicore 
processors and requiring 
minimal effort from developers. 

■  It’s lean, fast, and efficient, 
providing new life for older 
machines.

■  Its database-like file system 
makes searching and organizing 
a snap.

■  Its design is consistent and 
integrated, from the source 
code to the kernel to the user 
interface.

Continued on page 49

6 Cool Things About the Haiku System
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SINGLE SNAPSHOT: These images were computed from 
a single light-field snapshot, which records enough information 
to set the focus after the picture is taken.  PHOTOS: ERIC CHENG/LYTRO 
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Light-field cameras promise an imaging revolution
Focusing on Everything

by Mark Harris
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Lytro, a Silicon Valley start-up, 
has just launched the world’s 
first consumer light-field camera, 
which shoots pictures that can 
be focused long after they’re cap-
tured, either on the camera itself 
or online. Lytro promises no more 
blurry subjects, and no shutter 
lag waiting for the camera’s lens 
to focus. A software update to the 
camera, coming soon, will even let 
you produce 3-D images.

Light-f ield technology her-
alds one of the biggest changes to 
imaging since 1826, when Joseph-
Nicéphore Niépce made the first 
permanent photograph of a scene 
from nature. A single light-field 
snapshot can provide photos 
where focus, exposure, and even 
depth of field are adjustable after
the picture is taken. And that’s 
just for starters. The next genera-
tion of light-field optical wizardry 
promises ultra-accurate facial-
recognition systems, personalized 
3-D televisions, and cameras that 
provide views of the world that are 
indistinguishable from what you’d 
see out a window.

But light-field cameras also 
demand serious computing power, 
challenge existing assumptions 
about resolution and image qual-
ity, and are forcing manufacturers 
to rethink standards and usability. 
Perhaps most important, these 
cameras require a fundamental 
shift in the way people think about 
the creative act of taking a photo.

In his manuscripts on painting,
Leonardo wrote, “The air is full 
of an infinite number of radiant 
pyramids caused by the objects 
located in it. These pyramids 
intersect and interweave without 
interfering with each other.…The 
semblance of a body is carried 
by them as a whole into all parts 
of the air, and each smallest part 
receives into itself the image that 
has been caused.”

Nowadays, scientists and engi-
neers prefer to think in terms of 
light rays rather than Leonardo’s 
more poetic “radiant pyramids.” 
But light-field photography is based 
precisely on his idea that the light 
arriving at any point—what he 

called the “smallest part” of the air—
carries all the information neces-
sary to reproduce any view that can 
be had from that position.

Doesn’t an ordinary camera do 
that? Not at all. In a conventional 
digital camera, the light rays hit-
ting each point on the image sen-
sor combine. The sensor records 
the total intensity of the light rays 
landing on each point, or photosite, 
but in the process loses directional 
information about where the dif-
ferent rays came from. So the best 
a typical camera can provide is the 
familiar two-dimensional pho-
tograph, which has a fixed point 
of view and a focus determined 
entirely by how the lens was set 
when the photo was snapped.

Light-field photography is far 
more ambitious. Instead of merely 
recording the sum of all the light 
rays falling on each photosite, a 
light-field camera aims to measure 
the intensity and direction of every 
incoming ray. With that informa-
tion, you can generate not just one 
but every possible image of what-
ever is within the camera’s field of 
view at that moment. For example, a 
portrait photographer often adjusts 
the lens of the camera so that the 
subject’s face is in focus, leaving 
what’s behind purposefully blurry. 
Others might want to blur the face 
and make a tree in the background 
razor sharp. With light-field pho-
tography, you can attain either 
effect from the very same snapshot.

The information a light-field 
camera records is, mathematically 
speaking, part of something that 
optics specialists call the plenoptic 
function. This function describes 
the totality of light rays filling a 
given region of space at any one 

Leonardo da Vinci sketched out tanks, helicopters, 
and mechanical calculators centuries before 
the first examples were built. Now another 
of his flights of imagination has finally been 
realized—an imaging device capable of capturing 
every optical aspect of the scene before it.

TODAY’S
OPTIONS:
If you want to 
take light-field 
photos now, 
you have one 
consumer-grade 
option—the
Lytro camera 
[left]—and a 
choice of three 
industrial-quality 
models from 

PHOTOS: LEFT, LYTRO; 
RIGHT: RAYTRIX 
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moment. It’s a function of five 
dimensions, because you need three 
(x, y, and z) to specify the position of 
each vantage point, plus two more 
(often denoted  and ) for the angle 
of every incoming ray. 

When measuring light in a 
region that’s free of any obstruc-
tions, you have to keep track of only 
four dimensions rather than five. 
Think about it: If you know that a 
ray isn’t blocked, it’s simple to follow 
where it goes. Record where it hits 
one plane (x and y) and the angle at 
which it hits (  and ) and you can 
work out where it came from and 
where it’s headed. The same is true 
for any other ray hitting that plane 
at any angle. So with just the knowl-
edge of the light crossing a single 
plane, you can calculate the posi-
tion and direction of the rays filling 
the surrounding region, so long as 
there are no obstructions present. 
This four-dimensional function is 
called the light field (hence the term 
light-field camera). 

All this has been known for 
many years. Back in 1908—the same 
year he won the Nobel Prize in 
physics for color photography—
the French scientist Gabriel 
Lippmann invented something he 
called “the integral camera.” His 
idea was to use an array of tiny 
lenses to project a scene onto a sin-
gle sheet of film. The multiple views 
these lenses recorded could then be 
reconstituted into a 3-D image by 
viewing the processed film through 
an identical lens array. Three years 
later, Russian physicist P.P. Sokolov 
constructed the first integral cam-
era using a pinhole array instead of 
the harder-to-fabricate lenses that 
Lippmann envisioned. Building the 
Lytro camera, however, required 
technologies that would not be real-
ized for almost another century.

