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 TH
E C

O
V

ER
:

C
om

putational scientist Santiago L
om

beyda  
created this looping, sw

irling piece of art  
(and the m

ore conventional diagram
 seen on  

these pages) from
 the m

asses of data on gene  
interactions com

ing out of the lab of biologist  
B

arbara W
old, w

hose w
ork is described on

page 21. A
s part of C

altech’s C
enter for  

A
dvanced C

om
puting R

esearch, L
om

beyda 
serves as both data visualization guru and  
artist, creating com

puter m
odels, sim

ulations, 
and m

ore for scientists and engineers across  
all disciplines on cam

pus.
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W

hat’s the B
ig D

eal about B
ig D

ata?
 

B
Y

 M
A

R
C

U
S

 Y. W
O

O

 
 A look at the im

pact big data is having on science and  
how

 C
altech com

puter scientists and engineers are  
creating the techniques and infrastructure that w

ill be  
needed for us to navigate our data-intensive future. 

 
24

 
N

avigating the B
rain’s M

ysteries
 

B
Y

 K
IM

M
 FE

S
E

N
M

A
IE

R

 
 C

altech researchers (and the W
hite H

ouse) say it’s tim
e  

to piece together a dynam
ic m

ap of the brain—
one that  

show
s its com

plex trafficking across trillions of neuronal 
connections. Addressing this grand challenge could  
just be the technological m

oon shot of a generation.
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Evolving Education

 
B

Y
 A

N
D

R
E

W
 A

LLA
N

 
 Training the scientists and engineers of the future starts 
w

ith teaching for the future.
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Alum

ni Im
pact: G

am
e Theory, Austen Style
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Seeing Is Know

ing
 

B
Y

 K
ATIE

 N
E

ITH
 

 
 C

altech scientists and engineers take im
aging to the next level, pushing  

the boundaries of how
 w

e see the physical environm
ent around us  

and how
 w

e visualize the building blocks of that physical w
orld.
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Inside back cover, T

O
C

, 20 (bottom
) – illustration by Santiago V

. L
om

beyda, 
C

enter for A
dvanced C

om
puting R

esearch, based on data courtesy of the 
W

old L
ab and tools developed by L

om
beyda and K

atherine F
isher-A

ylor  
of the W

old L
ab; 3, 4–5, 7 (top left and right bottom

 tw
o graphics), 18, 19  

(bottom
), 20 (left), 22 (top), 24 – L

ance H
ayashida; 6 – Jenny K

. Som
erville;  

7 (top right), 10, 12, 15 – Shutterstock; 7 (bottom
) – m

icrograph im
age by 

M
ary K

ennedy, fiber collage created by L
iddy H

ubbell; 8 (left) – X
un W

endy 
G

u; 8 (right) – Syria L
ejau; 9 – B

. Saxton &
 A

. A
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A

O
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U
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A
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R
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verett K
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Z

ew
ail and U

lrich L
orenz; 13–14 – K

aushik Sengupta; 16 – visualization  
by Santiago V

. L
om

beyda, sim
ulation by B

o L
i, M

ichael O
rtiz, and C

altech’s 
P

SA
A

P C
enter; 19 (top) – L

. Shyam
al via W

ikim
edia C

om
m

ons; 22 (bottom
) 

– C
altech A

thletics; 23 – im
age courtesy of the C

R
T

S survey team
; 26 –  

iStockphoto; 28–31 – M
artin Springborg; 32 – D

ave L
auridsen; 35 (top) – 

D
on Ivers, courtesy of the C
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) – E
A
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C
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m
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ffice; 36 – R
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C
altech on Tw

itter
Follow

 us, retw
eet us, and let us know

 you’re talking  
about us by including @

C
altech in your tw

eets.

 
T

his is one of the m
ost com

m
on questions you w

ill hear at C
altech, reflecting  

the fact that observations of nature and of experim
ents, and the analysis of these 

data, are the prim
ary bases of m

odern science and engineering. B
ut w

hat if you 
have a set of observations for w

hich there is no know
n m

ethod for extracting,  
recording, m

apping, or sharing useful inform
ation? O

r w
hat if the sheer volum

e  
of inform

ation m
akes it difficult to discern patterns or to distinguish a true  

signal from
 noise? 

 
T

hese issues in science and engineering are becom
ing even m

ore essential  
given the volum

es of data now
 available and the sm

all signals generated during 
critical observations and experim

ents. T
hus, an aspect of m

odern research is  
the developm

ent of novel w
ays to look at and learn from

 new
 form

s and volum
es  

of inform
ation. C

altech students and faculty are w
orking on new

 m
ethods  

for large-scale data collection, transfer, and analysis (see page 16); for creating  
and utilizing visualization techniques that produce im

ages bordering on fine art  
(see page 10); and for m

apping the connections and interactions that enable  
our ultim

ate inform
ation gatherer—

the hum
an brain (see page 24).

 
M

uch of our w
ork in training the next generation of scientists and engineers—

 
in training critical thinkers of all kinds—

is about teaching them
 how

 to m
ine  

and interpret data in such a w
ay that it becom

es useful and m
eaningful. In this 

w
ay, education at C

altech is as m
uch about how

 to use and m
anage inform

ation 
as it is about the principles and facts underlying m

odern science and engineering. 
A

nd as w
e find new

 and better w
ays to com

m
unicate about data (and use data  

to com
m

unicate), w
e are seeing its im

pact extend from
 the lab into the classroom

  
(see page 28). 
 

O
ur students are being shaped by the inform

ation they are learning in 
C

altech’s classroom
s and by the data they are gathering in its labs. T

his issue of 
E

&
S provides a glim

pse into w
hat m

ay w
ell be looked back on as a period of  

transition in science, engineering, and education.

Sincerely,

M
uch of our w

ork in training the next generation of scientists  
and engineers…

is about teaching them
 how

 to m
ine and interpret 

data in such a w
ay that it becom

es useful and m
eaningful.  

fro
m

 th
e

 p
re

sid
e

n
t

m
u

ltim
e

d
ia

C
onnecting w

ith Inform
ation

@
Jordan2M

ars: Y
ou know

 you’re at  
a C

altech party w
hen people pause to see the 

International Space Station. #
1yearonM

ars 
pic.tw

itter.com
/1uH

Q
7r9O

4b

@
loveplanets: Just saw

 a dude w
hose 

shirt said, “F
lirt harder. I’m

 a physicist.” 
I’m

 not sure if I feel attracted or repulsed. 
#

C
altech

@
N

B
C

LA
: A

n ancient ocean m
ay have 

covered 1/3 of M
ars’ northern hem

isphere, 
@

C
altech scientists find. http://4.nbcla.

com
/1aR

vw
bt pic.tw

itter.com
/a2G

V
tT

W
cvj

@
C

FC
am

erer: N
ick C

hristakis in  
N

Y
T

 advocates m
ore lab experim

ents to  
teach econom

ics+
. @

 C
altech w

e have done  
so for decades! http://nyti.m

s/12T
z4zP

@
JadenG

eller: I’m
 usually not a  

sunglasses guy, but I really like w
earing these  

@
C

altech Fund glasses they sent m
e.

@
N

ighthaw
k_B

lack: E
xciting to  

think the location of the first earth analog 
w

e’re going to find m
ay already be sitting in 

this archive: http://exoplanetarchive.ipac.
caltech.edu/index.htm

l

@
konradyandson: T

his is w
hat you  

call innovation! C
heck out this house by  

@
sciarc and @

C
altech http://m

eetdale.com
/

@
H

annaS
torlie: Feast your eyes on  

the @
C

altech E
&

S sum
m

er publication.  
#

D
ream

Job

@
R

ileyED
ixon

: Fell in love w
ith  

C
altech’s environm

ent but it’s E
X

T
R

E
M

E
!  

A
n am

azing school to say the least.

T
w

eets m
ay have been edited for spelling and gram

m
ar.

“W
hat do the data tell us?” 



LA
S

ER
S

 TO
 TH

E R
ES

C
U

E
 In p

opular culture, lasers are typically  
u

sed by the b
ad gu

ys to m
enace sup

erhero
es. B

u
t at the B

eckm
an  

In
stitu

te Laser R
esource C

en
ter (B

ILR
C

) at C
altech, scien

tists are u
sin

g  
th

em
 to h

elp search fo
r lig

h
t-p

o
w

ered catalysts that w
ill h

elp save  
th

e w
o

rld fro
m

 carb
o

n em
issio

n
s. T

h
e en

d g
o

al? Fin
d an effi

cien
t an

d  
eco

n
o

m
ical w

ay to co
nvert so

lar en
erg

y in
to sto

red ch
em

ical fu
el—

 
m

u
ch as a plant uses the sun to m

ake food and oxygen via photosynthesis.  
In their lab, H

arry G
ray, the A

rnold O
. B

eckm
an Professor of C

hem
istry,  

and Jay W
inkler, director of the B

ILR
C

, em
ploy lasers, seen here, to excite  

a p
ho

to
sen

sitizer—
a sub

stan
ce cap

ab
le of tran

sferrin
g the en

erg
y of  

ab
sorb

ed ligh
t—

w
hich can b

e seen in the glass tub
e. T

he in
form

ation  
gathered from

 this excitation w
ill help the researchers b

etter understand  
the m

echanism
s involved in related chem

ical reactions and w
ill contribute  

to the d
esign of the im

p
roved p

ho
to

catalysts n
eed

ed for su
ccessful  

solar fuel produ
ction.
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Number of experiments our  
printing representative ran  
to find the source of the strange 
smell emanating from the  
Spring 2013 issue of E&S.  
(The culprit was never identified.)

4

Left-handed people make up  
only 10% of the population,  
but here at E&S

of our copy editors are southpaws.

Talk about big data! (See page 16.) 
Science writer Marcus Woo wrote

news and feature stories for  
E&S during his six-year career at 
Caltech before leaving in July to
pursue a freelance writing career.

— University of Michigan  
president and biochemist  
Mary Sue Coleman, speaking to  
graduates at Caltech’s 119th  
commencement, on June 14, 2013

We already have warning systems in place for severe weather events,  
and researchers are working on ways to alert us to an imminent earthquake.  
But what about a dangerously smoggy day? Or a not-yet-visible brush fire  
billowing toxic smoke? These sorts of hazardous environmental situations  
may not become apparent until they’ve already done significant damage.
 To make sure we’re not caught unawares by some stealthy environmental  
hazard, senior Sandra Fang spent her Summer Undergraduate Research  
Fellowship (SURF) in 2012 working with computational scientist Julian Bunn  
to build a prototype device that monitors hazards such as radiation, air  
pollution, and carbon monoxide and other noxious gases that may seep indoors.  
“It’s sort of a glorified weather station,” Bunn says of the device, which consists  
of a dozen or so sensors inside a clear box about six inches on each side.
 Judy Mou (BS ’13)—then a senior at Caltech—created an accompanying  
app for Android devices that displays the sensor’s readings and issues a warning  
if any anomalies are detected—for example if carbon monoxide levels become  
dangerous. The app also feeds in news and information to keep the user even  
more aware of potential emergencies—such as a fire or an explosion at a nearby  
oil refinery. Fang has already tested the device—called a situational awareness  
box—and shown that it works. The next step, Bunn says, is to commercialize  
it using funding from investors or, perhaps, a Kickstarter campaign. —MW

An international team of scientists recently published the 
most comprehensive virtual picture of human metabolism 
ever constructed. The computational model, called Recon 2, 
stitches together several previous models of metabolism  
along with many new research findings, and it includes  
more than 7,400 biochemical reactions and 5,000 metabolites. 
The hope is that the new tool will help scientists identify  
previously unknown causes of diseases, make predictions  
of drug efficacy, and even enhance personalized medicine.
 But how did they combine all that data, considering  
that each piece was encoded by different software?  
The massive reconstruction was made possible by the  
work of Mike Hucka, a Caltech staff scientist in computing 
and mathematical sciences. About 13 years ago, Hucka—
working in the lab of John Doyle, the John G Braun Professor 
of Control and Dynamical Systems, Electrical Engineering,  
and Bioengineering—first developed a machine-readable 

common format for computational models called Systems  
Biology Markup Language (SBML), which is a bit like HTML.
 “It’s hard to send an entire database to somebody  
else’s program,” Hucka says. “You need a way to write it 
out—an independent common exchange language—and 
SBML provides that.”
 Over the years, SBML has enabled the creation  
of nearly 1,000 large-scale models, not only of metabolic  
networks but of everything from neural processes and  
cellular signaling to a zombie apocalypse. (OK, a model  
of the way infectious diseases spread.)
 “This way of writing down a model in a formal form 
allows people to do better science,” Hucka says. “It makes 
models more precise, and it enables many people to  
collaborate on the same problem, which is something that 
people have to do more and more, especially in biology.”—KF

IT’S TODAY, FROSH Christine Cheng participates in a 3-D word search  
during Caltech’s infamous Ditch Day, held this past academic year on May 28. One of Caltech’s  
oldest traditions, Ditch Day is an undergraduate rite of spring. Seniors, who are banned from  
campus once the event gets under way, build complex, imaginative scavenger hunts, puzzles, and  
other challenges, known as “stacks,” for their younger peers to complete or solve. The 3-D word  
search was part of the Ender’s Game stack organized by Lloyd House seniors. Other components  
of the stack included a water-balloon fight, a surface-tension tug-of-war, ice-cream making, and  
an electronic keyboard puzzle. As a senior this coming academic year, Cheng will have her own  
opportunity to challenge, baffle, and perhaps even frustrate members of the up-and-coming classes.

