


Top of the FLOPS

The widely quoted Moore’s Law pre-
dicts that processing power will double
every 18 months. So far the trend, attrib-
uted to Intel cofounder Gordon Moore,
has held true. Processors continually speed
up and supercomputers combine them in
ever larger numbers. Today’s fastest com-
puters, including the Blue Gene machines,
are at the teraflop scale—one trillion cal-
culations every second.

But engineers already have their
sights set on the next benchmark: petas-
cale computers, which would be a thou-
sand times faster, performing one
quadrillion calculations per second. The
National Science Foundation announced
it would enable petascale computing for
science and engineering by the year
2010. Many scientists say they could
occupy a machine of that size with exist-
ing calculations.

Some question whether Moore’s Law
will eventually reach a limit. At some
point, computers can’t pack more pro-
cessing power into a small space without
overheating the components. On the
other hand, machines can’t be so widely
dispersed that information, which is lim-
ited by the speed of light, takes too long
to travel from one processor to another.

Quantum computers and DNA comput-
ers may someday introduce new tech-
nologies, even as today’s machines reach
their physical limits. “Most likely while
we’re sitting around debating how much
further we can go with silicon comput-
ing, some genius is on the verge of a rad-
ical new invention,” says Allan Snavely.

the Institute for Systems
Biology in Seattle, which pre-
dicts structures for human pro-
teins. In summer 2006 CERN,
in Geneva, announced a proj-
ect to study malaria on the
grid, and Israeli scientists hope
to map genetic diseases.

The benefits of such a scheme
are The Human
Proteome Project recently fin-
ished rough predictions for all
the proteins in the human
genome in a single year—a job
that would have taken a century
on the available laboratory clus-
ter. Buying equivalent comput-
ing time for Folding@Home
from a company like Sun
Microsystems would cost $1.5 bil-
lion a year, Pande says.

But it’s an open question
how many codes will work on a
motley collection of home com-
puters, accommodate unpre-
dictable run times, and tolerate
infrequent communication.
Problems that work best on the
grid are the ones that don’t
require a lot of back-and-forth
communication. SETI@home is
a classic example; each user runs
the same pattern-recognition
algorithm on a different chunk
of radio-wave output. In geek
speak, this is an “embarrassingly
parallel problem”—one that can
easily be split into independent
tasks on many processors.

Embarrassing or not, many
biological computing problems

obvious.

may eventually become parallelized. “In
biology you're looking at a very large num-
ber of small bits of data,” Bourne says.
And clever algorithms may succeed in run-
ning even complex problems on the grid.
“Protein folding was not something that I
think people would have thought could be
broken up,” Pande says. “My gut feeling is
that there will be many things that could
be suited to this type of technology.”

It’s a question of being on the “leading
edge” of science versus the “bleeding
edge,” he admits. “A lot of people don’t
want to get cut by the bleeding edge.”
Many scientists are wary of investing time
in a technology that’s in its infancy. To
ease the transition, the Berkeley Open
Infrastructure for Network Computing
(BOINC), which is funded by the NSF,
offers free CPU-scavenging code to inter-
ested researchers. The Open Grid Form,
launched in June 2006, aims to establish
standards and promote grid computing in
the research community. And the World
Community Grid provides free coordina-
tion for distributed computing projects
that have a humanitarian bent. Since its
launch in 2004 the World Community
Grid has hosted fightAIDS@home and

the Human Proteome Folding Project.

BIOLOGICAL SIMULATIONS

Enthusiasm for grid computing must
be tempered by realism. Some problems
will never run on the grid. In particular,
some large-scale simulations and visual-
izations are just too convoluted to split
up. Every component is constantly inter-
acting with every other part. In a recent
simulation of the human heart at the San
Diego Supercomputing Center, the flag-
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ship machine spent 99 percent of its time
twiddling its thumbs (at a billion cycles
per second) waiting to receive its neigh-
bor’s results. Running this problem on a
grid, where communication takes sec-
onds rather than nanoseconds, would be
an exercise in frustration.

In 1995, fewer than one in 20
using the San Diego
Supercomputing Center was a biologist.
By 2005, that number had quadrupled to
almost one in five, and government labs
are seeing a similar trend. Last October,
researchers at Los Alamos National
Laboratory in New Mexico completed the
first biological simulation to incorporate
more than a million atoms: They used
Newton’s laws of motion to watch the
2.64 million atoms of the ribosome man-
ufacturing a protein. Such atomicscale
simulations allow researchers to mimic
experiments in silico, observing processes
at slower speeds or at a magnified scale.
Biologists at IBM Research now use their
Blue Gene machine largely for molecular
dynamics applications, says Robert

researchers

Germain, PhD, a staff researcher at IBM
T] Watson Research Center near New
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York City. A recent detailed simulation of
the membrane protein rhodopsin, which
used about a third of their machine’s
mammoth computation power, suggested
that water molecules may play an active
role in its function.