I n pl ace of  f i l m a nd pi n-
holes, the Lytro camera uses a 
thin sheet containing thousands 
of microlenses, which are posi-
tioned between a main zoom lens 
and a standard 11-megapixel dig-
ital image sensor. The main lens 
focuses the subject onto the sheet 
of microlenses. Each microlens 
in turn focuses on the main lens, 
which from the perspective of a 
microlens is at optical infinity.

It’s not easy to visualize, but 
with the help of a diagram [see 

“Microlenses Galore”], you can see 
what’s going on. Light rays arriv-
ing at the main lens from different 
angles are focused onto different 
microlenses. Each microlens in turn 
projects a tiny blurred image onto 
the sensor behind it. The light con-
tributing to different parts of those 
tiny blurred images comes from 
rays that pass through different 
parts of the main lens. In this way 
the sensor records both the position 
of each ray as it passes through the 
main lens (the x and y) and its angle 
(  and ) in a single exposure. To 
understand why this lets you focus 
your picture later, think about what 
it means to focus a regular camera.

With a conventional camera, 
you have to adjust the focus so that 
all the light rays coming from one 
point on your subject converge at 
one point on the camera’s sensor. 
Depending on whether the subject 
is near or far, you move the lens in or 
out to achieve proper focus. A light-
field camera doesn’t need to move 
its lens, because it can calculate the 
light field at any plane inside the 
camera. So it can generate images 
corresponding to various separa-
tions of lens and sensor, from close-
ups to views of the distant horizon.

But capturing the full light field 
has a price. First, there’s a vast 

increase in the amount of data 
the camera must acquire. Second, 
there is a significant loss in reso-
lution of the final image, which 
is effectively limited to the num-
ber of microlenses rather than the 
resolution of the camera’s sensor.

The transformation of the recorded 
four-dimensional l ight f ield 
into two-dimensional pictures 
requires computationally intensive 
Fourier-transform and ray-tracing 
algorithms. These in turn depend 
on access to processors that should 
be powerful, compact, and if the 
camera is to be a mass-market 
product, inexpensive. 

The Lytro camera, which costs 
just US $400 or $500 (depending 
on the memory capacity), indeed 
packs some meaty processing hard-
ware inside. And yet it has only 
three controls—an on-off switch, a 
shutter button, and a zoom for its 
eight-power main lens. There are 
no other settings to adjust, no light-
ing options to consider, and defi-
nitely no manual controls. When 
you shoot a picture, there’s no shut-
ter lag, although the camera takes 
around 5 seconds to show you an 
image. During that interval, the 
device computes what would have 
been recorded on several different 
virtual cameras with the focus set 
at various depths. When you then 

MICROLENSES
GALORE: 
In a conventional 
camera [left], the 
lens is adjusted 
so that light rays 
emanating from 
one point on 
the focal plane 
[green] converge 
to one point on 
the sensor plane. 

orange]. In Lytro’s 
light-field camera 
[right], the main 
lens focuses the 
light onto an array 
of microlenses, 
which in turn 
project it onto 
the sensor. This 
allows sharply 
focused images of 

the focal plane 

synthesized.
ILLUSTRATION: 
EMILY COOPER

Focal 
plane

Focal 
plane

Sensor plane

CONVENTIONAL CAMERA LIGHT-FIELD CAMERA

Sensor plane

Microlenses

Main lens Main lens

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next PageI
S q

q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next PageI
S q

q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

__________

http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=17257&adid=P45E1
http://www.qmags.com/clickthrough.asp?url=www.spectrum.ieee.org&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.spectrum.ieee.org&id=17257&adid=logo


46 SPECTRUM.IEEE.ORG

tap on the touch screen, the focus 
appears to shift to where you want 
it in just a fraction of a second. 

“It’s our ethos to have very 
sophisticated technology and algo-
rithms and to [package] them in a 
way that’s very easy to use,” says 
Kurt Akeley, Lytro’s chief tech-
nology officer. “Simpler is bet-
ter.” Images can also be viewed in 
desktop software (Mac only) or 
uploaded to Lytro’s servers and 
shared on websites like Facebook, 
where viewers can click to refocus 
on whatever part of the image they 
select. But that’s only a sample of 
what’s possible with a light-field 
camera, and not everyone agrees 

with Lytro’s keep-it-simple strategy.
“Plenoptics is about way more 

than refocusing images,” says 
Winston Hendrickson, vice presi-
dent of engineering for digital imag-
ing at Adobe Systems, in San Jose, 
Calif. “In capturing all the spatial 
and angular information about a 
scene, you can do things like motion 
parallax, changing the perspective, 
and detecting objects: Single-lens 
stereo becomes easy.” A motion-
parallax function would allow the 
user to achieve a sense of depth by 
varying the vantage point slightly 
(this is the reason some birds keep 
bobbing their heads back and forth). 

“Lytro has a number of limitations, 
and I hope people see it as a work in 
progress,” Hendrickson says.

Lytro promises that paral-
lax and 3-D imaging will soon be 
added to its desktop and online 
offerings. One limitation that the 
company can’t improve with soft-
ware alone, however, is image 
resolution. At just 1.2 megapixels, 
Lytro’s images are dwarfed by the 
10- to 16-megapixel photos peo-
ple have come to expect from their 
digital cameras and even, increas-
ingly, from their smartphones.

Lytro argues that limited resolu-
tion isn’t the drawback it appears to 
be. “There’s inertia in the market-
place to think about quality as it 
relates to resolution,” says Charles 
Chi, executive chairman at Lytro. 