Using fabric, beads, and yarn, artist Liddy Hubbell  
reinterpreted a micrograph of a cultured neuron  
(left) as a textile collage (right). The micrograph  
came from the lab of Allen and Lenabelle Davis  
Professor of Biology Mary Kennedy, and Hubbell  
did her collage for an online feature about beauty 
in science in the journal Cell. In the original  
image, the excitatory synapses—tiny connections 
that allow a “sending” neuron to cause a receiving 
neuron to fire—are stained and appear yellow.

Insider Info

The HTML of Systems Biology

Do not be  
afraid to take 
yourselves in 
an unknown 
direction.  
A little 
ingenuity— 
and critical 
thinking  
skills of 
your college 
education— 
will set you  
on a path  
of discovery.”

Brain-Related Beadwork 

Situational Awareness… in a Box

100%
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T
hese nano-m

ushroom
s are m

ade of  
nanocrystalline platinum

, a precious m
etal  

that can be used in everything from
 electrodes 

and dentistry equipm
ent to expensive jew

elry.  
In this case, the platinum

 m
ushroom

s are  
actually nanoscale testing specim

ens that help 
scientists understand the effects of sam

ple-size 
reduction on the m

echanical strength and  
likelihood of fracture of the m

aterial being 
tested. In this im

age, captured by X
un W

endy 
G

u, a graduate student in the lab of Julia G
reer, 

professor of m
aterials science and m

echanics, 
the m

ushroom
 stalks are just 120 nanom

eters in 
w

idth, w
ith a single nanom

eter being equal to 
one-billionth of a m

eter. T
o test the platinum

, 
diam

ond grips are used to pull at the m
ushroom

 
heads. T

his som
etim

es separates the m
ushroom

s 
from

 the m
aterial on w

hich they are em
bedded  

so that the m
ushroom

s stick to each other in  
visually interesting w

ays. G
u’s im

age w
as so  

interesting, in fact, that it w
on first place in the 

2013 A
rt of Science com

petition, a sem
iannual 

event that celebrates the interplay betw
een art 

and science. T
his year’s exhibit, featuring 35 

im
ages, w

as organized by C
altech’s literary and 

visual arts m
agazine, T

otem
, and sponsored by 

R
obert G

erson M
etzner (B

S ’38).—
K

N

T
o address this problem

, the new
ly created M

egacities C
arbon Project w

ill develop and test  
m

ethods for m
onitoring the greenhouse gas em

issions of not only cities—
such as L

os A
ngeles and 

Paris, France—
but also their pow

er plants. T
he project includes scientists from

 C
altech’s K

eck 
Institute for Space Studies (K

ISS), N
A

SA’s Jet Propulsion L
aboratory, and other collaborating 

institutions. For m
ore inform

ation, visit the project’s w
ebsite at m

egacities.jpl.nasa.gov/portal.

C
ities

 are responsible  

for 70%
 of fossil-fuel 

C
O

2  em
issions

.

A
 Tiny  

C
ircus A

ct 
For environm

ental scientists, ice cores and ocean sedim
ents have long  

served as im
portant indicators of past clim

ate change, providing records of  
precipitation, tem

perature, atm
ospheric conditions, and m

ore for particular  
periods in our planet’s history. It w

as believed that for certain large
-scale  

clim
ate changes, these w

eather archives reflected conditions that applied  
to all of the earth, but new

 findings from
 stalagm

ites—
large fingerlike  

form
ations that rise from

 the floors of lim
estone caves—

im
ply that the  

planet’s tropical regions m
ay have a clim

ate history all their ow
n.

 
A

ccording to a study by C
altech geochem

ist Jess A
dkins and colleagues  

at the G
eorgia Institute of Technology, clim

ate records found in stalagm
ites  

gathered from
 B

orneo indicate that the w
estern tropical P

acific responded  
very differently than other regions of the globe to abrupt clim

ate change —
 

a finding that could help researchers better understand w
hat m

ight happen  
during future clim

ate change events.
 

S
talagm

ites are form
ed w

hen rainw
ater seeps into the ground,  

dissolving lim
estone rock that drips into the caves to grow

 the structures  
at a rate of roughly one centim

eter every thousand years. A
dkins w

orked  
to correlate different depths in stalagm

ite sam
ples w

ith different periods  
of tim

e in m
uch the sam

e w
ay scientists date trees by analyzing their  

rings; he used a type of radioactive dating technique called U
-series dating,  

then m
erged data from

 four different stalagm
ites from

 caves across B
orneo. 

Together, these analyses provided a record of precipitation trends in the  
w

estern P
acific over the past 100,000 years.

 
W

hat they found, says A
dkins, is that “som

e historic clim
ate changes,  

defined by records from
 ice cores and ocean sedim

ents in the high latitudes, 
show

 up in B
orneo, but others do not. This is surprising because m

ost of  
the field thinks that the m

echanism
s behind events that happen at higher  

latitudes are sim
ilar, if not identical, to those in the tropics. O

ur findings  
question these notions.” —

K
N

M
IG

H
TY

 S
talagm

ites

available now
 on CA

LTEC
H

.ED
U

S
N

O
W

 IN
 S

P
A

C
E

C
altech researchers have helped  

capture the first im
age of a  

snow
 line around a Sun-like star.  

Snow
 lines, frosty regions w

here 
gases are able to freeze and  
coat dust grains, are critical to  
planet form

ation. Learn m
ore  

at w
w

w
.caltech

.ed
u

/n
ew

s.

W
atch

R
ead

Engage

R
ead about C

altech’s 
foray into online learning 
and M

O
O

C
s (m

assive 
open online courses) 
from

 the people involved 
(see page 31). Then, 
check out the “C

altech 
M

O
O

C
 R

eport” at 
w

w
w

.youtu
be.com

/
caltech

.

E
xperience C

altech 
through the stories 
of the extraordinary 
people w

ho explore, 
discover, and innovate 
at the Institute.  
C

lick through the 
2012 A

nnual R
eport at 

w
w

w
.caltech.ed

u/
annualreport2012.

R
enow

ned television 
and theater actor  
E

d A
sner stars in  

FD
R

 at B
eckm

an 
A

uditorium
 on S

aturday, 
O

ctober 19, at 8 p.m
. 

Find out m
ore at  

w
w

w
.caltech.edu/

calendar/public-
events.
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P
hotographs add em

otional  
context to current events, bring 

loved ones to m
ind w

ith a single  
glance, and keep the past alive w

hen 
our m

em
ories begin to fade. In science 

and engineering, still and m
oving 

im
ages provide a sim

ilarly essential 
service, offering insight into—

and 
som

etim
es even answ

ers for—
the  

biggest questions researchers are  
asking about how

 the w
orld w

orks.   
 

A
t C

altech, a num
ber of scientists 

and engineers are opening up new
 

view
s into our environm

ent and are 
exploring how

 w
e can best visualize  

the structures and processes that  

m
ake up the chem

ical com
pounds  

and tiniest biological elem
ents of the 

physical w
orld.

 
“T

here is so m
uch about cells that 

w
e don’t understand,” says structural 

biologist G
rant Jensen. “B

ut w
e’re 

learning that m
any biological processes 

can be understood just by im
aging the 

m
achinery w

orking in a cell, doing its 
job.  Just a picture of it reveals basically 
how

 it w
orks.”

U
p C

lose and B
iological

Jensen says that, grow
ing up near L

os 
A

lam
os N

ational L
ab in N

ew
 M

exico, 
“I im

agined I w
ould becom

e a physicist  

like everybody else in tow
n.” B

ut soon 
after he started his undergraduate 
studies in physics at B

righam
 Y

oung 
U

niversity, a research project led to  
his being captivated by the w

onders of  
and potential advances to be m

ade in  
structural biology. H

e never looked back.
 

“I learned that som
e of the  

highest-im
pact w

ork w
aiting to be done 

in biology involved im
age processing, 

m
ath, and three-dim

ensional recon-
structions, w

hich is all stuff I love,” 
Jensen recalls. “A

s a postdoc, I saw
 that 

it w
as possible to take m

ultiple im
ages 

of a single object from
 different points 

of view
 and m

erge them
 into a 3-D

  

reconstruction, and I realized that  
w

e could do this to cells. Im
m

ediately, 
I knew

 that this w
as w

hat I w
ould  

be doing for m
any years.” 

 
Jensen says his im

aging research 
is guided by the w

ords of an unlikely 
scientific m

use, baseball’s Y
ogi B

erra, 
w

ho once fam
ously said: “Som

etim
es 

you can see a lot just by looking.” T
o do 

that looking, his lab has becom
e one  

of just a handful in the w
orld to ow

n  
and operate an electron cryom

icro-
scope—

a unique type of m
icroscope 

that enables a novel im
aging technique 

called electron cryotom
ography  

(E
C

T
), w

hich allow
s Jensen and his 

team
 to observe biological sam

ples  
in a near-native state. D

eveloped in  
E

urope in the 1980s, the electron 
cryom

icroscope produces a m
agnified 

im
age by illum

inating sam
ples—

 
kept at cryogenic tem

peratures of 
below

 –150 degrees C
elsius—

w
ith an 

electron beam
. U

nlike in traditional 
m

icroscopy, for w
hich sam

ples m
ust  

be fixed, em
bedded in plastic, sec-

tioned, and stained, sam
ples for E

C
T

 
are frozen so quickly that they becom

e 
alm

ost im
m

ediately fixed w
ithin a  

layer of transparent, glass-like ice. 

 
O

nce the sam
ple is frozen, it is 

rotated around an axis w
hile a special-

ized digital cam
era takes a series of 

high-resolution im
ages; the inform

ation 
gathered by the cam

era allow
s the  

team
 to reconstruct the object in three  

dim
ensions and then analyze it in detail.

 
“C

altech is positioned to do this 
kind of w

ork because a generous gift 
from

 the G
ordon and B

etty M
oore 

Foundation allow
ed us to buy the 

w
orld’s very best electron cryom

icro-
scope in 2002,” Jensen says. “O

nly 
one or tw

o other labs are doing sim
ilar 

w
ork today; w

e really have a unique 
niche in the w

orld.” 
 

E
C

T
 recently helped his  

group identify the w
ay in w

hich the  
cholera-causing bacterium

 V
ibrio  

cholerae kills its intestinal com
petition, 

the com
m

on bacterium
 E

scherichia  
coli, by delivering a toxin. B

y im
aging  

the cholera cells, the researchers 
discovered tubes inside the bacteria: 
som

etim
es they w

ere long, skinny,  
and filled w

ith toxin; at other tim
es, 

they w
ere short, w

ide, and em
pty. 

 
“U

sing fluorescence light m
icro-

scopy and E
C

T
, w

e w
ere able to  

discover that these tubes are outer 

sheaths assem
bled around an inner 

javelin-like rod. W
hen a cholera cell 

bum
ps into an E

. coli cell, the outer 
sheath contracts and propels the inner 
rod of toxin through a port in the 
cholera cell’s ow

n m
em

brane,” explains 
Jensen. “T

he rod then punctures  
the E

. coli cell and delivers the toxin.  
W

e call that a spring-loaded m
olecular 

dagger.” Jensen says this discovery m
ay 

lead to using this structure for m
edical 

purposes, such as designing entirely 
new

 cells to treat infection or disease.
 

