








Right:TheAllenTelescopeArrayisnearHatCreek,about300milesnorthofSan

Francisco.Theseeminglyrandomantennaplacementgivesanear-Gaussian

distributiontothespacingsbetweenantennapairsandproducesundistorted

images of the sky.

Below, right: A tiny piece of a SETI observation at Arecibo in 1998. Each line

coversabout 1.25 megahertzfrom left toright across the screen.The sharp

peaksarealllocalsignals—fromeitherground-basedtransmittersorsatellites

inEarthorbit—exceptforthetripletonthepurplelinethat’ssecondfromthe

bottom,whichisfromPioneer10’sradiotransmitter.Thetwosmall,flanking

peaksarecalledsidebands,andshowthatthesignalisamplitudemodulated—

in other words, the spacecraft was still sending back data.

This graph shows the radius (in
light-years) ofasphere centered
onEarthversustheyearbywhich
we will have listened to all the
candidatestarsystemswithinthat
sphere. For each N, or number
of civilizations “on the air” out
there, the arrow marks the year
by which we will have listened
to enough stars to have found
someone broadcasting.

what does it look like when you fly through a
wormhole?”I'd tell them that, relativistically,
the whole universe collapses into a bright
point of light in front of you and one behind
you. But, | added, visually that's not very
interesting, so most movies animate the view
one would have while flying through a pig’s
intestine instead. Which is what they did.
People frequently assume that, in trying
to recognize E.T., we look for particular
patterns in the radio noise—the value of pi,
perhaps. We don't. We're not looking for a
modulation, just a narrowband signal. The
wider the bandwidth, the more noise col-
lected by the receiver. So if the aliens want
to be heard, they'd take all their transmit-
ter power and put it into a one-hertz-wide
channel or less—as narrow as they can
make it. They can't push much information
through a channel like that, of course, but at
least it tells us that they're on the air. Then
they could have lower-power transmitters
sending more interesting signals. If we
found that narrowband

signal, we'd go after that spot on the sky for
all we were worth, looking for the informa-
tion channel.

At right is a bit of a spectrum from the Na-
tional Astronomy and lonosphere Center’s
Arecibo Observatory radio telescope, which
is run by Cornell. (The whole spectrum
covers some 20 megahertz.) You can see
several narrowband peaks in there, but
they're all local interference, save one—the
radio transmitter aboard NASA's Pioneer
10, which at that point was about two times
as far away as Pluto. We occasionally listen
to a spacecraft, just to make sure that
everything is still working. Otherwise, we
wouldn’t know whether a nonresult means
that there’s no signal to be seen, or whether
it just means that some component in our
system has silently quit on us.

Finding E.T's signal was very easy for
Jodie Foster—she just sat on the hood of
a car for about 20 seconds with a pair of
earphones. | pointed out to Warner Brothers
that we were monitoring 56,000,000 chan-
nels, so they should really put 28,000,000

pairs of earphones on her. They said it
would crowd the shot, so
they didn't do it.
In the real

world, looking for
a signal takes a

infared s w lot of computer

opt* processing. The
incoming stream
of cosmic static
is Fourier trans-
formed, almost in

AllthemajorSETIprojects
ever done cover a very
small portion of the
possible search space.
Distances are in light-
yearsandfrequenciesare
in gigahertz.

real time, and split into frequency channels
roughly 1.4 hertz wide and separated by
about a hertz. The software then examines
all of these channels once per second,
recording the amount of power in each. A
single observation typically lasts four to five
minutes, and once it ends, the computer
paws through the data, looking for sig-
nals that pulse slowly, say once every few
seconds. The software also looks for signals
that have slowly drifted up or down the radio
dial. This is extremely important. If a signal
has zero frequency drift, it means that the
transmitter is rotating with Earth, so the
source is either bolted to our planet oris in a
geosynchronous orbit. The filtering process
typically nets us a dozen or so candidates
per observation, which are compared to a
database of known sources of interference.
In general, we can tag a signal as terrestrial
or not within 10 minutes or so. Some candi-
dates have endured closer scrutiny for a few
hours. In 1997, one lasted even longer than
that, but eventually was traced to the NASA/
ESA solar research satellite named SOHO.
So far, we've been using other peoples’
telescopes, which is like doing cancer re-
search with borrowed microscopes. There-
fore, even though the first radio search was
done almost 50 years ago, the total number
of stars that we've looked at carefully over
a wide range of frequencies is fewer than
1,000. In a galaxy of a couple of hundred

billion stars, that's nothing. But the situation
is about to change.