“I think we will model larger and larg-
er biological systems,” Germain predicts.
He also sees the models them-
selves improving. While simulat-
ing a living thing is not inher-
ently different from recreating a
physical event—exploding galax-
ies, say, or air flowing over an
airplane wing—biology has more
complex  structure. Kevin
Sanbonmatsu, PhD, the Los
Alamos researcher who ran the
ribosome simulation, began his
career in physics, but appreci-
ates biology’s challenges. When
writing the code to model a
ribosome, Sanbonmatsu says, he
had many more types of atoms that had
to be placed in specific locations than if
he were modeling a semiconductor.

The toughest demands for a combi-
nation of size and speed may come from

clinical practice. “We have an insatiable
appetite for high-performance comput
ing,” says Charles Taylor, PhD , associ-
ate professor of bioengineering and sur-
gery at Stanford University. His group
solves fluid-dynamics equations that
model blood flow through arteries.
Beginning with a 3D image from a

In 199b, fewer than

one in 20 researchers using the
San Diego Supercomputing

Center was a biologist.

By 2005, that number had
quadrupled to almost one In five.

patient, Taylor recreates the inner work-

ings of large arteries at millimeterscale
resolution, problems which incorporate
5 million to 10 million variables, each
depending on all the others. Someday he
hopes a surgeon could compare different
options in the computer to decide on the
best procedure for a particular patient.
Unfortunately, today even Taylor’s ded-
icated, 64-processor SGI supercomputer
struggles when confronting a scenario with
medical complications. An aortic arch
with turbulent flow downstream requires
calculating every 10 microseconds, mean-
ing it takes 10 thousand or 100 thousand
steps to complete a single cardiac cycle.
“You want to be able to turn these
around really quickly,” he says. Today's
computers take days to run the model;
doctors would like to compare multiple

IBM researchers ran molecular dynamics sim-
ulations on Blue Gene that show the protein
rhodopsin (silver ribbon) interacting with
specific omega-3 fatty acids in the surround-
ing membrane. The work suggests that fatty
acids play a role in rhodopsin’s function as
the protein receptor primarily responsible
for sensing light. This simulation ran for two
million timesteps of one femtosecond (one
quadrillionth of a second) each. Membrane-
protein research commands one third of the
Blue Gene supercomputer’s nodes. Courtesy
of Michael Pitman, IBM Research.
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Above: In this fluid dynamics model of blood
flow, the colors display variations in the peak
systolic blood pressure from the aorta to the
lower extremities. Abrupt pressure changes
show regions of relative inefficiency in the cir-

treatment options in just a few hours. The
computing power necessary to do that is
likely on the horizon, he says. Taylor
serves on a government panel looking to
integrate supercomputers in the medical
device industry, the way aerospace and car
manufacturers did in the past. He says, “I
feel pretty confident that ten years from
now, we'll look back on this time and we’ll
find it hard to imagine that these tools
were not used in clinical practice.”

GENETICS’
INFORMATION OVERLOAD
Biology is seeing its databases explode.

Nowhere is this more dramatic than in
genetics. The vast amount of data provid-
ed by sequencing the human genome in
2003 was a turning point for biology’s use
of computers. Bioinformatics researchers
can now comb through the sequences
looking for patterns and similarities. One
of the most promising techniques is
whole-genome  comparisons  where
researchers search for portions of the
genome that are conserved across species,

suggesting they may be important.
Again, this turns out to be an NP-hard
problem, demanding enormous comput-
ing power for genomes that may include
billions of base pairs.

And this is only the beginning.
Every year it gets cheaper to sequence
more genomes.

“The amount of biological data avail-
able is increasing much faster than the
increase of single processor speeds. It’s
going much faster than Moore’s Law,”
says Serafim Batzoglou, PhD, assistant
professor of computer science at
Stanford University. Supercomputers
will be needed to store, access and ana-
lyze this data. The first human genome
took years to sequence, and cost millions
of dollars. Today every few months a
new genome appears. As sequencing
technologies get cheaper, it’s likely that
within a few years we’ll have hundreds of
human genomes and thousands of dif-
ferent species, Batzoglou predicts.

“The situation has been like quicksand
ever since | arrived,” laments Robert

culation. This type of simulation means simul-
taneously solving millions of nonlinear equa-
tions and, for the finest resolution, requires
days of computation time on a 64-processor SGlI
supercomputer. Courtesy of Charles Taylor,
Stanford University.