Jensen’s lab w
as also the first 

to obtain 3-D
 im

ages of a com
plete 

bacterial flagellar m
otor. T

hese rotary 
nanom

achines pow
er the m

iniscule 
w

hip-like flagella that are responsible 
for propelling bacteria through the 
body; their exact structure, how

ever, 
had been a biological m

ystery until 

C
altech scientists and engineers create new

  
lines of sight w

ith innovative im
aging techniques

A
bove: A

n artist’s illustration show
s a cholera  

cell injecting toxin into an E
. coli cell via a  

spring-loaded m
olecular dagger (in orange.)  

G
rant Jensen’s lab at C

altech w
as the first to  

discover this phenom
enon using sophisticated  

im
aging techniques.
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Jensen used E
C

T
 to unveil the details 

of how
 they are assem

bled. T
hanks to 

that technological peephole, he and  
his colleagues w

ere able to visualize 
how

 —
like an outboard m

otor an-
chored to a boat —

 the flagellar m
otor 

in a bacterium
 is held in place on the 

outside of the cell m
em

brane by a 
structure that rem

ains fixed, allow
ing 

the flagellum
 itself to spin and m

ove 
the cell through liquid. 
 

O
ne of Jensen’s other significant 

E
C

T
-pow

ered advances in structural  
biology is the developm

ent of a better  
picture of how

 som
e key H

IV
 structures  

form
; determ

ining the 3-D
 arrange-

m
ent of layers present at different 

stages of the virus’s developm
ent has 

helped us understand how
 certain 

antiviral drugs block H
IV

’s grow
th 

and proliferation, he says. H
is lab has 

also helped quiet the debate over the 
existence of cytoskeletons in bacteria 
—

an idea that had previously been 
dism

issed by researchers w
ho sim

ply 
did not have pow

erful enough im
aging 

technologies to see the m
icrobes’  

intracellular filam
ent skeletons. 

 
“W

e’ve m
ade a lot of progress 

in understanding w
hy bacteria and 

viruses have the shapes that they do, 
w

hich is key to learning about how
 

they w
ork,” Jensen says.

 
Jensen com

pares E
C

T
 to taking 

apart a car; you m
ay know

 nothing 
about cars, but if you pull an engine 
apart to look at all of its pieces and how

 
they fit together, you can at least begin 
to intuit how

 it w
orks. 

 
“W

hat satisfies m
e m

ost is under-
standing how

 biological processes w
ork 

at a m
echanical level,” says Jensen. 

“T
aking pictures of the cells can, at 

tim
es, advance our understanding 

faster than any other approach.”

For chem
ist A

hm
ed Z

ew
ail, how

ever, 
“taking pictures” isn’t quite enough. 
Z

ew
ail’s goal is not only to visualize 

biological specim
ens—

or, in his case, 
any kind of m

olecule or nanostructure 
—

at their m
ost basic level, but also  

to see the details of the fundam
ental  

by the electron because the electron  
has properties that m

ake it very  
convenient for looking at extrem

ely 
sm

all things,” says Spencer B
askin, 

a senior scientist w
ho has w

orked in 
Z

ew
ail’s lab for 24 years. 

 
R

esolving the details of such  
“extrem

ely sm
all things” is im

possible 
to do w

ith laser light, since its w
ave- 

lengths are m
uch larger than any  

given nanostructure. T
o get a “picture” 

of som
ething, you need a w

avelength 
that’s at least on the sam

e scale or,  
preferably, sm

aller than the object  

you are trying to resolve. E
lectrons  

are perfect for this task because their  
w

avelengths shrink as their velocity 
increases; thus, they can be accelerated 
so that their w

avelengths are a pico- 
m

eter, or a trillionth of a m
eter, in 

length, m
aking it possible for research-

ers to capture the details of nano- 
structures at very high resolutions.  
B

y sending individual electrons out  
at know

n intervals of tim
e, the 4D

  
m

icroscope takes that process to the 
next level, not only capturing tiny 
objects but also tracking their precise 
m

otions in real tim
e. 

 
“E

lectron m
icroscopes have  

been around for a long tim
e, but the 4D

 
m

icroscope extended the technology 
to the tim

e dom
ain, so w

e can resolve 
very fast processes that couldn’t be  
seen before,” says U

lrich L
orenz,  

a postdoctoral scholar in Z
ew

ail’s  
lab. “T

his is w
here the pow

er of this 
technique com

es in: com
bining tim

e 
and spatial resolution to get com

pletely 
new

 inform
ation about how

 processes 
evolve.”
 

T
he 4D

 m
icroscope w

as invented 
at C

altech’s Physical B
iology C

enter 
for U

ltrafast Science and T
echnology 

(U
ST

). T
he center is directed by  

Z
ew

ail, w
ho created it in 2005 to  

investigate the fundam
ental physics  

of chem
ical and biological phenom

ena. 
T

hus far, U
ST

 researchers have been 
able to use the 4D

 m
icroscope to  

study a w
ide range of processes in  

different m
aterials, including therm

al  
expansion and phase transitions,  
chem

ical bond dynam
ics, and nano- 

m
echanical m

otions. T
he latter  

studies yield inform
ation about  

m
echanical properties such as stiffness, 

w
hich is of particular im

portance for 
m

aintaining strength and integrity  
in everything from

 colossal edifices  
to the tiniest of nanoscale structures. 

 
Such insights are sim

ilarly  
im

portant w
hen talking about  

biological structures; know
ing the 

m
echanical properties of fabrications 

m
ade of D

N
A

, for instance, is crucial  
to building sturdy biotech tools, such as 
D

N
A

 nanotubes for drug delivery  
in the body. A

nd, indeed, earlier this  
year, Z

ew
ail and his group reported  

on a breakthrough 4D
 experim

ent  
that began w

ith D
N

A
 stretched over a 

hole em
bedded in a thin carbon film

. 
 

T
hey cut aw

ay several D
N

A
  

filam
ents from

 the carbon film
  

to create a three-dim
ensional,  

free-standing arrangem
ent under the  

4D
 m

icroscope. N
ext, the scientists  

set the D
N

A
 strands vibrating using 

heat generated by a laser and im
aged 

those m
otions using electron pulses. 

B
y determ

ining the frequency of the 
D

N
A

’s oscillations, they w
ere able to 

directly m
easure their construction’s 

stiffness, a m
easurem

ent that had  
never before been possible. 
 

R
ecently, using a sim

ilar  
approach, the group also studied  
the m

aterial properties of protein  
assem

blies called am
yloids, w

hich  
are believed to play a role in m

any 
neurodegenerative diseases. 
 

“B
ecause w

e’re using an  
instrum

ent that had never been built 

Above: A D
N

A nanostructure as seen through 
the 4D

 electron m
icroscope invented by chem

ist 
A

hm
ed Zew

ail at C
altech’s Physical B

iology 
C

enter for U
ltrafast Science and T

echnology. 

reactions they undergo …
 in real tim

e.
 

H
e tackled the tim

e elem
ent first, 

pioneering the field of fem
tochem

istry, 
the study of chem

ical reactions  
occurring at the tim

escale of the fem
-

tosecond, w
hich is one-m

illionth-of-a-
billionth of a second. For these innova-
tive efforts, he w

as aw
arded the 1999 

N
obel P

rize in C
hem

istry. L
ess than 10 

years later, Z
ew

ail revolutionized the 
field yet again by building on his early 
fem

tochem
istry w

ork to create the four- 
dim

ensional (4D
) electron m

icroscope, 

w
hich reveals objects not only in the 

usual three dim
ensions, but incorpo-

rates tim
e into the im

age as w
ell.

 
M

ost electron m
icroscopes 

use a steady stream
 of electrons for 

illum
ination; Z

ew
ail’s new

 technol-
ogy, on the other hand, em

ploys the 
precision-tim

ed release of individual 
electrons—

doled out one by one—
 

to produce im
ages of objects at the 

atom
ic scale. E

ach electron contributes 
to a picture representing a still at a 
given point in tim

e. L
ike the fram

es in 

a film
, the sequential im

ages generated 
by m

any m
illions of such electrons  

can be assem
bled into a digital m

ovie 
of m

otion at the atom
ic scale.

 
“W

e used to use laser light to 
probe and interrogate chem

ical  
system

s, but that has been supplanted 

“ W
hat satisfies m

e m
ost is understanding how

  
biological processes w

ork at a m
echanical level.  

Taking pictures of the cells can, at tim
es, advance 

our understanding faster than any other approach.”

ualizing S
pace and Tim

e
V
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taking a series of snapshots of w
here 

the atom
s in a m

olecule are at each 
point in tim

e as it goes through  
a reaction. 
 

“People have frequently called  
our end goal a m

olecular m
ovie,”  

says L
orenz. “If you could w

atch 
chem

istry —
 this rearrangem

ent  
of atom

s to m
ake new

 things and  
transform

 com
pounds—

in a m
ovie, 

then you w
ould really have it all.  

T
hat w

ould be incredible.” 

Transparent Technology
E

ngineer A
li H

ajim
iri isn’t as  

interested in looking at things, per se,  
as in looking through them

. It’s a sideline 
of the w

ork his lab has done for the  
past 15 years, exploring solutions for a 
host of different problem

s in electrical  
engineering. Five years ago, he began 
to w

ork on silicon m
icrochips able to 

generate and radiate high-frequency 
electrom

agnetic w
aves, called terahertz 

(T
H

z) w
aves. T

hese w
aves fall into  

a largely untapped region of the  
electrom

agnetic spectrum
 and w

ere 
being used to penetrate num

erous  
m

aterials and render im
age details in 

high resolution—
but only in system

s 
that w

ere generally too bulky and 
expensive for w

idespread use. 
 

“T
here w

ere clearly potential  
applications for these terahertz 
w

aves—
like advanced security  

operations and m
edical diagnostic  

purposes,” says H
ajim

iri. “W
e saw

  
it as a big challenge w

orthy of our  
efforts, so w

e decided to see how
 far  

w
e could get w

ith a terahertz system
 

—
how

 sm
all w

e could m
ake it.”

 
In D

ecem
ber 2012, H

ajim
iri’s 

team
 published a paper announcing 

that they had developed T
H

z im
aging 

chips that used the high-frequency 
w

aves to see through —
 and im

age 
item

s cloaked under —
 m

aterials such 
as fabric, plastic, paper, and w

ood. 
W

hile the T
H

z w
aves w

ork m
uch  

like X
-rays, they do not carry enough 

energy to rem
ove electrons from

 atom
s 

or m
olecules and so don’t create the 

sam
e ionizing dam

age. In addition  
to providing im

ages of things that are 

norm
ally hidden, the system

 can also 
use spectroscopic data to detect the 
chem

ical signatures of things  
like chem

ical w
eapons, illegal drugs,  

and explosives.
 

“W
hat w

e did w
as find new

  
w

ays of m
aking com

plete T
H

z  
system

s using an integrated-circuit 
chip-m

anufacturing process sim
ilar to 

those used to m
ake im

age sensors for 
cell phones,” says H

ajim
iri. “D

one in 
large volum

es, it’s extrem
ely low

 cost—
  

approxim
ately a dollar per chip set. 

T
herefore, T

H
z chips could be used 

extensively across m
ultiple platform

s 
ranging from

 cell phones to com
puters 

to other handheld devices. I think they 
could be ubiquitous in the long run.” 
 

In addition to being cheap, the 
new

 chip set—
in w

hich one chip acts 
as a light source and the other as a 
detector, or cam

era—
is no bigger  

than a fingertip and sends out signals 
that are m

ore than a thousand tim
es  

stronger than those possible using 
existing approaches, H

ajim
iri says.

 
H

e and his lab m
em

bers w
ere  

able to use the T
H

z chip set to detect 
objects hidden inside all kinds of item

s; 
for instance, they’ve been able to  
recognize a bullet stashed inside a  
teddy bear and reveal a razor blade  
in a piece of plastic. 
 

“T
he first tim

e w
e saw

 such an  
im

age —
 a snapshot literally represent-

ing years of effort —
 w

e w
ere jum

ping 
up and dow

n w
ith excitem

ent,” says 
H

ajim
iri. “It’s one thing to create a 

device or com
ponent that you think 

could be used to do certain things in 
the future. It’s a com

pletely different 
thing to actually see it w

orking.” 
 

T
he beauty of the technology, 

H
ajim

iri says, is that the system
 can be 

adjusted and dynam
ically controlled. 

If, for instance, you w
ant to im

age the 
inside of som

ething that’s soft and that, 
therefore, the w

aves can see through 
m

ore easily, you can operate at a low
er 

pow
er. If you need to see through a 

m
uch m

ore com
plex or dense object, 

you can just crank up the pow
er. 

 
T

he technology has seem
ingly  

lim
itless potential applications,  

H
ajim

iri says. A
 T

H
z scanner could 

John S. (Spencer) B
askin is a senior scientist in chem

istry and chem
ical engineering. 