“But when you think about how 
consumers use and share images 
today, it’s with cellphones and 
computers whose screens have less 
than 2 megapixels of resolution.”

Perhaps. But they also enjoy 
shooting and sharing video clips, 
another feature missing from the 
current Lytro camera. “If you don’t 
have video, it’s not going to get 
adopted,” insists Paul Gallagher of 
Pelican Imaging Corp., a start-up 
based just a few doors from Lytro 
in Mountain View, Calif. Pelican is 
betting that light-field photography 
will find a natural home in smart-
phones, which can leverage their 
powerful application processors 
for the necessary computations. 

“The generation of chips coming 
out the first half of this year should 
be more than adequate for light-field 
photography,” says Gallagher, who 

is Pelican’s vice president of busi-
ness development and marketing. 
Pelican’s system eschews a single, 
space-hogging main lens in favor 
of a bug-eye-like array of 16 to 25 
microcameras, carefully aligned 
with a traditional (but higher res-
olution) image sensor. The device 
will be capable of both 3-D and 
video imaging. Pelican is hoping it 
will appear in smartphones before 
the end of 2013.

While Lytro and Pelican test the
consumer market, a German firm 
has for two years been quietly 
shipping light-f ield cameras 
for industrial use. Raytrix is 
targeting applications in research, 
microscopy, and optical inspection 
in manufacturing. Its cameras use 
yet another kind of optical setup, 
one championed by Todor Georgiev, 
an optics researcher at San Diego–
based Qualcomm, who has over 
50 patents in plenoptics. Georgiev 
has dubbed the new configuration 
Plenoptic 2.0. 

“Light-field cameras are hap-
pening now because of graphics 
processing units—GPUs,” says 
Georgiev. “Each GPU has hundreds 
of processors packed into one little 
device, working in parallel. They 
are the supercomputers of today.” 

With the Raytrix system, as 
with the Lytro camera, there is a 
main lens, an array of microlenses 
behind it, and then the image sen-
sor behind the array. Here, how-
ever, the microlenses are focused 
not at infinity (as in the Lytro cam-
era) but on the image formed by the 
main lens in a plane that’s some 
distance in front of the sensor. 
The main lens and each microlens 
act like the two lenses in a refract-
ing telescope, creating an array of 
tiny, sharp, inverted images on the 
sensor. With this optical arrange-
ment, the number of microlenses 
no longer limits the effective res-
olution of the final image. Indeed, 
the images produced can theoret-
ically approach the full resolution 
of the sensor, although this has 
been tricky to achieve in practice.

With a glass array of around 
20 000 microlenses in its €20 000 
(about $26 500) R11 camera, for 
example, Raytrix manages to pro-
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duce 2.7-megapixel still images 
from an 11-megapixel sensor and 
video at up to six frames per sec-
ond. Unlike with Lytro, though, 
the number-crunching hardware 
needed for Plenoptic 2.0 cannot 
fit into a stylish anodized case. A 
Raytrix camera must be linked 
through a gigabit Ethernet cable 
to a PC that contains a high-end 
Nvidia GeForce GTX 580 graphics 
card, which itself costs more than 
the entire Lytro camera. 

T he R ay t r i x ca mer as a re 
sophisticated enough to deliver 
on some of the more ambitious 
opportunities that light-field pho-
tography offers. For instance, the 
20 000 microlenses in its R11 are 
not identical. Instead a mixture 
of three different focal lengths is 
used. That design sacrifices some 
lateral resolution but provides 
greater depth of field—the range 
through which everything in an 
image is sharp—up to six times 
what you’d get with a conven-
tional camera using the same 
main lens. That’s useful for optical 
inspection of components using 
macrophotography, gives striking 
all-in-focus results with telephoto 
pictures, and extends the distance 
over which Raytrix can calculate 
3-D views.

And Georgiev isn’t done test-
ing the waters of Plenoptic 2.0. He 
is now experimenting with micro-
lenses that have different aperture 
sizes to give his cameras higher 
dynamic range, enabling them to 
simultaneously capture detail in 
both the darkest shadows and the 
brightest highlights. He also envi-
sions adding more color filters, to 
make single-exposure multispectral 
imaging possible, or adding polar-
izing filters, which would attenuate 
reflections to whatever degree the 
user wants, allowing crystal clear 
photos through glass or water.

Creating groundbreaking technology 
is one thing; getting consumers and 
companies to buy it is another. Both 
Lytro and Pelican Imaging hope 
to harness viral marketing—the 
wow factor that gets people talking 
about their products. But they are 
up against a $40 billion imaging 
industry that remains fixated on 

high pixel counts, powerful zoom 
lenses, and an ever-growing 
variety of flashy features. For most 
camera companies, and for most 
consumers, light-field imaging 
isn’t on the agenda yet. “There’s 
definitely a lot of education that 
needs to be done,” says Lytro’s Chi.

Like Apple, Lytro emphasizes 
style, design, and ease of use. Also 
like Apple, Lytro favors a closed 

vertical ecosystem, from cap-
ture to playback. That closed eco-
system, however, prevents other 
companies from working with 
its light-field files. “It was the 
inability of getting plenoptic data 
from Lytro that led us to doing 
our own research,” says Adobe’s 
Hendrickson. “We will introduce 
light-field editing in Photoshop 
when the time is right, but it’s not 

PUT MIT TO WORK FOR YOU
Massachusetts Institute of Technology

MIT PROFESSIONAL EDUCATION offers a flexible, 
non-degree program that allows professionals from
around the world to take courses at MIT for one or more 
semesters on a full or part-time basis*. Come to MIT. 
Access the full range of MIT resources and select from 
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MIT credit, and a certificate of completion.