Our new instrument, the Allen Telescope
Array, currently consists of 42 six-meter
dishes. It's named for Microsoft cofounder
Paul Allen, who gave us and UC Berkeley
the money to get started. The array will
eventually have 350 antennas, funding
permitting. The Berkeley Radio Astronomy
Laboratory is already using it, and we’'ll have
two SETI projects under way on it by this
summer. We can both use it 24/7—while
the Berkeley guys are mapping galaxies, or
whatever, we'll be checking the foreground
stars in the same field of view for E.T's
signals.

Each dish has a compact, state-of-the-
art feed horn that covers the microwave
spectrum from 0.5- to 10.5-gigahertz. Most
radio-astronomy receivers are only good
over a few hundred megahertz, and if you
want to switch between different spectral
regions you have to physically change out
the receiver-feed horn combo. Usually
this means sending someone up to the
focus with a wrench, although on some big
telescopes, like Arecibo, you can just push
a button in the control room to rotate the re-
ceiver turret. Receiver turrets are big, heavy,
and expensive, so they weren't practical
for the Allen Array, and changing 350 feed
horns by hand is not something I'd want to
do. Inside our wide-spectrum feed horn,
our receiver is also state-of-the-art—a tiny
chip designed here at Caltech by Faculty
Associate in Electrical Engineering Sander
“Sandy” Weinreb. His chip works over

our entire 10-gigahertz frequency span—a
remarkable feat—and together with the feed
horn makes a near-perfect low-noise device.

WHEN WILL WE FIND THEM?

I'm now ready to answer the question
| posed in my title: when can we expect
success? We're looking for a needle in a
haystack; that’s the usual metaphor. We
know how big the haystack is—it’s the gal-
axy. We don't know how many needles there
are, but we can reckon how fast we're going
through the hay. SETI's speed doubles, on
average, every 18 months, because we use
digital electronics that obey Moore's Law.
This trend will continue for at least another
couple of decades. If we factor in the ge-
ometry of the galaxy, we can calculate how
far out into space we will have listened to
all the interesting star systems by any given
year, assuming we relentlessly observe
them in order of distance. The Ns in the plot
above are guesses by various people as to
how many needles are in the haystack. Carl
Sagan figured a couple of million, and if he's
right we should succeed by 2015. Isaac
Asimov figured 670,000, and if he’s right, it
should take until 2023. Frank Drake is more
conservative, with only 10,000 civilizations
broadcasting in the galaxy right now, and
consequently it takes until 2027—at which

point we will have looked at the nearest mil-
lion star systems, three orders of magnitude
better than we've done so far.

Mind you, all of these numbers could be
completely wrong, but it is these guesses
that motivate our efforts. The total number of
people that work in SETI is fewer than any
two rows of audience members in this room,
but nonetheless, if that range of estimates is
right, we'll find E.T. within two dozen years.
I'm so sure of this that I'll bet all of you a
cup of Starbucks on it. So either you'll hear
news of a detection within two dozen years,
or you'll get a cup of coffee in the mail. If we
don't find E.T. within a generation, there is
something very fundamentally wrong with
our assumptions.

There's a counterargument to be made
here, which was first posed in the 1950s by
physicist Enrico Fermi. The Fermi Paradox
runs as follows. The timescale for colonizing
the galaxy, even with such primitive tech-
nologies as rockets, is not very long. It's on
the order of tens of millions of years, which
is short compared to the age of the galaxy.
Therefore, if there is intelligence out there,
the galaxy should have been colonized a
long time ago. As Fermi himself is sup-
posed to have put it, “Where is everybody?”
Resolving this paradox is a cottage industry
in its own right, with explanations running
the gamut from “Colonizing the galaxy is
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Therapidriseinthenumberof MIPS (Millions
ofInstructionsPerSecond,ameasureofcom-
putingpower)thatyoucanbuyforaconstant
pricehasrapidlyoutstrippedtheevolutionary
pace of biological brains. Graph courtesy of
HansMoravecatCarnegie MellonUniversity’s

Robotics Institute.

not cost-effective, so they're smart enough
not to have bothered”to “They have indeed
colonized the galaxy, but we just haven't
noticed,’in the same way that ants probably
don't notice us. | think the so-called paradox
is fallacious—a very big extrapolation from
a very local observation. Using similar logic,
| can go into my backyard and say, “You
know, there are no bears here. But they've
had plenty of time to arrive. Therefore bears
must not exist.”

GREEN, GRAY, BORG, AND BEYOND

The SETI community doesn’t know what
the aliens will look like, but Hollywood does.
This is not irrelevant, because our idea
of what they may be like determines our
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search strategy. One hundred years ago
we thought that the Martians had a plan-
etwide, canal-based society, and we could
find them with large telescopes in Flagstaff.
Today we're talking about sending robots to
Mars to drill holes to look for bacteria. What
you think you're looking for affects how you
look for it.