Ali H
ajim

iri is the T
hom

as G
. M

yers Professor of E
lectrical E

ngineering. 

G
rant Jensen is professor of biology and an investigator w

ith the H
ow

ard H
ughes  

M
edical Institute. H

H
M

I, the N
ational Institutes of H

ealth, the B
eckm

an Institute,  
and gifts from

 the G
ordon and B

etty M
oore Foundation help support his E

C
T

 w
ork. 

U
lrich L

orenz is a postdoctoral scholar in chem
istry. 

A
hm

ed Zew
ail is the Linus Pauling Professor of C

hem
istry and professor of physics.  

H
is lab’s 4D

 electron m
icroscopy studies are sponsored through grants from

 the G
ordon  

and B
etty M

oore Foundation, the N
ational Science Foundation, and the Air Force  

O
ffice of Scientific R

esearch.

look into large packages, crates, or  
even m

achinery. V
arious industries 

could use the scanner to check  
equipm

ent for defects w
ithout having  

to take the object apart. For gam
ing  

or hum
an-m

achine interfaces in  
general, T

H
z system

s could have  

even m
ore im

pressive im
plications. 

Since the technology can be used  
to track m

ovem
ent rather than as an 

im
aging technique, people can use  

it to com
m

unicate w
ith their  

com
puters from

 across the room
 

through certain gestures or even eye 
m

ovem
ents, says H

ajim
iri. 

 
“C

urrent hum
an-m

achine  
interactive gam

ing system
s like  

K
inect for X

box are really responding  
to big m

ovem
ents of the lim

bs,” he 
notes. “W

ith terahertz w
aves, a  

gam
ing system

 w
ould be able to detect 

the slightest m
ovem

ents of the eye, 
track w

here a user is looking, m
onitor 

their breathing, or even detect a  
heartbeat —

 it can detect even such 
very sm

all displacem
ents.”

 
H

ajim
iri thinks this terahertz 

technology could even be used for 
m

edical applications, such as  
searching for tum

ors inside the  
body noninvasively, w

ith just the  
w

ave of a handheld scanner.

Above: A terahertz im
age show

s a key inside 
an envelope; w

ithout the use of this technique, 
the object w

ould be invisible to the naked eye.

“ Everything w
e look at is som

ething new
 

no one has ever clearly seen in m
otion

before, everything w
e look at is  

som
ething new

 that no one has  
ever clearly seen in m

otion before,” 
B

askin says. “T
he difficulty is in  

finding the things that are going  
to be extrem

ely im
portant.”

 
T

he end goal, he notes, is to be 
able to see individual m

olecules and 
atom

s in the process of rearranging,  

 
“T

here are alw
ays new

 applica-
tions that w

e haven’t thought about 
yet,” he says. “Im

agine having that  
sensor on your phone, and just sliding 
your phone across som

ething to see 
w

hat’s inside it. I find all the possibilities  
very exciting and challenging.” 

 
Indeed, H

ajim
iri says,  

the only lim
its in im

aging  
technology —

 as in m
ost of  

science and engineering—
are  

researchers’ im
aginations, not  

their abilities. 
 

“T
o use the old cliché, w

e need  
to be able to really think outside of  
the box and com

e up w
ith new

 w
ays  

of doing things instead of succum
bing 

to preconceived notions about w
hat 

can or cannot be done,” he says.
 

A
nd w

hen it com
es to getting  

the first glim
pse at som

ething nobody 
has ever seen before, C

altech’s im
aging  

researchers are not only thinking  
outside the box, they’re building  
there, too. 
 

A
fter all, as L

orenz points out, 
“Seeing som

ething that you norm
ally 

w
ouldn’t be able to see is just so cool. 

It’s w
hy people do science!” 
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For businesses from
 high-tech com

panies to banks, big data 
can m

ean big m
oney. For C

altech researchers, how
ever, this 

new
 glut of inform

ation m
eans a new

 w
ay of doing science. 

by M
arcus Y

. W
oo

W
hat’s the B

ig D
eal about

T
H

ER
E’S

 N
O

 D
O

U
B

T
 that w

e’re aw
ash in  

m
ore inform

ation than at any other point in history.  
E

very tim
e you sw

ipe a credit card, buy som
ething online, 

do an Internet search, or upload a photo or video, you  
add to the global flood of data. T

hanks to the exponen-
tial rise of cheaper and faster com

puters—
as described by 

M
oore’s law

, in w
hich G

ordon M
oore (PhD

 ’54) accurately 
predicted that the num

ber of transistors on a com
puter  

chip w
ould double every tw

o years—
w

e can now
 collect,  

process, and store m
ore data than w

e know
 w

hat to do w
ith. 

Such facts and figures as stock m
arket fluctuations, financial 

loan inform
ation, people’s “likes” on Facebook, and their  

shopping habits are potential gold m
ines—

but only if these 
num

bers can be turned into tangible, useful know
ledge.

 
O

f course, targeted advertising and potential  
corporate profits are just the tip of the inform

ation iceberg. 
D

ata is inundating all aspects of society; som
e experts  

say w
e are on the cusp of a transform

ative shift. W
e know

  
from

 experience that w
e can m

ine these unprecedented 
heaps of inform

ation to glean insights into everything  
from

 m
edicine to the environm

ent. T
he H

um
an G

enom
e 

P
roject’s analysis of all the genes in our D

N
A

, for instance, 
has revealed the genetic factors that predispose certain  
people to particular diseases, leading to better diagnoses  
and treatm

ents. Scientists’ constant m
onitoring of the  

earth is helping us understand how
 our clim

ate is changing 
and how

 w
e can best respond to other hazards, like  

earthquakes and m
udslides. E

ven P
resident O

bam
a’s  

reelection cam
paign used large am

ounts of data, com
bined 

w
ith sophisticated statistical analysis, to target potential 

voters like never before, a tactic that’s been credited  
w

ith his victory.
 

W
hich m

ay or m
ay not be w

hy, last year, P
resident 

O
bam

a announced a $200 m
illion B

ig D
ata R

esearch  
and D

evelopm
ent Initiative to im

prove the w
ays w

e take 
advantage of and learn from

 m
assive data sets in such  

areas as health care, the environm
ent, national defense,  

and education.
 

D
espite its nam

e, w
hen it com

es to big data, size  
(or, as researchers tend to refer to it, volum

e) isn’t everything. 
T

here’s also velocity and variety—
w

hich, added to volum
e, 

form
 the so-called three V

s. A
fter all, the huge quantities 

of data are being produced, collected, and dissem
inated so 

rapidly—
a few

 gigabytes of m
easurem

ents per second from
  

the H
iggs-boson-finding L

arge H
adron C

ollider, for instance 
—

that scientists and engineers need to continually create  

new
 com

puter algorithm
s and techniques to be able to sort 

the im
portant inform

ation from
 the useless.

 
In addition, there are often so m

any different kinds  
of data involved in studying a single problem

 that it becom
es 

a real challenge to integrate it all and extract any kind of 
coherent insight. T

o m
onitor the global clim

ate, for instance, 
scientists need to keep track not only of local tem

peratures 
but of sea and ice levels and the presence or absence of  
a m

ultitude of greenhouse gases to gain an understanding  
of the system

 as a w
hole.

 
It’s this level of com

plexity that distinguishes big  
data from

 the data of the past. W
hile data has been  

getting bigger for decades, it has now
 becom

e so abundant,  
com

plex, and rich that its underlying m
eaning is not  

alw
ays self-evident, and conventional approaches to  

understanding it no longer suffice.
 

T
hat bigness is changing m

any areas of science,  
such as astronom

y. Instead of m
easuring a specific thing, 

be it a gene or a single galaxy, scientists now
 grab data  

on everything—
the w

hole genom
e or large sw

aths of sky—
 

and only later com
b through it for potential discoveries. 

“T
here are things you can do now

 that you couldn’t do  
w

ithout this data,” says astronom
er G

eorge D
jorgovski. 

“D
ata com

plexity—
that’s the really interesting part.  

It’s w
here the new

, exciting things happen.”
 

Still, big data isn’t just going to deliver scientific 
breakthroughs on a silver platter. B

ig data m
ay help answ

er 
questions, says m

olecular biologist B
arbara W

old, “but  
big data itself isn’t an answ

er. It’s not m
agic—

nor should 
anyone expect it to be m

agic.” H
ard w

ork, a little ingenuity, 
and the scientific m

ethod w
ill alw

ays apply, W
old says.

 
B

ut the big-data craze isn’t all hype, says M
ark Stalzer, 

form
er executive director of C

altech’s C
enter for A

dvanced  
C

om
puting R

esearch; not by a long shot. “T
here’s an  

underlying truth to it,” he says. “T
here has to be som

ething 
there. A

ctually, I think there’s a lot of great stuff there.”

L
eft: A fram

e from
 a sim

ulation of a ballistic im
pact, looking at the stress experienced by 

the m
ore than one m

illion particles involved w
hen a steel spherical projectile 1.778 m

m
 in 

diam
eter hits a 1.6 m

m
-thick alum

inum
 alloy plate at a speed of 2.7 kilom

eters per second.

The next few
 pages describe not only the im

pact big data is having  
on the science going on at C

altech, but also how
 C

altech com
puter  

scientists and engineers are creating the techniques and infrastructure  
that w

ill be needed for us to navigate our data-intensive future.  
W

hat follow
s is in no w

ay a com
prehensive look at big-data science  

at C
altech; there’s sim

ply too m
uch of it. Instead, as S

talzer says of  
the field itself, “W

e’re just scratching the surface.”

B
ig D

ata?
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Im
ages are am

ong the richest form
s of 

data—
and the w

eb is full of them
. T

o 
search for a particular im

age, com
put-

er algorithm
s target key w

ords associ-
ated w

ith the desired picture. B
ut w

hat 
if you w

ant to look up som
ething w

hose 
nam

e you don’t know
 but that you can 

picture in your head—
you know

, that 
broken thingam

ajig in your car engine 
or that colorful bird in your backyard?
 

In m
ost cases, im

ages are not 
adequately cross-referenced, linked, or 
indexed to m

ake such a search possible, 
explains P

ietro Perona, C
altech’s 

A
llen E

. P
uckett P

rofessor of E
lectrical 

E
ngineering. Such im

ages are like the 
m

ysterious dark m
atter that pervades 

the universe—
they’re everyw

here, yet 
invisible. “Im

ages account for the larg-
est portion of the w

eb’s data, and w
e 

don’t know
 how

 to treat them
,” he says. 

“T
his is big data to the tenth pow

er.”
 

T
o address that problem

, Perona 
and his colleagues are w

orking w
ith a 

group at U
C

 San D
iego to develop a 

visual encyclopedia that com
bines 

im
age-processing and m

achine-
learning algorithm

s w
ith expert crow

d-
sourcing. T

hey’ve dubbed it V
isipedia 

because, in the sam
e w

ay that W
ikipe-

dia relies on the public for content, it 
relies on both experts and regular users 
to subm

it, label, and annotate im
ages.

 
T

he researchers are starting rela-
tively sm

all, building V
isipedia around 

bird im
ages so as to take advantage 

of the enthusiasm
 and dedication of 

bird-w
atchers. T

he idea of V
isipedia is 

for you to be able to upload a picture 
of a bird you’ve never seen before and 
get back m

ore pictures of the sam
e spe-

cies—
as w

ell as a W
ikipedia-like entry 

that identifies and describes it.
 

Initially, hum
ans w

ill do m
ost 

of the im
age annotation. B

ut as the 
annotators develop a system

atic w
ay 

“T
he cloud” sounds like som

ew
here 

m
agical—

an ethereal place w
here 

m
uch of our com

puting happens and 
w

here our em
ail, photos, and m

usic 
live, along w

ith a seem
ingly endless 

am
ount of other inform

ation. B
ut in 

reality the cloud isn’t quite so perfect.
 

T
he cloud consists of m

assive 
data centers—

enorm
ous w

arehouses 
containing thousands and thousands 
of com

puters, hum
m

ing aw
ay 24/7. 

C
om

panies like G
oogle, M

icrosoft, and 
A

m
azon operate tens of thousands of 

these data centers all around the coun-
try. A

nd because the com
puters need to 

be on at all tim
es—

delays or interrup-
tions are bad for business—

they carry 
a substantial environm

ental cost.
 