Christoph Sensen, PhD, professor of bioin-

formatics and director of the Centre for
Advanced Technologies at the University of
Calgary, looks down on a larger-than-life
image of muscle structures. He is standing
inside the CAVE, a 4D virtual environment in the
Sun Center of Excellence for Visual Genomics.
CAVE computers running JAVA code project high-
resolution images at 112 times per second, envelop-
ing visitors in visions of DNA, cells, or--in this case--
the human body. Courtesy of Christoph Sensen.
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Petryszak, a technician who for the past
three years has managed incoming
sequences for the InterPro database at the
European Bioinformatics Institute in
Cambridge, England. “The horizons have
been changing almost monthly.” Petryszak
adds incoming protein sequences to the
database and then
sequences periodically using both an in-
home cluster and an external supercom-
puter. When biologist Craig \enter,

annotates the

quickly to send to users is difficult.

“The amount of data is just going to
be enormous,” Petryszak says. “That’s
going to cause a headache, even for the
supposedly heavyweight databases.”

BiomeDICAL COMPUTING
FOR THE 21ST CENTURY
In biology today, supercomputing is the
exception. Even computational biologists
tend to solve problems using the comput-

A case in point is geneticist Batzoglou,
a convert to large-sscale computing.
Although his own background is in com-
puter science, he initially shrugged off
news that his department had acquired a
600-processor supercomputer for the bio-
sciences. But after the machine arrived, he
and his graduate students became some of
the biggest users. Last summer, Batzoglou
invested $55,000 in grant money to buy
his own 100-processor cluster.

“Biology is probably going to be the largest user of high-performance

computing in the 21st century,” Germain predicts.

PhD, publishes results from his shotgun
sequencing project and the sequences go
public, Petryszak says, it could triple the
Interpro database from its current 600
gigabytes to 1.8 terabytes by the end of
2007. Storage is not a problem, but index-
ing the sequences and accessing the data
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As part of the Blue Brain project, high-performance computers
are being used to model the human brain. In preliminary wet-
lab research shown here, researchers stained columns of neu-
rons in the neocortex to design a detailed model of its circuitry.
Each column contains 10,000 individual neurons; thousands of
columns together make up the neocortex. Blue Brain
researchers hope to simulate the entire neocortex. In January
2005, the team announced they had simulated 10,000 neurons
on the Blue Gene/L machine, a model 10 million times more
complex than any previous neural simulation. The project is a
collaboration between IBM and the Ecole Polytechnique
Federale de Lausanne in Switzerland. Courtesy of IBM Research.

ers they have on hand. Few dream up ques-
tions that would require more resources.

“We have a need for high-performance
computing in biology, but there’s no
demand,” says Nathan Goodman, PhD,
senior research scientist at the Institute for
Systems Biology in Seattle, WA. “If you go
to a field like physics,
people are always think-
ing “What could I do if [
had more computing
power.” They under-
stand that their ability to
analyze data is limited by
their ~ computational
power.” It’s a Catch-
22, he says. Biologists
don’t have access to
large computers and so
they don’t propose prob-
lems that would require
they
don’t propose the prob-
lems, they don’t
acquire the resources.
Whether it’s a question
of training or simply the
culture of the discipline,
biologists are not yet
making the most of
large-scale computing.

“Why daydream
about something you
don’t have?” Pande says.
“But if you give [biolo-
gists] the resource, and
especially give the stu-
dents access to it, then
they will come up with
new algorithms and
new uses.”

them. Because

L
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“Before we started using it, we didn’t
realize how useful it is to have such huge
computing capabilities,” recalls Batzoglou,
who writes algorithms to analyze genetic
sequences. “If there’s anything we've
learned it's that the more computing
power we have, the more we are going to
find ways to use it.”

Some fields angle to capitalize on
the growth in computing power. The
Petascale Collaboratory for the
Geosciences, an ad hoc group of scien-
tists established in 2004, draws up
questions for the upcoming generation
of supercomputers. “I would love to see
an analogous effort with biologists,”
says Snavely, a member of the task
force. “To my knowledge there hasn’t
been this meeting of the minds that
says, ‘OK, if this is where the technolo-
gy is going, what important biology
problems do we think we could solve?””

“Biology is probably going to be the
largest user of high-performance comput-
ing in the 21st century,” Germain pre-
dicts. Sure, this might sound like old
news to long-time observers of the bio-
logical sciences. But hype in the early
1990s was premature—biological models
were still too rough and the computing
power was insufficient, says Michael
Pitman, PhD, who leads the membrane
protein group at the IBM TJ] Watson
Research Center in Yorktown Heights,
New York. Finally, he says, we're nearing
the point where supercomputers can live
up to the hype. “I've been very encour-
aged by the kinds of questions we can ask
and the quality of answers we’re getting,”
he says. “I do feel that we’re in a new era
for supercomputers in biology.” []
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