*International participants attending on a student visa are required 
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ready for a broad scale right now.” Georgiev shares this frus-
tration. “If you buy a Lytro camera and you want to do, say, 
3-D video, you can’t, unless Lytro provides the software. I’m 
afraid Lytro may be shooting themselves in the foot,” he says. 

“At first it looks like they’re gaining competitive advantage, but 
it’s actually closing the door for collaboration and progress.” 
Lytro’s position is that it wants to develop the technology to a 
level of stability before releasing its file format for wider use.

In this fast-moving field, though, such stability may be a 
long way off. Raytrix, for example, is already developing spe-
cialized microlenses to boost 
resolution for 3-D facial rec-
ognition in security systems, 
and the company promises to 
have video cameras capable 
of recording high- definition 
(1080p) plenoptic movies at 30 frames per second by the end 
of the year. These new cameras could revolutionize 3-D televi-
sion and film, which currently require expensive stereo cam-
eras and often time- consuming postproduction work. Not only 
could 3-D plenoptic movies be refocused after they were shot, 
they could also provide personalized experiences for different 
viewers, such as customizable stereo separation to give more 
natural 3-D effects (and fewer headaches for viewers).

Georgiev’s dream is to build a large plenoptic camera that 
can capture multiple 3-D views and generate an image that’s 
indistinguishable from what you get looking out a window. 

“Today, I can capture 10 views and interpolate the rest,” says 
Georgiev. “But give me a 200-megapixel sensor and it would 
be much, much better.”

While few photographers want or need the 40-megapixel sensors 
found in some of today’s top-end models, tomorrow’s plenoptic 
cameras will require all that resolution and more. “We can use 
as many pixels as we can get our hands on,” says Lytro’s Akeley. 

“There are huge opportunities to build cameras that capture 
many more rays and as a result produce sharper, bigger pictures, 
with greater features.”

Ultimately, though, the main obstacle to the success of 
light-field imaging may hinge on the culture of photogra-
phy rather than on its technology. Lytro’s Chi concedes that 
many professional photographers feel threatened by tech-
nology that hands creative control to the viewer. Come the 
next generation of plenoptic cameras—which will allow you 
to adjust the picture’s exposure, shift colors, remove reflec-
tions, and jump into 3-D at the click of a mouse—such reac-
tions are bound to get even stronger. 

How consumers will react is a big question mark too. Fixing 
a blurred image is one thing, but do we really want to spend 
hours tinkering with our pictures? Will light-field technology 
democratize photography or destroy it, splintering a form of 
art into billions of ultrapersonalized collections that mean lit-
tle to anyone else?

Christopher Rauschenberg, owner of the Blue Sky photo 
gallery in Portland, Ore., offers a simple observation: “Viewers 
already decide what they see in a picture. Pick any artwork 
that speaks to you, think about what you see in it, and then ask 
someone else. They will see something different.” 

Beauty has always been in the eye of the beholder. But 
now, thanks to light-field photography, focus and perspective, 
among other attributes, will be too. ❏

POST YOUR COMMENTS

online at http://spectrum.ieee.
org/lightfieldcamera0512
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The Dawn of Haiku
Continued from page 40

each pass a message, which 
is placed in a central mes-
sage queue and dealt with 
in a specified order. Without 
that mechanism, the two 
threads would attempt to 
access Thread C simultane-
ously, creating a deadlock, 
in which they both just wait 
endlessly. With Haiku, mes-
sages can be passed within 
an application and also to 
other applications. Haiku’s 
message-passing code thus 
manages all the complexities 
of threading so that the devel-
oper doesn’t have to. 

T he ma i n reason t hat 
BeOS used multiple threads 
was because the BeBox was 
conceived of as a media plat-
form. One of BeOS’s mar-
keting monikers, in fact, 
was “the media OS.” While 
that might have been a bit of 
hype, the system was very 
go o d at  h a nd l i ng mu lt i-
media. In a typical product 
demo, a BeBox would play 
half a dozen different vid-
eos at the same time, with no 
lag or frame dropping, while 
the system still remained 
responsive. The efficiency of 
the system also allowed for 
low latency in audio process-
ing. While Haiku still needs 
work in these areas, it is well 
ahead of many other systems. 

A n o t h e r  a d v a n t a g e t h a t 
Haiku has over other oper-
at i ng sy ste m s i s  t h at  it 
makes extensive use of a 
database-like f ile system, 
which allows any file to have 

various attributes associ-
ated with it. These attributes 
can then be indexed and que-
ried just as in a contempo-
rary database. For exam-
ple, each e-mail message in 
Haiku is stored along with 
attributes such as the sub-
ject, the sender’s name and 
address, and the recipient’s 
name and address. From the 
operating system’s file man-
ager, known as Tracker, you 
can search on any of these 
attributes. Attributes also let 
you extract the song informa-
tion from MP3 files and then 

easily organize and search 
your music library through 
Tracker. Entries in Haiku’s 
address book, know n as 
People files, consist almost 
entirely of attributes.