“T
hese data centers are huge 

pow
er sucks,” says C

altech professor 
of com

puter science A
dam

 W
ierm

an, 
w

ho’s w
orking to m

ake such centers 
environm

entally sustainable. A
ccount-

ing for 2 to 3 percent of the nation’s 
energy use, data centers em

it as m
uch 

carbon as the airline industry, he says. 
A

n investigative report last fall by the  

A
 G

reener 
C

loud
Im

age 
S

earch
N

ew
 York T

im
es found that som

e data 
centers w

aste at least 90 percent of  
the electricity they take from

 the pow
er 

grid. A
nd m

any are in violation of  
various environm

ental regulations.
 

T
o help rem

edy the problem
,  

engineers are w
orking to develop  

m
ore efficient hardw

are—
such as pro-

cessors that can run at higher tem
pera-

tures and require less cooling—
and 

som
e data centers are starting to run 

on renew
able energy. B

ut renew
able 

energy is unpredictable: it’s not alw
ays 

sunny, and the w
ind doesn’t alw

ays 
blow

. T
hat’s w

here W
ierm

an com
es in.

 
D

ata centers are m
anaged by 

softw
are that determ

ines w
hich 

server should do w
hat w

hen. T
o help 

these centers deal w
ith erratic energy 

sources, W
ierm

an and his colleagues 
have developed new

 algorithm
s that 

optim
ize how

 the centers are used.  
Say you w

ant to w
atch a m

ovie online. 
Instead of having your netw

ork access 
the m

ovie through the nearest data 
center, even if it happens to be cloudy 
there, the new

 algorithm
s w

ould send 
the task to a center in sunny A

rizona, 
w

here solar energy is available.  
O

r, if one data center is unusually busy,  
the algorithm

s w
ould then distribute 

tasks to other data centers that  
happen to be underused at that tim

e.
 

A
 large fraction of a data center’s 

tasks involve backing up data or  

to describe the im
ages and identify 

im
portant features—

like the shape of a 
beak—

the researchers hope that their 
com

puter-vision and m
achine-learning 

softw
are w

ill be able to learn enough 
from

 the hum
an annotators to even-

tually do the sam
e job itself. “Y

ou can 
think of this as a netw

ork of people 
and m

achines w
ho are collaborating to 

achieve a certain goal,” Perona says.
 

U
ltim

ately, the V
isipedia the sci-

entists envision w
ill be alm

ost entirely 
autom

ated—
and it w

on’t be aim
ed 

only at ornithologists and bird-w
atch-

ers. T
his type of im

age recognition 
and searchability w

ould be great for 
online shopping, Perona notes, or as a 
pow

erful tool for use in science, w
hich 

is becom
ing increasingly dom

inated by 
visual data, organizing and autom

at-
ically searching im

ages ranging from
 

stars and galaxies to cells and tissues 
and even atom

s. Such a visual ency-
clopedia could help scientists hunt for 
im

ages of a specific kind of rock or 
geological feature, for instance, from

 
am

id the thousands of pictures taken 
of the m

artian surface. “O
nce w

e get it 
just right for birds,” Perona says, “you 
can im

agine an enorm
ous num

ber of 
situations in w

hich you w
ould w

ant 
som

ething of this sort.” 

R
oughly 70

 G
oogle 

searches produce  
as m

uch C
O

2  as boiling  
a kettle of w

ater. 

doing updates and other jobs that don’t 
need to be com

pleted right aw
ay.  

T
he new

 algorithm
s therefore delay 

nonurgent jobs w
hile prioritizing those 

that require im
m

ediate attention.  
A

nd if certain servers aren’t needed 
at all at a particular tim

e—
say in the 

m
iddle of the night, w

hen dem
and  

is low
er—

then they w
ill be shut off.

 
A

lthough com
panies tend to get 

nervous w
hen you start shuttling tasks 

around and turning servers on and 
off, the researchers have show

ed—
on 

a fundam
ental, theoretical level—

that 
their algorithm

s are indeed reliable 
and w

ill save com
panies m

oney in 
the long run. “W

e’ve been able to 
give really rigorous guarantees on the 
algorithm

s,” W
ierm

an says. A
lthough 

the vast m
ajority of data centers have 

yet to adopt these sustainable ap-
proaches, W

ierm
an is partnering w

ith 
H

ew
lett-Packard, w

hich supplies server 
system

s to other com
panies—

including 
A

pple—
to im

plem
ent the algorithm

s.
 

W
ierm

an is now
 beginning to 

apply his algorithm
s to the integration 

of renew
able-energy-pow

ered data  
centers into the electrical pow

er grid  
itself. For instance, w

hen there’s high 
dem

and on the grid—
say on a sw

elter-
ing sum

m
er day—

a utility com
pany 

could pay a renew
able-energy-pow

ered 
data center to low

er its energy usage 
by, for instance, delaying nonurgent 
com

putational tasks. T
he result w

ould 
be m

ore available energy to be used 
elsew

here on the grid during those 
peak tim

es. B
y providing such a pow

er 
boost, the data centers w

ould act like 
a battery that has stored aw

ay extra 
energy to inject into the grid, W

ierm
an 

explains. “It’s a huge w
in for the grid 

because batteries are expensive. It’s  
going to be a long tim

e before large-
scale batteries are w

idely available.” 
U

sing his algorithm
s in this w

ay, he 
adds, w

ill hopefully propel us ever 
closer to a sustainable future.

T
he Southern C

alifornia Seism
ic  

N
etw

ork (SC
SN

)—
run by C

altech  
and the U

.S. G
eological Survey—

 
operates seism

om
eters at m

ore than 
400 sites spanning the region. T

hese 
sensors m

onitor every quiver and  
shake in the ground, recording seism

ic 
activity and sending the data via m

icro- 
w

ave signals, satellite, and the Internet 
to C

altech, w
here it’s stored and  

analyzed. E
arthquakes are im

m
ediately 

and autom
atically identified, located, 

and given a m
agnitude. 

 
T

he data rates aren’t so big as  
to be a problem

—
yet. B

ut they w
ill be 

a challenge as the SC
SN

 researchers 
continue to build up the netw

ork,  
says C

altech geophysics professor 
R

obert C
layton. T

his year alone w
ill 

see the addition of 100 m
ore sensors, 

w
hich w

ill add considerably m
ore  

data for the seism
ologists to juggle. 

O
ne possible solution is to upload the 

data to the cloud—
w

hich w
ould also 

rem
ove the inherent problem

 of  
having a data center located in the 
m

iddle of earthquake country.
 

B
ut it’s not only the SC

SN
  

that’s a data goldm
ine: C

altech also 
operates the C

om
m

unity Seism
ic  

N
etw

ork (C
SN

), a denser netw
ork  

of about 300 sensors designed for the 
hom

e or office, centered in the Pasade-
na region. D

ata from
 these sensors is 

autom
atically processed and uploaded 

to the cloud. T
he eventual goal is to 

have at least one sensor on alm
ost 

every block—
as w

ell as in schools,  
hospitals, and on each floor of high  
rises. T

hat w
ould require expanding 

the netw
ork by a factor of over 100, 

says M
ani C

handy, Sim
on R

am
o 

P
rofessor and professor of com

puter 
science at C

altech, and it w
ould also 

require new
 com

puter architectures  
to process the increased data flow

,  
in w

hich several thousand signals m
ust 

be processed every second. “C
urrent  

algorithm
s aren’t fast enough to deal 

w
ith that am

ount of data,” he says.

S
eism

ic  
N

etw
orks 
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A
 decade ago, it w

as im
possible to 

transfer the large data sets that are  
now

 com
m

on at the L
arge H

adron 
C

ollider (L
H

C
). T

he problem
 lay w

ith 
the com

puters’ so-called protocols—
the system

s of rules that dictate how
 

data is transferred throughout a net-
w

ork like the Internet, setting up con-
nections and autom

atically resending 
inform

ation that gets lost or delayed.
 

W
hile the protocols of the early 

2000s w
ere satisfactory for the Internet 

and m
ost people’s needs, physicists  

like C
altech’s H

arvey N
ew

m
an knew

 
they w

ould not be able to handle the 
oncom

ing deluge of L
H

C
 data. T

o 
solve the problem

, N
ew

m
an team

ed  
up w

ith Steven L
ow

, professor of  
com

puter science and electrical  
engineering, and one of C

altech’s 
experts on inform

ation netw
orks.

 
A

t the tim
e, L

ow
 says, there w

as 
no system

atic w
ay to design a protocol 

that w
ould w

ork for the huge netw
orks 

required by physicists. “So w
hat w

e 
did w

as try to really understand the 
problem

 by stepping back and devel-
oping a m

athem
atical m

odel of such 
netw

orks,” he explains. W
orking w

ith 
professor John D

oyle and a group of 
electrical engineers and com

puter 
scientists at C

altech, L
ow

 developed 
a deeper, structural understanding of 
these netw

orks that allow
ed the team

 
to build a protocol that could be as big 
and com

plex as needed. “T
his w

as not 
possible before,” he says.
 

L
ow

’s ideas led to a new
 protocol 

called Fast T
C

P (for T
ransm

ission 
C

ontrol P
rotocol), w

hich N
ew

m
an 

used to set a new
 data-transfer record 

each year from
 2003 to 2008. N

ew
m

an 
and his group have since developed 
a sophisticated application called 
Fast D

ata T
ransfer—

w
hose principal 

author is C
altech com

putational 

scientist Iosif L
egrand—

w
hich doesn’t 

just establish a protocol but optim
izes 

the w
ay huge data sets are transferred 

across the w
orld, w

hich is essential for 
doing L

H
C

 physics. T
his has allow

ed 
the team

 to continue breaking records: 
last fall, they hit a record-setting 339 
gigabits per second, w

hich is equivalent 
to sending one m

illion full-length 
m

ovies in one day.
 

D
em

ands for high-speed data 
transfer have continued to grow

,  
even am

ong nonphysicists. A
nd so,  

in 2006, L
ow

 and his colleagues 
started a com

pany called FastSoft to 
com

m
ercialize Fast T

C
P. L

ast year, 
FastSoft w

as acquired by A
kam

ai 
T

echnologies, w
hich helps everyone 

from
 N

B
C

 to N
A

SA
 deliver their 

online content. So that G
rum

py C
at 

video you w
atched the other day? 

T
here’s a good chance it w

as brought 
to you by Fast T

C
P.

B
arbara W

old, B
ren P

rofessor of 
M

olecular B
iology at C

altech, w
ants to 

untangle the com
plex w

ebs of inter-
acting genes—

called gene regulatory 
netw

orks—
that determ

ine w
hether a 

cell w
ill ultim

ately becom
e a m

uscle 
cell, a bone cell, or som

e other part of 
the adult organism

. T
hese regulatory 

netw
orks consist of genes that turn one 

another on and off; how
 those interac-

tions play out determ
ines the cell’s fate.

 
T

o understand this process in full 
genetic and biochem

ical detail, W
old 

T
he L

arge H
adron C

ollider (L
H

C
) 

at the E
uropean O

rganization for 
N

uclear R
esearch (C

E
R

N
) in G

e-
neva—

w
here last sum

m
er physicists 

discovered the H
iggs boson—

is a 
m

achine capable of slam
m

ing trillions 
of protons together at up to 99.9999991 
percent of the speed of light, so fast  
that a proton careens around the  
accelerator’s 27-kilom

eter circular 
track 11,000 tim

es in one second.
 

T
he accelerator creates 600  

m
illion collisions per second, generat-

ing a flurry of other particles, w
hich 

then decay into yet m
ore particles.  

D
etectors like the C

om
pact M

uon 
Solenoid—

used by C
altech physicists at 

C
E

R
N

—
m

easure the velocity, position,  
electric charge, m

ass, and energy of 
every particle. T

hat’s a lot of data.
 

Indeed, there’s so m
uch data that 

sharing it w
ith the thousands of physi-

cists w
orldw

ide poses quite a challenge. 
In the 1990s, w

hen construction of the 
L

H
C

 began, C
altech professor of phys-

ics H
arvey N

ew
m

an and com
putation-

al scientist Julian B
unn cam

e up w
ith 

w
hat turned out to be the best solution: 

a tiered system
 through w

hich different 
types of data trickle dow

n from
 C

E
R

N
  

to institutions around the w
orld for 

storage and sharing. W
ith this distrib-

uted system
, the data can be accessed 

by all the L
H

C
 partners w

ithout every-
thing needing to be copied and sent to 
everyone.

B
iology  

G
ains  

Perspective

A
 Faster Internet 

500 petabytes ≈ 100,000,000 D
V

D
s

B
ig  

Physics

 
C

E
R

N
 is the sole T

ier 0 institution 
that creates and stores all of the raw

 
data. T

here are 13 T
ier 1 institutions 

that store the data for different regions  
of the w

orld; that inform
ation is then  

distributed to and analyzed at hundreds 
of T

ier 2 and T
ier 3 institutions.  