There are a few good Hollywood aliens,
like the guys who gave Richard Dreyfuss
a joyride in Close Encounters of the Third
Kind. You can always tell the good ones;
they look like little kids. But most Hollywood
aliens are bad, War of the Worlds bad. The
ISO standard alien—what UFOlogists call a
“gray”—is just a projection of what we think
we're going to become as we slowly lose
our olfactory sense, our teeth, and so on.
And, of course, we'll all be sitting around
designing websites, so we'll have big eyes.
All of these aliens are very anthropomor-
phic—soft, squishy guys, just like us. | think
that even my colleagues figure, sort of sub-
consciously, that's what we're going to find.
The aliens may not look like this guy, exactly,
but theyre something like us.

I believe that's wrong, and I'm going to
tell you why. We're looking for intelligence,
which in our case consists of a three-pound

brain that draws about 25 watts of power.
When you get an In-N-Out burger, one-
quarter of the calories go to keep your brain
warm, even though it's less than 2 percent
of your body weight. Three million years
ago we had a one-pound brain. One million
years ago we had a two-pound brain. Today
we have a three-pound brain. The difference
is huge: If you have a two-pound brain, you
walk upright and maybe discover fire. If you
have a three-pound brain, you can get ten-
ure at Caltech. The assumption is that we'll
go on to five-pound brains, ten pounds, and
so on, but | think that’s unlikely. Women are
already having trouble giving birth to babies
with heads as big as they are, so they'll go
on strike. There are also mechanical prob-
lems. If you have a ten-pound brain, you'll
twist your head off the first time you turn it.

| think that E.T. will not be flesh and blood,
or whatever passes for alien flesh and
blood. The artificial-intelligence community
predicts that we're going to invent our own
successors, and the next dominant life form
on the planet will be robotic. If you plot how
much computing power you can buy for
$1,000 as a function of time—Moore's Law
again—you can see that by 2020 a desktop
computer will have as much power as a hu-

The ISO standard alien—what UFOlogists call a “gray”—is
just a projection of what we think we're going to become as
we slowly lose our olfactory sense, our teeth, and so on.

man brain. That doesn't mean it will be able
to think, but maybe it can ... if the software
guys can keep up. At Al conventions now,
they're not talking about whether machines
will be able to write the Great American
Novel or compose symphonies or teach
high-school chemistry; they're discussing
whether we'll be able to pull the plug if we
need to. Of course, some folks have been
trying to build Al for a very long time, but
they always point out that we shouldn’t
confuse the lack of success with a lack of
progress.

So if this happens by 2020—or 2050 or
2100, it doesn’t matter—then 20 years after
that your desktop computer will have as
much power as the entire human species.
When that happens, | for one am just going
to turn the keyboard around and say to my
computer, “OK, you type!” My point is that
this is a timescale argument. When Gary
Kasparov lost to a chess-playing machine
named Deep Blue in 1997, he said his
opponent had a kind of “alien intelligence.”
And that was just a game-playing machine.
It didn't think.

The problem is that Darwinian evolution
usually proceeds pretty slowly. About 60
million years ago, a horse stood as high
as your knee; now, they're the size of, well,
horses. | had a home computer in 1977. It
ran at one megahertz. My laptop today runs
at more than a gigahertz. That's a factor of
1,000 improvement in 30 years. It just blows
Darwin away. This is Lamarckian evolution—
you can self-improve. Once we get artificial
intelligence evolving, | think we can forget
biology. Maybe we'll become the machines’
pets, which may not be so bad—at least
we'll get to sleep a lot. Yes, humans will try
to keep up, of course. We'll put chips in our
brains, but that’s like putting a four-cylinder
engine in a horse—after a certain point you
say, let’s get rid of the horse and just build a
Maserati.

There are soooo many advantages to arti-

ficial intelligence that | think it will dominate
everything. Machines can even operate in
interstellar space. We're looking for signals
coming from star systems that might have
Earth-like planets, and maybe that'’s the
wrong strategy. Maybe we should just look
for places that have high concentrations of
energy, because in the end that’s presum-
ably what the machine wants.

I think that if there’s a conscious intel-
ligence out there, it's synthetic. | think we
should assume that when we find a signal,
it won't be coming from a soft, squishy
guy behind a microphone, but from one of
the true, deep intellects of the
universe. And to prepare
for that, we might want to
ask ourselves, what would
be interesting to machine
intelligences? What would keep
them busy? Do they just play solitaire
endlessly, or N-dimensional chess?

Should we be working on some really com-
pelling PowerPoint presentations to divert
their attention while we reprogram them to
calculate the exact value of pi? Unless, of
course, they've already done that. ..
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