Having your operating 
system organize your e-mail 
and address book offers a 
huge advantage: You’re no 
longer tethered to just one 
program to manage your 
e-m a i l  or you r cont ac ts . 
Anyone who has ever tried 
extracting old e-mails from 
a bloated Microsoft Outlook 
mail f ile will understand 
the beauty of this approach. 
Instead of having your e-mail 
locked into a proprietary for-
mat that’s accessible from 
only one program, Haiku lets 
you use whatever program 
you want—you can even use 
multiple programs on the 
same set of e-mails. Similarly, 
Haiku’s People files can be 
edited and managed by var-
ious programs and can even 

Trying out Haiku    On the Haiku website, you can 
download the latest alpha release or the more current nightly 
releases. For the best experience, we recommend at least a 
Pentium III with 256 megabytes of RAM and 2 gigabytes of stor-
age space. If you are a developer looking for a cool project, come 
join us. Even if you just fix a minor bug, we would greatly appreci-
ate your participation.
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be edited from within Tracker. No other 
operating system has so successfully 
implemented a database-like file system.

For all its capabilities, Haiku does lack 
some key things that users have come 
to expect. For example, most operating 
systems today have interfaces that are 
hardware accelerated. That allows fancy 
graphics like window shadows, trans-
parent window borders, and thumb-
nails of window contents to be handled 
in a fast, efficient way using video cards. 
Users of mainstream operating systems 
also have a huge array of applications 
to choose from. Haiku at the moment is 
limited to the few applications created 
specifically for it or left over from BeOS.

And like other open-source operating 
systems, Haiku suffers from a lack of hard-
ware drivers. Modern video cards, printers, 
and other components are complicated—
they’re like miniature computers in their 
own right, and they require complex pieces 
of software, called drivers, to work. The 
driver acts as a bridge between the oper-
ating system and the hardware. But these 
days there are so many types and brands 
and models of hardware that it’s hard for 
open-source developers to keep up. 

Fortunately, Haiku can build off 
work already being done by the thou-
sands of developers who work on Linux, 
FreeBSD, and other open-source oper-
ating systems. Haiku already makes use 
of FreeBSD’s network- and wireless-
card drivers through a special transla-
tion interface. Work is also under way to 
incorporate the new Gallium3D system, 
which looks to be the future for video-
card drivers on Linux.

W hat ’s more, many of Haiku’s 
strengths will likely never be matched 
by the leading operating systems, or at 
least not anytime soon. Linux applica-
tions aren’t designed for multithreaded 
use to the same extent as Haiku’s and 
thus can’t take full advantage of mod-
ern multicore hardware. With its Snow 
Leopard release of OS X two years ago, 
Apple added a new technology, called 
Grand Central Dispatch, that makes it 
easier for applications to use multiple 
threads. But there’s still just one thread 
for the application’s user interface, and so 
the “beach ball of death” persists. 

The latest release of Windows 7 is 
a big improvement over its predeces-
sor, but it still has many issues, such as 
widespread interface inconsistency and 

just plain information overload. The 
control panel alone is enough to give a 
user a migraine. Windows is also huge: 
A bare-bones installation of Windows 7
Ultimate will consume 20 gigabytes of 
storage. Even if you include the doz-
ens of free applications that come with 
Haiku, installing the operating sys-
tem will cost you only about 700 MB—
one-thirtieth the real estate required 
for Windows 7. And as for being a free 
and open system, neither Windows nor 
Mac OS will ever be either. 

Ultimately, Haiku represents a dif-
ferent way of viewing your personal 
computer. If you think that software 
shouldn’t be riddled with bugs and 
incompatibilities and inefficiencies, if 
you hate being forced to swap out your 
hardware and software every few years 
because “upgrades” have rendered them 
obsolete, and if you find that the idea of 
using an operating system that’s fast, 
responsive, and simple is refreshingly 
novel and appealing, then maybe, just 
maybe, Haiku is for you. ❏

POST YOUR COMMENTS online at http://
spectrum.ieee.org/haiku0512
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Ron T. Ogan

Candidates in 
2012 Election

 has 
received the names of the following 
candidates to be placed on this year’s 

from recommendations made by regional 

addition, the names include candidates for 

candidates, please visit http://www.ieee.org/

packages will be mailed on or before 15 August 

delivered to the proper mailing address, please 
visit http://www.ieee.org/go/my_account and 
update your member profile if necessary.

IEEE PRESIDENT-ELECT, 2013
J. Roberto B. de Marca

Tariq S. Durrani

Subscribe at: spectrum.ieee.org/newsletters

Tech-Alert Newsletter 
The latest ground-breaking technology and science 

news. Have it emailed directly to you! Weekly.

Computerwise News
Stay in-the-know with the latest news and analysis 

on Software, Systems, and IT. Biweekly. 

EnergyWise Newsletter
News and opinions from industry experts on power 
and energy, green tech and conservation. Biweekly.

Robotics News 
The latest news in robotics, automation, control systems, 
interviews with leading roboticists, and more! Biweekly. 

Now you can get the latest tech news, developments and opinions right in your email, all written and reviewed 
by the world’s foremost technology experts from the award-winning publication IEEE Spectrum!

Subscribe to these FREE newsletters today 
and you’ll always stay ahead of the technology curve in your industry.

Make sure your tech news stays new!

E X P E R T  N E W S  F O R  T E C H N O L O G Y  E X P E R T S
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Universität Stuttgart

The University of Stuttgart is an equal opportunity employer. Applications of women are strongly encouraged. 

The Faculty of Computer Science, Electrical Engineering and Information 

Technology of the University of Stuttgart invites applications for the position 

of a 

Professor (W3) for Telecommunications

and head of the institute for Telecommunications (“Nachrichtenüber-

tragung”) starting April 1, 2013. 

The ideal candidate has profound knowledge in the area of wired, optical 

and wireless communication. The focus spans from coding theory and opti-

mization of communication algorithms to aspects of the practical realization 

of communication devices and systems. The applicants are expected to 

their methods:

Optical and broadband communication systems

Coding, communication algorithms and cryptographic methods

Co-operative wireless systems 

Adaptive communication systems

Multiple-Input-Multiple-Output systems

The professor is expected to contribute actively to interdisciplinary research 

projects at the university level as well as in close collaboration with academic 

and industrial partners. A successful career in the private sector will be 

appreciated.