A
bout 500 petabytes of data are stored 

am
ong all the institutions w

orldw
ide.

 
B

ut that’s not the w
hole of it. 

T
here’s also com

puter-sim
ulation  

data, the quantity of w
hich is 10 tim

es 
greater than that of experim

ental  
data, B

unn says. C
om

paring the 
sim

ulation data w
ith the experim

ental 
data allow

s physicists to search 
for unexpected phenom

ena—
any 

discrepancies that m
ight herald a new

 
particle or even a new

 kind of physics. 
T

his sim
ulation data, too, is distributed 

via the L
H

C
 grid, but because anyone 

can generate such sim
ulations, it can 

be sent as easily from
 low

er to higher  
tiers as from

 higher to low
er.

 
T

he group led by N
ew

m
an and 

C
altech physics professor M

aria  
Spiropulu has also developed ever- 
better data-transfer m

ethods; thanks  
to their w

ork, m
ore than 250 petabytes  

w
ere transm

itted through the  
L

H
C

 com
puting grid in 2012 alone.  

A
s the L

H
C

 continues to crank up  
its collision rates, N

ew
m

an says, the  
flood of data w

ill reach the exabyte 
range (an exabyte is a billion gigabytes).  
O

ver the next 10 years, data volum
es 

and transfer rates are expected to grow
 

a hundredfold.

and her colleagues use genom
ics,  

a field that focuses on the genom
e,  

w
ith its 20,000 genes and hundreds  

of thousands of new
ly m

apped  
regulatory elem

ents. She says that the 
availability of “genom

e-w
ide” data for 

hum
ans and key m

odel organism
s is 

transform
ing how

 scientists approach 
m

any problem
s in m

odern biology.
 

O
f course, the am

ount of  
inform

ation is large, because each 
hum

an or m
ouse genom

e consists  
of 6 billion D

N
A

 bases. T
his calls for 

new
 data-m

ining tools and w
ays to 

visualize data. C
urrently, integrating  

thousands of genom
ic datasets to  

extract new
 relationships am

ong  
genes and their regulatory elem

ents  
is a m

ajor challenge.
 

In June, W
old coauthored a  

w
hite paper that announced a new

 
global alliance for sharing genom

ic  

and clinical data. T
he ultim

ate goal  
of the alliance—

of w
hich C

altech  
is one of 70 founding institutional 
partners—

is to pool data, including 
genom

e data and inform
ation about 

treatm
ent received and outcom

es.  
T

he resulting vast reservoir of data  
w

ill help authorized researchers  
discover new

 causal relationships,  
doctors m

ake better diagnoses,  
and scientists form

ulate new
  

hypotheses. T
his is expected to be 

especially pow
erful for genom

ic  
diseases of high com

plexity such  
as cancer and autism

.  
 

“C
reating and using large  

public databases that draw
 on data  

is a style of basic biology research  
that began w

ith the first genom
e 

sequences,” W
old says. “It is very 

exciting to see it fusing w
ith clinical 

m
edicine to the benefit of both.”

L
eft: W

ithin a genom
e are sequences of D

N
A that regulate other genes, dictating w

hen they turn on or off. Som
etim

es, those regulatory sequences 
and the genes they control are in com

pletely different sections of the D
N

A strand—
separated by thousands or even m

illions of D
N

A base pairs.  
T

his diagram
 illustrates the physical interactions betw

een the genes in the m
ouse genom

e that are needed to turn a precursor cell called a m
yoblast 

into a m
yocyte, a type of skeletal m

uscle cell.
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M
ost stars rem

ain static over the 
course of a hum

an lifetim
e, but som

e 
rapidly brighten, dim

, flare, or even  
explode. O

bjects w
hose brightness  

varies significantly are called  
transients, and they help astronom

ers 
understand how

 stars live and die,  
and how

 black holes form
.

 
C

altech astronom
ers using 

C
altech’s Palom

ar T
ransient Factory 

(P
T

F
) and the C

atalina R
eal-T

im
e 

T
ransient Survey (C

R
T

S) have trained 
autom

ated telescopes on the heavens 
to search for such objects—

and have 
brought in quite a haul. T

hey have  
discovered thousands of variable  
stars and bright, black-hole-pow

ered  
galactic nuclei. B

ut the surveys m
ay 

have m
ade their biggest m

ark by 
recording thousands of new

 stellar 
explosions called supernovae. 
 

T
ogether, P

T
F and C

R
T

S have 
discovered alm

ost 4,000 of the m
ore 

than 6,300 supernovae know
n so far. 

A
nd the surveys’ num

bers rise daily.  
B

y collecting so m
uch data, astron-

om
ers have been able to discover 

entirely new
 kinds of astronom

ical 
objects—

such as new
 classes of su-

pernovae—
prom

pting new
 scientific 

inquiries, says astronom
y professor 

G
eorge D

jorgovski. A
nd P

T
F and 

C
R

T
S are only the beginning. 

 
T

he Z
w

icky T
ransient Facility,  

also led by C
altech, is a P

T
F upgrade 

that’s set to begin its survey in 2015. 
A

nd, w
ithin the next decade, the  

L
arge Synoptic Survey T

elescope 
(L

SST
) w

ill begin a constant w
atch  

of the night sky w
ith greater sensitivity 

and resolution than ever before.  

basic pattern-recognition and  
m

achine-learning algorithm
s to identify 

the inform
ation that’s w

orth keeping.
 

Still, no m
atter how

 good the  
tools are, there is sim

ply too m
uch data 

for professional astronom
ers to analyze. 

T
he solution, D

jorgovski says, is to 
m

ake that inform
ation accessible to  

all. “W
hen you have little data, data  

is precious,” he says. “B
ut w

hen there’s 
so m

uch data that you can’t possibly  
do it yourself, it’s actually irresponsible 
not to let others do it.”
 

T
he C

R
T

S already m
akes its 

entire data set publicly available;  
the hope is that am

ateur enthusiasts 
w

ill dive in and m
ake their ow

n  
discoveries. A

ccording to D
jorgovski, 

it’s this dem
ocratization of science  

that w
ill be the m

ost im
portant  

consequence of the data explosion  
in astronom

y.
 

“A
nybody w

ith an Internet con-
nection has the sam

e opportunity as 
astronom

ers at C
altech,” he says.  

“A
nd that’s great.”  

A
nalytics—

also know
n as advanced 

statistics—
has changed the w

ay  
pros play baseball and basketball.  
A

nd now
 it’s changing C

altech  
basketball as w

ell.
 

W
hat is advanced statistics?  

“It’s inform
ation beyond the box 

score,” explains O
liver E

slinger,  
the head coach of the C

altech m
en’s 

basketball team
. K

now
ing how

 m
any 

points som
eone scored in a gam

e isn’t 
as inform

ative as how
 that player got 

those points: w
hen and w

here on the 
court he m

ade his shots; w
hether those 

shots w
ere contested jum

pers or easy 
layups; w

hether they w
ere the result 

of set plays or w
ere assisted and, if so, 

w
hich team

m
ate passed the ball. 

 
E

slinger and his coaching staff 
record and annotate every detail of 

A
 N

um
bers G

am
e

Flashes  
in the  
N

ight

every gam
e and practice, developing 

form
ulas to better quantify the  

perform
ance of each player and the 

team
 as a w

hole. E
very play provides 

a plethora of data that can be used 
by coaches during practices, w

hen 
determ

ining gam
e-day strategies and 

lineups, and w
hen instructing players 

on how
 they can im

prove during the 
off-season.  
 

T
he use of advanced statistics  

is still rare in D
ivision III, E

slinger  
says. “I’d be surprised if any other  
D

III coaches are doing w
hat w

e’re  
doing,” he notes. “I’d like us to be at 
the forefront of analytics in college 
sports.” A

nd for a place like C
altech, 

that’s certainly fitting.

W
hile P

T
F and C

R
T

S m
ight detect  

a few
 tens of transients per night, 

D
jorgovski says, L

SST
 should be able 

to find as m
any as 10 m

illion. 
 

In addition, this fall C
altech’s 

O
w

ens V
alley R

adio O
bservatory 

L
ong-W

avelength A
rray is set to  

begin im
aging the entire view

able  
sky every second to search for  
transient signals at radio frequencies—

 
in particular, signals from

 nearby  
exoplanets. T

hese signals arise w
hen  

particles spew
ing from

 the planets’ 
stars interact w

ith the planets’  
m

agnetic fields. D
uring its hunt  

for transient signals, the array w
ill  

generate 2.5 gigabytes of raw
 data 

every second, a rate sim
ilar in scale  

to that of the L
arge H

adron C
ollider, 

says astronom
er G

regg H
allinan,  

w
ho’s leading the radio transient search. 

 
T

he im
pending explosion of  

data m
akes the developm

ent of  
tools capable of analyzing all of it  
increasingly im

portant, D
jorgovski  

says. T
hat’s w

hy he and his colleagues 
at C

altech and JPL
 are developing  

Above: E
xam

ples of discoveries from
 the C

R
T

S survey show
, on the  

left, galaxies before supernova explosions. T
he im

ages on the right show
  

the galaxies w
ith the supernovae circled. W

hen the top right photograph  
w

as taken, there w
as an asteroid passing through the field at the sam

e  
tim

e; the softw
are identifies asteroids and separates them

 from
 astrophysical  

transients like supernovae.

M
obile-phone base stations, fiber-optic 

cables, and satellites allow
 us to reach 

alm
ost anyone anyw

here on the planet. 
O

ur com
m

unication netw
orks are 

huge, linking together m
illions of com

-
ponents—

such as cell-phone tow
ers 

and internet servers. In our data-driven 
w

orld, the size and com
plexity of these 

netw
orks w

ill only increase.
 

T
he problem

 is, engineers don’t 
have a system

atic w
ay of designing 

such intricate netw
orks to function 

in the m
ost efficient m

anner possible. 
“N

etw
ork design is m

ore of an art form
 

than a science,” says M
ichelle E

ffros, 
the G

eorge V
an O

sdol P
rofessor of 

E
lectrical E

ngineering at C
altech and 

an expert on netw
ork and inform

ation 
theory. “People get good at it through 
experience and intuition.”
 

N
etw

ork com
ponents w

ork  
differently linked together than they 

B
etter N

etw
orks

do as individual devices, researchers 
have discovered in recent years. B

ut 
w

ithout a w
ay to rigorously predict how

 
a netw

ork w
ill behave as a w

hole, engi-
neers have to resort to trial and error, 
resulting in inefficient netw

orks that  
can slow

 traffic and decrease reliability.
 

N
ow

, E
ffros and her colleagues 

have devised som
e new

 m
athem

atical 
m

odels of generic netw
ork com

ponents 
that do predict how

 they w
ould w

ork 
w

hen pieced together in a netw
ork. 

“P
roving that such m

odeling is even 
possible is a surprising result,” she says.
 

T
he researchers have so far devel-

oped m
odels for the five m

ost funda-
m

ental netw
ork com

ponents—
w

hich 
can be used to analyze all netw

orks 
built from

 these com
ponents. E

ffros’s 
ultim

ate goal is to keep enlarging this 
library, integrating the m

odels into a 
piece of softw

are that others can then 

use to design any kind of netw
ork  

they w
ant. U

sing this tool, netw
ork  

engineers could, for instance, com
pare  

and optim
ize designs on a com

puter  
before they actually begin construction.
 

“T
he sam

e ideas apply no m
atter 

w
hat your netw

ork is,” E
ffros says—

w
hether you’re talking about w

ireless 
netw

orks, the Internet, or the sensors 
som

e grocery stores have installed on 
their shelves to m

onitor the freshness  
of foods. Som

e researchers are even  
exploring the possibility that such  
m

odels can be used to understand  
the genetic netw

orks that govern the  
developm

ent of em
bryos, she says.

 
“If w

e don’t figure out how
  

to use our netw
orks properly and  

design them
 better, the path w

e’re on  
w

ill be lim
ited,” she says. “T

o keep  
expanding our com

m
unication  

capabilities requires real advances.”
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A

fter acknow
ledging the attendees 

as “som
e of the sm

artest people in  
the country”—

and joking about the 
questionable appropriateness of his  
new

 scientific title—
the president got 

dow
n to the business of the m

orning:  
outlining “the next great A

m
erican 

project,” the B
R

A
IN

 (B
rain R

esearch 
through A

dvancing Innovative  
N

eurotechnologies) Initiative.
 