The professor contributes to undergraduate and graduate teaching in the 

area of telecommunications for the degrees “Electrical Engineering and 

Information Technology” (some of them in German language after about 

two years), the international Master program „Information Technology“ (in 

English language) as well as for study programs of other faculties.

The requirements for employment listed in § 47 and § 50 Baden-Württemberg 

university law apply.

Written applications should be sent no later than May 31, 2012 to the 

Dean (Dekan der Fakultät 5, Universität Stuttgart, Pfaffenwaldring 47, 70569 

Stuttgart, Germany) or via e-mail to bewerbung-inue@f-iei.uni-stuttgart.de.

The University of Stuttgart has established a Dual Career Program to 

offer assistance to partners of those moving to Stuttgart. For more information 

please visit the web-page under: www.uni-stuttgart.de/dual-career/

My Profession 
My Organization 
myIEEE

www.ieee.org/myieee
Login to

Microelectronics Competence Centre 
Ireland (MCCI) is an Enterprise Ireland 
and IDA Ireland funded technology 
centre hosted at Tyndall National 
Institute in collaboration with the 
University of Limerick.   Its mission 
is to carry out world-beating mixed-
signal and RF circuit research in 
collaboration with its industry partners.  
For more information, please look at

www.mcci.ie
There are currently three open 
research positions within MCCI:

Analogue Mixed-Signal Principal 
Investigator The Analogue Mixed-Signal 
Principal Investigator will report directly to 
the MCCI Director and will be responsible 
for leading the MCCI core research team.   
They will grow the core research team with 
high calibre talent to create a centre of 
excellence in Digitally Assisted Analogue 
microelectronic circuit design.  The Principal 
Investigator and their team will carry out 
innovative circuits research which will have 
impact internationally including publications 
in leading conferences such as ISSCC. 

Postdoctoral Researcher in Analogue to 
Digital Converters   A vacancy is available for 
postdoctoral researcher on the MCCI research 
project PSAR, to develop a 14bit 200MS/s 
pipeline SAR ADC on 40nm CMOS with 
digital background calibration. The successful 
candidate will work primarily on the key 
analogue circuits of the analogue-to-digital 
converter and contribute with other team 
members to the architecture and the design of 
calibration circuits. The successful candidate 
will report to the project principle investigator.

Postdoctoral Researcher High-Speed 
Analogue ASIC Design for Photonic 
Applications Applications are invited for 
a postdoctoral position on an MCCI project 
in high-speed ASIC design for photonic 
applications. The successful candidate’s 
main task will involve the design of 56Gb/s, 
PAM-4 transceiver electronics for short-
reach optical interconnect. In addition, 
he or she will contribute to the research 
programme targeting novel burst-mode 
electronics for long-reach optical access 
networks.  The successful candidate will 
report to the project principle investigator. 

For further information about any of the 
above positions, please contact the MCCI 
Director, Mark Barry (mark.barry@mcci.ie)

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next PageI
S q

q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents | Zoom in | Zoom out | Front Cover | Search Issue | Next PageI
S q

q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

_________________________

__________

http://www.qmags.com/clickthrough.asp?url=www.mcci.ie&id=17257&adid=P52A3
http://www.qmags.com/clickthrough.asp?url=www.uni-stuttgart.de/dual-career/&id=17257&adid=P52A2
http://www.qmags.com/clickthrough.asp?url=www.ieee.org/myieee&id=17257&adid=P52A1
mailto:bewerbung-inue@f-iei.uni-stuttgart.de
mailto:mark.barry@mcci.ie
http://www.qmags.com/clickthrough.asp?url=http://spectrum.ieee.org&id=17257&adid=P52E1
http://www.qmags.com/clickthrough.asp?url=www.spectrum.ieee.org&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.qmags.com&id=17257&adid=logo
http://www.qmags.com/clickthrough.asp?url=www.spectrum.ieee.org&id=17257&adid=logo


53SPECTRUM.IEEE.ORG

SHARDA UNIVERSITY
is a leading University in India, having UG, 
PG and Doctoral programs in Engineering 
and Technology, Business Studies, 
Architecture, Medical & Dental Etc.

Experienced Faculty is invited in the areas of Engineering & 
Technology, Business Studies, Design and Architecture as 
Assistant Professors, Associate Professors, and Professors.  

NRIs & Expats interested to take up long/short term or 
tenure track positions may apply.

Annual Compensation: Negotiable.

For details, please log onto our website 

www.sharda.ac.in
CVs may be forwarded  
to Vice Chancellor:
jp.gupta@sharda.ac.in

Take advantage of
your member benefits.
The IEEE Job Site can help
you find your next ideal job.
www.ieee.org/jobs

IEEE Global History Network
www.ieeeghn.org

Innovation doesn’t just happen.
Read fi rst-person accounts of
IEEE members who were there.

Stay Connected
Spend less time worrying and more time 
communicating with an IEEE Email Alias.

www.ieee.org/alias

www.tue.nl/jobs

  Where innovation starts

Eindhoven University of Technology (TU/e) is looking for a: 

Full Professor in Microsystems

Do you inspire your team to excel in 
pushing the limits of current research?
Within the Mechanical Engineering department we intent to create a new full time chair, 
which joins the activities in the different fields of Microsystems. Are you the enthusiastic, 
motivating, and inspiring personality who is going to lead this chair?

Miniaturization of systems and processes is 
a trend that is pushing the limits of current 
research possibilities in many different 
ways. For instance, the influence of small 
scale chemical and physical processes  
dramatically changes the behavior of the 
system, while in the same time, microsystem 
design and manufacturing need new challen-
ging approaches. This area of engineering 
on the nano- and micro-scale is strongly  
connected to applications within the health 
sector (e.g. pharmaceutical and biochemical 
technology) and the energy and environmental 
sectors. As a result, this has created new 
business with a particular high concentration  
in the Eindhoven Brainport area for major 
players like Philips and ASML, but also new 
collaborative initiatives like Holst. At TU/e, 
research and teaching in microsystems  
design and processes form transverse  
activities across traditional engineering  
disciplines such as mechanical design,  
material processing, energy technology,  
control engineering and more generally,  
applied physics.

Looking for you
You will be the chair of the Microsystems 
group, and the scientific leader of its research 
activities in the broad topic of microsystems, 
but may have a personal scientific profile 
within one of the subareas in the field.  
You take part in the teaching activities of 
mechanical engineering and will play an active 
role in the partnerships of the mechanical 
engineering. We also expect you to establish/
strengthen research contacts with partners 
within and outside of TU/e, including  
industry and other non-academic institutes. 
Do you have a PhD in micro-engineering, 
mechanical engineering, material science, 
applied physics or electrical engineering, 
preferably related to the described research 
area? Do you have a broad experience and 
excellence in scientific research and inter-
national recognition by experts in the field? 
Is (content-wise) coaching research work  
of others one of your strengths?  

Take a look at www.tue.nl/jobs for the full 
job description. Applications are open until  
1 July 2012. 
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The Max Planck Center for Visual Computing and Commu-
nications offers young scientists in information technology 
the opportunity to develop their own research program ad-
dressing important problems in areas such as 

The center includes an outstanding group of faculty mem-
bers at Stanford’s Computer Science and Electrical Engi-
neering Departments, the Max Planck Institute for Informat-

The program begins with a preparatory 1-2 year postdoc 
phase (Phase P) at the Max Planck Institute for Informatics, 
followed by a two-year appointment at Stanford University 
(Phase I) as a visiting assistant professor, and then a posi-
tion at the Max Planck Institute for Informatics as a junior 
research group leader (Phase II
be entered flexibly at each phase, commensurate with the 

Applicants to the program must have completed an outstand-

Applicants who completed their PhD in Germany may enter 

expected to have completed a postdoc stay abroad and must 
have demonstrated their outstanding research potential and 

Reviewing of applications will commence on May 1, 2012
The final deadline is June 30, 2012
submit their CV, copies of their school and university re-
ports, list of publications, reprints of five selected publica-
tions, names of references, a brief description of their pre-
vious research and a detailed description of the proposed 
research project (including possible opportunities for col-
laboration with existing research groups at Saarbrücken 
and Stanford) to:

Max Planck Institute for Informatics, 
Campus E1 4, 66123 Saarbrücken, Germany 
Email: mpc-vcc@mpi-inf.mpg.de

The Max Planck Center is an equal opportunity employer 

Additional information is available on the website 
http://www.mpc-vcc.de

Max Planck Institute for Informatics

The Max Planck Institute for Informatics, as the coordinator of the Max Planck Center for 
Visual Computing and Communication (MPC-VCC), invites applications for

Junior Research Group Leaders 
in the Max Planck Center for Visual Computing and Communication

Job Opening
professor KU Leuven (Belgium)

Efficient End Use of Electrical Energy

- www.esat.kuleuven.be/electa -

The group Electa of the KU Leuven,  has an 
opening for a full-time academic staff member 
(any grade). 

The KU Leuven is the oldest university of 
Belgium, and ranked within the top 100 
universities in the world. The research unit 
ELECTA is a key partner in the field of electrical 
energy systems and smart grids, both locally 
and internationally, with both academic and 
industrial oriented projects. It received the mark 
'excellent' during the recent research visitation 
(2011). The group is also co-responsible for the 
highly successful 'Master of Science in 
Engineering: Energy' at the KU Leuven. Electa is 
part of the EnergyVille research center.

Candidates should be excellent researchers 
and teachers in smart grids and cities.

More information: info26@esat.kuleuven.be or 
contact the professors at the research unit.

DEAN, NUS SCHOOL OF COMPUTING
The National University of Singapore 
(NUS) invites applications for the position 
of Dean, School of Computing.

NUS is a multi-campus university of global standing, 
with distinctive strengths in education and research 
and an entrepreneurial dimension.  It has an 
enrolment of 26,700 undergraduate and more than 
10,500 graduate students from 100 countries. NUS 
has three Research Centres of Excellence (RCE) and 
21 university-level research institutes and centres, and 
also enjoys a close association with 16 national-level 
research institutes and centres. Research activities 
are strategic and robust, and a ‘no walls’ collaborative 
culture forms the bedrock of NUS’ research-intensive 
vibrancy. In addition, a spirit of entrepreneurship and 
innovation promotes creative enterprise university-
wide. NUS plays an active role in international 
academic networks such as the International Alliance 
of Research Universities (IARU) and Association of 
Pacific Rim Universities (APRU). It is ranked amongst 
the best universities in the world, and is well-regarded 
for research and teaching in multiple disciplines. For 
more information, please visit: www.nus.edu.sg

Established in 1998, NUS School of Computing 
provides a stimulating environment that amalgamates 
the best of educational traditions, drawing its faculty 

members of 90 from leading universities around the 
world. It has a student population of about 2,300, 
out of which 500 are graduate students.  It operates 
on the clear recognition that computer science 
fundamentals must play a critical role in many 
emerging technologies, and information systems 
and their effective management are of strategic 
importance to businesses, government agencies and 
charitable organizations. This operating philosophy 
drives the approach of the School to both teaching 
and research. For more information, please visit: 
www.comp.nus.edu.sg

The University seeks to appoint a distinguished 
scholar, with outstanding academic and 
administrative leadership as Dean of the School 
of Computing. The Dean will lead the School in all 
administrative and academic matters, including 
strategic planning, research and program 
development, funding and implementation of 
academic review process. The successful candidate 
is expected to be a dynamic leader with strong 
management and communication skills.