“A
s hum

ans, w
e can identify 

galaxies light-years aw
ay, w

e can study 
particles sm

aller than an atom
,” the 

president said. “B
ut w

e still haven’t un-
locked the m

ystery of the three pounds 
of m

atter that sits betw
een our ears.”

 
O

bam
a w

ent on to describe how
 

his new
ly proposed initiative w

ould 
aim

 to change that. T
his new

est of 
his G

rand C
hallenges w

ould be to 
obtain not only a thorough m

ap of 
the brain and its roughly 100 billion 
neurons, but a dynam

ic picture of 
how

 that com
plex organ w

orks in real 
tim

e. U
ltim

ately, scientists could use 
this know

ledge to pick apart how
 w

e 
think, learn, and rem

em
ber as w

ell as 
how

 to better treat disorders such as 
schizophrenia, Parkinson’s disease, 
post-traum

atic stress disorder, and 
A

lzheim
er’s disease.

 
R

oukes, Siapas, and m
any of 

their colleagues had long aw
aited an 

N
A

V
IG

A
TIN

G
 TH

E
 

B
R

A
IN

’S
 M

Y
S

TE
R

IE
S

C
A

LTE
C

H
 R

E
S

E
A

R
C

H
E

R
S

 (A
N

D
 TH

E
 W

H
ITE

 H
O

U
S

E
)  

say it’s tim
e to piece together a dynam

ic m
ap of the brain—  

one that show
s its com

plex trafficking across trillions  
of neuronal connections. A

ddressing this grand challenge  
could just be the technological m

oon shot of a generation.

B
y K

im
m

 Fesenm
aier

announcem
ent like this one—

an  
acknow

ledgm
ent of the project they 

had cham
pioned for several years,  

that of a large-scale effort that w
ould 

focus top scientists and engineers on 
revealing the details of the brain.

LE
T’S

  
B

A
C

K
TR

A
C

K
It all really started taking off for  
R

oukes w
hen, in Septem

ber 2010,  
he traveled to O

slo as the director of 
the K

avli N
anoscience Institute at 

C
altech to attend the annual K

avli 
P

rize sym
posium

. H
e struck up a  

conversation there w
ith the directors 

of several K
avli neuroscience centers 

about the m
aturation of technologies 

com
ing out of nanoscience and  

their potential to im
prove our  

understanding of the brain.
 

W
hy w

as R
oukes, a physicist and 

nanoscientist, even thinking about 
neuroscience? T

hat dates back to  
a decision m

ade m
ore than 15 years 

before by form
er C

altech provost  
Steve K

oonin. In the late 1990s,  
G

illes L
aurent (now

 a director of  
the M

ax P
lanck Institute for B

rain 
R

esearch) told K
oonin that one of  

the things his field w
as sorely lacking 

w
as the ability to insert tiny electrodes 

into the brain that w
ould allow

  
scientists to record signals from

  
m

ultiple neurons at the sam
e tim

e. 
T

hat got K
oonin thinking.

 
“I knew

 that M
ichael w

as  
expert at fabricating very tiny things,” 
K

oonin says. “So I connected G
illes 

and M
ichael up and provided a bit of 

seed m
oney to grease the interaction. 

M
y intuition in doing so w

as nothing 
m

ore than having tw
o accom

plished 
faculty interested in reaching out 
across disciplinary boundaries, and 
know

ing that new
 instrum

entation 
alm

ost alw
ays leads to new

 science.  

W
ho knew

 it w
ould blossom

 into  
w

hat it did? Such are the rare pleasures 
of academ

ic adm
inistration.”

 
W

hat blossom
ed w

as a close 
friendship betw

een R
oukes and 

L
aurent, and a lasting collaboration 

at the intersection of neuroscience and 
nanoscience. A

fter a couple of sm
all 

pilot projects, R
oukes helped L

aurent 
introduce the use of tiny neural  
probes that could be m

ass-produced.
 

In 2002, Siapas joined the  
C

altech faculty as a neurobiologist 
interested in brain circuits and the 
functions of m

em
ory and learning. 

T
hese com

plex functions arise as a 
result of the coordinated activation of 
large populations of neurons distrib-
uted throughout the brain. In order to 
elucidate these brain patterns, Siapas 
w

anted to capture large-scale record-
ings from

 freely behaving anim
als.  

H
is interests aligned perfectly w

ith 
those of R

oukes and L
aurent, and  

the three began thinking about w
ays 

to enhance the scale and quality of 
electrophysiological recordings as  
w

ell as develop prototype devices to 
explore different research directions.
 

A
s a result of these interactions, 

R
oukes says he becam

e increasingly  
fascinated by the brain. “In fact,  
I’ve sort of sw

itched the center of m
y 

activity tow
ard biological applications 

of nanotechnology,” he says, “w
ith  

the brain now
 being a principal effort.  

A
nd all of this is the result of Steve 

K
oonin saying, ‘G

et to know
 this guy, 

G
illes. See w

hat happens.’”

B
A

M
A

 year after R
oukes’s inform

al  
conversation in O

slo w
ith the neuro- 

science directors, a sym
posium

 took 
place outside of L

ondon, hosted by the 
K

avli Foundation, the A
llen Institute 

for B
rain Science, and the G

atsby 
C

haritable Foundation. T
here, a 

ne m
orning this past A

pril,  
nanoscientist M

ichael 
R

oukes and neurobiologist  
T

hanos Siapas sat am
id the 

scientists and engineers packed 
into the E

ast R
oom

 of the 
W

hite H
ouse. T

hey listened as  
Francis C

ollins, director of the  
N

ational Institutes of H
ealth 

(N
IH

), introduced President 
B

arack O
bam

a as “our scientist 
in chief,” and w

atched as the 
president took his place behind 
the podium

.
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N
euroscience and nanoscience  

are not the only fields that are  
likely to benefit from

 the new
 

B
R

A
IN

 Initiative. C
ertainly, trying 

to understand how
 hundreds of 

thousands or m
illions of neurons 

connect and behave across a 
range of tim

escales w
ill produce 

w
hat has been called a “data  

deluge” —
and m

anaging and  
m

aking sense of that flood of  
inform

ation w
ill require new

 tools  
for data m

anagem
ent and analysis.

 
A

 K
avli Futures S

ym
posium

 
w

as held at C
altech in January, 

bringing together 16 scientists 
from

 a range of fields to discuss 
this issue. The organizers  
estim

ated that recording from
 a 

m
illion neurons a thousand tim

es 
per second w

ould generate 100 
terabytes (102,400 gigabytes)  
of data per day. H

ow
ever, if you  

com
pressed the data, you m

ight 
be able to get dow

n to about 
3,000 terabytes of data per year 
—

a huge am
ount of inform

ation, 
but not beyond the range of other 
big-data projects.
 

M
achine-learning expert  

Yaser A
bu-M

ostafa participated  
in the sym

posium
. “The m

agnitude 
of the project and the am

ount of 
data w

ill be com
pletely im

possible 
to handle,” he says, “unless you 
have a m

ethod that w
ill be able  

to do the needed m
apping, inter-

pretation, and analysis in an auto-
m

ated w
ay.” A

bu-M
ostafa believes 

that such a m
ethod w

ill com
e  

from
 m

achine learning —
an area  

in w
hich, he adds, C

altech has a 
lot to contribute.

M
ap P

roject sparked a conversation  
in W

ashington, D
.C

., about the  
potential benefits that could be realized 
by a large-scale, brain-related national  
initiative. In February, P

resident 
O

bam
a even alluded to such a project 

in his State of the U
nion address—

 
tw

o m
onths before announcing the 

B
R

A
IN

 Initiative. “E
very dollar w

e 
invested to m

ap the hum
an genom

e 
returned $140 to our econom

y,” he 
said. “T

oday our scientists are m
apping 

the hum
an brain to unlock the answ

ers 
to A

lzheim
er’s …

 N
ow

 is not the tim
e 

to gut these job-creating investm
ents 

in science and innovation. N
ow

 is the 
tim

e to reach a level of research and 
developm

ent not seen since the height 
of the Space R

ace.”
 

T
he president w

ould later  
propose getting the B

R
A

IN
 Initiative 

started w
ith a budget of about $100 

m
illion for fiscal year 2014—

w
ith 

funds com
ing from

 the N
ational  

Institutes of H
ealth, D

A
R

PA
 (the 

D
efense A

dvanced R
esearch P

rojects 
A

gency), and the N
ational Science 

Foundation. Several private organiza-
tions, including the K

avli Foundation, 
have also said they w

ill contribute  
to the effort. B

ut details about the  
allocation of funding, the areas of 
research, and the initiative’s goals  
and m

ilestones are still to be defined.
 

T
o that end, the N

IH
 has  

appointed a high-level w
orking group 

of neuroscientists to review
 available 

inform
ation, to recom

m
end goals  

that are in line w
ith the vision of the 

initiative, and to com
e up w

ith a  
scientific plan for achieving those goals.
 

C
altech’s A

nderson is a m
em

ber  
of that 15-person group, w

hich N
SF 

director C
ollins refers to as the  

B
R

A
IN

 Initiative’s “dream
 team

.”  
T

he team
’s charge? First, com

pile  
a list of research areas tagged for  
im

m
ediate funding. T

hen subm
it a  

full report in June 2014. 
 

A
nderson considers him

self  
privileged to be part of the w

orking 
group. A

nd even m
ore to the point,  

he says, “I’m
 thrilled that the president 

of the U
nited States has recognized  

the im
portance of understanding  

brain function.”

 
A

sked about the group’s progress, 
A

nderson notes that he and his  
B

R
A

IN
 colleagues are just beginning 

deliberations. “O
ur plan,” he says,  

“is to solicit input from
 a broad  

range of scientists. I think it w
ill be 

fascinating and instructive to listen  
to the different voices in the neurosci-
ence com

m
unity and see w

hat kind  
of consensus can be reached.”
 

W
hile m

any have applauded  
the initiative and its am

bitious scope, 
there are detractors w

ho w
orry,  

am
ong other things, that the project’s 

funding w
ill steal from

 other neuro-
science projects or that the brain is 
the w

rong subject for such a focused 
project. A

nderson, how
ever, sees  

the B
R

A
IN

 Initiative as “an exciting  
opportunity to accelerate progress  
in our understanding of brain function 
in health and disease by prom

oting  
new

 technology developm
ent and 

applications.”
 

R
oukes agrees. “T

his is an  
incredible opportunity to do a m

oon 
shot in term

s of the technology that 
w

ill be developed, w
hich w

ill  
dem

ocratize how
 the next generation  

of neuroscience is done,” he says.  
“W

e w
ould be foolish not to  

capitalize on this m
om

ent.” 

num
ber of participants from

 neurosci-
ence and nanotechnology—

including 
R

oukes, Siapas, and C
altech neuro-

scientist D
avid A

nderson—
cam

e 
together to identify new

 opportunities 
for technological developm

ent at the 
interface betw

een these disciplines. 
“T

here w
as spirited discussion about 

the best avenues and approaches to 
take,” A

nderson says.
 

D
uring the course of the sym

- 
posium

, a subgroup of participants 
—

including R
oukes; G

eorge C
hurch, 

one of the leaders of the H
um

an  
G

enom
e P

roject; R
afael Y

uste, a  
neurobiologist from

 C
olum

bia  
U

niversity; and others—
got together 

and began to form
ulate a new

 project.
 

C
apitalizing on the m

om
entum

 
from

 that sym
posium

, R
oukes w

rote 
a “technical foundations docum

ent” 
along w

ith C
hurch and Paul A

livisatos, 
a nanom

aterials scientist and director 
of the L

aw
rence B

erkeley N
ational 

L
aboratory. T

he docum
ent laid out  

a roadm
ap of sorts, describing the  

nanotechnologies that w
ould need to  

be developed to fuel a neuroscience 
revolution. In June 2012, a group 
including R

oukes, C
hurch, A

livisatos, 
Y

uste, and tw
o others published a 

paper in the journal N
euron describing 

w
hat they dubbed the B

rain A
ctivity 

M
ap (B

A
M

) P
roject. T

hey follow
ed 

that up earlier this year w
ith a brief 

overview
 of the project, this tim

e in  
the journal Science.
 

O
ne of the central points in all 

of these docum
ents w

as that m
any 

brain functions m
ay em

erge as a result 
of neuronal activities taking place in 
physically separate regions of the brain 
at the sam

e tim
e. M

onitoring such 

disparate activities is no easy task; 
neuroscientists today are generally 
restricted to using electrodes that allow

 
them

 to study brain activity from
 one 

neuron at a tim
e up to only a few

.  
B

ut brain circuits involve m
illions of 

such nerve cells, each w
ith thousands of 

connections that m
ight be rearranging 

all the tim
e. Focusing on individual 

neurons could lead researchers to m
iss 

the forest for the trees.
 