Please send applications, enquiries or nominations, 
with detailed curriculum vitae, by 15 June 2012 to: 

Professor TAN Thiam Soon
Vice Provost (Education)
Chair, Dean Search Committee
National University of Singapore
University Hall, Lee Kong Chian Wing
#UHL-05-01D
21 Lower Kent Ridge Road
Singapore 119077
E-mail address: pvobox7@nus.edu.sg

Look No Further!
We Have Internship 

Opportunities for Students.

Visit us at:  

www.AfterCollege.com/ 
IEEE_Internships

Are You An Electrical  
Engineering Student

Looking For An Internship?
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Visit www.tryengineering.org today!
Brought to you by IEEE, IBM and TryScience

T

See the exciting work that engineers do

Learn how they make a diff erence

Play online games and challenges

Find accredited engineering 
 programs, summer camps, 
 lesson plans, and more

Explore the amazing world of engineers—
all in one web site…

TryEngineering.org
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Applications are invited for:-

Faculty of Engineering
Professor
(Ref. 1112/162(370)/2)
The Faculty invites applications for a full Professorship post in its new 
undergraduate Energy Engineering Programme, which is scheduled to
be launched in fall 2012. The appointee will concomitantly serve as the
Programme Director and lead the development and promotion of the
programme, staff recruitment and fostering partnership with industries,
in addition to teaching and research in energy engineering.

Applicants should have (i) a doctoral degree in a relevant engineering 
or scientific discipline related to energy engineering; and (ii) 
recognized leadership in the academic discipline. Appointment will 
normally be made on contract basis initially commencing August 
2012, which, subject to mutual agreement, may lead to longer-term
appointment or substantiation later.

Salary and Fringe Bene ts
Salary will be highly competitive, commensurate with cations
and experience. The University offers a comprehensive fringe
bene  t package including medical care, a contract-end gratuity
for an appointment of two years or longer, and housing bene ts 
for eligible appointee. Further information about the University
and the general terms of service for appointments is available at
http://www.per.cuhk.edu.hk. The terms mentioned herein are for
reference only and are subject to revision by the University.

Application Procedure
Please send full curriculum vitae, together with a cover letter describing
how the applicant can bring signi cant value to the programme, and 
contact information of three professional references, to the Dean, 
Faculty of Engineering by e-mail to energy-pd@erg.cuhk.edu.hk.
Review of applications begins now, and will go on until the post is 

lled. The University reserves the right to ll the post by invitation.
The Personal Information Collection Statement will be provided upon
request. Please quote the reference number and mark ‘Application –

dential’ on cover.

Discover more.
IEEE Educational Activities

A range of programs and learning 

resources are available for working 

technology professionals, professors, 

teachers, and students:

Pre-University Education 

University Education

Continuing Education

IEEE Educational Board Activities and Awards

IEEE-ETA Kappa NU – IEEE Honor Society

  Discover more: www.ieee.org/education
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Source: USPS annual reports at 
http://about.usps.com/who-we-are/
financials/welcome.htm G
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FIRST-CLASS 
AND STANDARD 
(“BULK”) MAIL are 
the USPS’s two cash 
cows. Since 1997, 
first-class mail has 
brought in a reliably 
steady US $33 billion 
to $38 billion per 
year. If there’s a 
Facebook or an 
e-mail effect, it’s a 
small net negative 
buried in bigger 
numbers. Standard 
mail’s piece of the 
pie actually goes 
up from $12 billion 
to $15 billion from 
1997 to 2001 and 
from $17 billion 
to $20 billion 
from 2002 to 
2007. Packages 
have brought in 
a comparatively 
paltry $1–$2 billion 
annually throughout.

Despite the fact 
that the backbone 
of the USPS’s 
business remains 
strong, in 2007 
the AGENCY’S 
ANNUAL LOSSES
go off the charts. 
By law it had to 
begin socking away 
the health-care 
costs of its retired 
workers through 
the year 2081. “The 
post office is really 
the victim of an 
invented crisis,” says 
Rubio. “The Internet 
poses a challenge. 
But it also poses 
opportunities and 
possibilities. The 
real problem is 
the law Congress 
passed in 2006.”

T
IEEE Spectrum

—Mark Anderson

Revenue, US $, billions

Expense, US $, billions

10 billion pieces
of first-class and 
standard mail

E-mail Isn’t Killing the Post Office
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Together, we are advancing technology.
Now over three million documents in IEEE Xplore®

IEEE Xplore® Digital Library
www.ieee.org/ieeexplore

Thank you for your authorship.
To all the technology authors around the 

world, whose collective works in IEEE Xplore

have exceeded three million documents, 

thank you from all of us at IEEE. You inspire 

tomorrow’s innovations. 
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GENERATE
HDL CODE
AUTOMATICALLY

MATLAB 

Simulink

from

Find it at 
mathworks.com/accelerate
datasheet
video example
trial request

®

HDL CODER™ automatically
converts Simulink models and
MATLAB algorithms directly into  
Verilog and VHDL code for FPGAs or 
ASIC designs. The code is bit-true, cycle-
accurate and synthesizable.
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