O
n the other hand, im

aging  
technologies such as functional M

R
I 

and m
agnetoencephalography (M

E
G

) 
are able to capture w

hole-brain activity 
—

but at the expense of single-cell 
specificity. T

hey allow
 researchers to see 

w
hich brain regions are activated w

hile 
a subject participates in a particular 
activity, for exam

ple, but provide little 
detail in term

s of w
hich neurons are 

involved, how
 they’re connected, and 

under w
hich circum

stances they fire. In 
other w

ords, that forest is looking pretty 
nice, but w

hat happened to the trees?
 

T
o get at the elusive m

iddle 
ground, w

here researchers w
ould be 

able to im
age, understand, and eventu-

ally m
anipulate collections of neurons 

at the level of brain circuits, the B
A

M
 

advocates called for the developm
ent 

of new
 tools that w

ould allow
 them

 to 
record every activity spike from

 every 
neuron in a circuit. C

urrent im
aging 

techniques cannot record activity  
from

 enough neurons and do not reach 
sufficient depths w

ithin the brain tissue 
to achieve this goal. N

or are current 
techniques for gathering electrophysi-
ological m

easurem
ents able to record 

activity from
 enough neurons in dense 

enough patches. H
ow

ever, the authors 
argued, there are prom

ising research 

avenues that could im
prove the  

situation in each of these areas.  
T

hey also suggested that entirely new
 

m
ethods for w

irelessly, noninvasively 
recording neuronal activity could 
prove useful. For exam

ple, they w
rote 

in the N
euron paper that they think 

“it w
ill ultim

ately becom
e feasible to 

deploy sm
all w

ireless m
icrocircuits, 

untethered in living brains, for direct 
m

onitoring of neuronal activity.”
 

T
o take steps tow

ard that goal, 
R

oukes and Siapas have started a 
B

eckm
an Institute pilot project at 

C
altech, in w

hich they are developing  
arrays of tiny electrodes called nano-
probes that w

ould be able to m
easure 

brain activity from
 far greater num

bers 
of neurons than is currently possible. 
T

ypically, to record electrical signals 
from

 neurons, researchers insert hand- 
assem

bled bundles of four sm
all w

ires 
into the brain tissue. Siapas and others 
have m

anaged to get recordings from
 

as m
any as 25 of these bundles at once, 

but it has proved difficult to scale up 
beyond that.
 

R
oukes and Siapas’s research 

w
ould allow

 them
 to m

ass-m
anufacture 

tiny silicon probes that could record 
neuronal activity from

 denser popu-
lations of neurons by using m

any re-
cording sites along the lengths of each 
probe. “U

sing these techniques, w
e can 

m
ake a new

 generation of needles that 
are m

uch finer and have m
any, m

any 
m

ore recording sites,” R
oukes says.

TH
E

 D
E

TA
ILS

If nothing else, the published articles 
and less form

al w
hite papers produced 

by the proponents of the B
rain A

ctivity 

Learning  
From

  
M

achines

D
avid A

nderson is the Seym
our B

enzer  
Professor of B

iology and an investigator w
ith 

the H
ow

ard H
ughes M

edical Institute. 

Yaser Abu-M
ostafa is a professor of electrical 

engineering and com
puter science. H

is w
ork  

is supported by Intellectual Ventures. 

M
ichael R

oukes is the R
obert M

. Abbey  
Professor of Physics, A

pplied Physics, and 
B

ioengineering. H
is neuro/nano w

ork is 
funded by a N

ational Institutes of H
ealth 

(N
IH

) D
irector’s Pioneer A

w
ard and grants 

from
 the G

. H
arold &

 L
eila Y. M

athers 
Foundation and the N

ational Science  
Foundation (N

SF). 

T
hanos Siapas is a professor of com

putation 
and neural system

s. H
e receives funding  

from
 the G

ordon and B
etty M

oore  
Foundation, the M

athers Foundation,  
the N

SF, and the N
IH

.
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E
volving  

E
ducation

A
s any evolutionary biologist  
w

ill tell you, if you don’t evolve, 
you perish. T

hroughout tim
e, this 

has proved true not just for entire 
species, but for societies, organizations, 
com

panies, nations, and—
especially 

—
institutions of higher education, 

w
here change is essential to reaching 

the w
idest variety of students and to 

rem
aining com

petitive in an ever-
expanding field of educational options.
 

A
nd so, by m

odernizing the 
undergraduate core curriculum

, 
restructuring the cam

pus’s w
riting 

center, founding a dedicated center  
for teaching and learning, and  
using the online arena to expand the 
Institute’s educational reach, C

altech  
is undergoing an educational 

Training the scientists and engineers of the future  
starts w

ith teaching for the future. by A
ndrew

 A
llan

At the H
ixon W

riting C
enter—

 
under the leadership of cam

pus w
riting 

coordinator and lecturer in w
riting  

Susanne H
all—

students w
ork one-on-

one w
ith professional and peer tutors  

to generate ideas, develop argum
ents,  

organize their thoughts, and enhance 
clarity in academ

ic, technical, and 
personal w

riting.

evolution—
an educational rew

iring, 
if you w

ill—
that is changing the w

ay 
students connect w

ith faculty, faculty 
connect w

ith students, and both 
interact w

ith the inform
ation and  

ideas they’re encountering together.
 

“O
ne size fits all doesn’t w

ork any-
m

ore. W
e have a diversity of academ

ic 
program

s and a diversity of students, 
and the old w

ay just isn’t the solution,” 
says V

ice P
rovost M

elany H
unt.

 
“T

here’s a renew
ed vigor in the 

w
ay w

e think about undergraduate 
education, and a com

m
itm

ent am
ong 

the faculty to im
prove it,” adds 

Jonathan K
atz, chair of the D

ivision 
of the H

um
anities and Social Sciences, 

w
ho has been closely involved in 

C
altech’s recent initiative to institute 

C
assandra Volpe H

orii (left), director  
of the C

altech C
enter for T

eaching,  
L

earning, and O
utreach, w

orks w
ith  

Professor of B
iology and G

eobiology  
D

ianne N
ew

m
an (on left at head of table,  

below
) and her Principles of B

iology  
course T

A
s to provide guidance in  

im
plem

enting the latest teaching m
ethods,  

developing better lectures and m
ore  

targeted hom
ew

ork assignm
ents and  

exam
s, and obtaining and analyzing  

feedback from
 students.

a series of changes to update its core 
curriculum

. T
his sequence of general 

education requirem
ents has not  

been revised for nearly tw
o decades.  

“T
hese changes have im

portant 
im

plications not only for how
 our 

students w
ill learn,” K

atz says, “but  
for how

 w
e as faculty w

ill teach them
.”

 
In the m

idst of all this rew
orking 

and rew
iring, M

innesota photographer 
and educator M

artin Springborg  
cam

e to C
altech as part of his w

ork on 
a nationw

ide photographic essay he’s 
com

piling; he spent three days taking 
shots of faculty and students as they 
w

ent about the business of teaching 
and learning. T

he photographs on  
the next few

 pages are from
 that look  

at a day in C
altech’s educational life.
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T
he online arena is changing the 

w
ay professors im

part know
ledge to 

students—
both in university settings 

around the w
orld and at hom

e. C
altech 

is using burgeoning online technologies 
not only to im

prove the learning experi-
ence of students enrolled at the Institute 
but also to reach a w

ider audience of 
curious and science-literate individuals.
 

In m
id-2012, C

altech joined w
ith 

C
oursera, an online education com

pany  
that offers courses from

 the w
orld’s top 

universities and organizations free of 
charge. T

hrough C
oursera, C

altech 
launched a series of M

O
O

C
s—

m
assive 

open online courses—
at the end of last 

year. B
ren P

rofessor of B
iology H

enry 
L

ester, P
rofessor of A

stronom
y G

eorge 
D

jorgovski, and P
rofessor of E

conom
ics  

and N
euroscience A

ntonio R
angel 

w
ere the first C

altech professors  
to teach M

O
O

C
s through the  

C
oursera platform

.
 

“M
O

O
C

s provide the latest  
technology for several of our goals, 
such as developing C

altech students’ 
com

m
unication skills and pedagogical 

experience,” L
ester says. “T

hese  
activities w

ill help to develop scientific 
professional careers in the 21st century.”
 

V
ice P

rovost H
unt says that 

M
O

O
C

s have virtually unlim
ited 

potential for im
pacting teaching and 

learning, not only allow
ing C

altech 
faculty to share their research w

ith  
a global audience but also enhancing 
education on cam

pus by allow
ing  

students to go back and review
 lectures 

or brush up on previous lessons.  
A

dding an online com
ponent also  

allow
s teachers to rethink the structure  

of their classroom
 presentations.

 
“W

e hope that m
ore and m

ore  
of the passive process of listening  
to lectures happens at hom

e on the  
student’s laptop,” says H

unt, “so that 
the classroom

 experience can becom
e  

a m
ore engaging, interactive process.”

 
It is w

ith the goal of im
proving 

teaching and learning at C
altech 

—
and ultim

ately the C
altech  

experience—
that these types of 

additional resources are being m
ade 

available to both students and teachers. 
T

his educational evolution, w
hich is 

changing the w
ay students and faculty 

connect and engage w
ith each other 

and w
ith inform

ation, w
ill ensure  

that C
altech rem

ains a uniquely  
challenging environm

ent. 

L
eft: C

altech has a long history  
of exceptional teaching by faculty  
such as Professor of G

eology and  
G

eochem
istry Paul A

sim
ow

, w
inner  

of the 2012 R
ichard P. Feynm

an  
Prize for E

xcellence in T
eaching,  

w
ho here is seen teaching freshm

en  
in his geology survey course, E

arth 
and E

nvironm
ent.

R
ight: T

eaching and learning at  
C

altech take place as m
uch outside the 

classroom
 as inside. Students taught by 

D
avid T

irrell, R
oss M

cC
ollum

- 
W

illiam
 H

. C
orcoran Professor and 

professor of chem
istry and chem

ical  
engineering, discuss their latest research 

in his B
iom

olecular E
ngineering 

L
aboratory, w

hich focuses on the design, 
construction, and characterization  

of engineered biological system
s.

C
altech is using burgeoning online  

technologies not only to im
prove  

the learning experience of students  
enrolled at the Institute but also  
to reach a w

ider audience of curious  
and science-literate individuals.
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Location of Alum
ni 

Location of Alum
ni

13 
14 

15 
16 

17 
18 

19 
20

N
o. of C

altech Alum
ni

W
eb Visitors

22,584

In his book Jane A
usten, G

am
e Theorist, C

altech  
alum

nus M
ichael C

hw
e

—
now

 an professor of political 
science at U

C
L

A
—

m
akes the case that the beloved  

author w
as a careful observer of strategic thinking.

 
C

hw
e first becam

e intrigued by the idea w
hile  

w
atching the film

 C
lueless, the 1995 adaptation of  

A
usten’s novel Em

m
a.

 
“I never took a literature class at C

altech, m
uch  

to m
y detrim

ent,” C
hw

e laughs. “B
ut w

hen I read  
Em

m
a, I w

as struck by how
 A

usten carefully crafted  
scenarios that m

irrored m
odern strategic thinking.”

 
C

hw
e contends that m

ore than 100 years before  
the m

athem
atician John von N

eum
ann established  

gam
e theory as a discipline for studying conflict and  

cooperation, A
usten w

as already on the case.
 

Take Em
m

a’s E
m

m
a W

oodhouse, w
ho tries to  

play m
atchm

aker betw
een the sim

ple H
arriet S

m
ith  

and M
r. E

lton, the village vicar. E
m

m
a’s attem

pts at  
m

anipulation backfire w
hen M

r. E
lton turns out to  

alum
ni im

p
act

W
hile looking for a w

ay to track his personal health  
and financial data on a single screen, R

ajiv G
hanta  

realized that he had an inform
ation problem

—
there  

w
as too m

uch of it.
 

“C
altech prepared m

e to be com
fortable around  

num
bers,” says G

hanta. “B
ut the largest system

 in  
the brain is the visual cortex. O

ur brains are optim
ized  

to handle larger am
ounts of inform

ation w
hen it is  

presented visually, m
aking it easier to detect patterns.”

 
S

o in 2010, G
hanta and fellow

 C
altech graduate  

C
esar D

el S
olar founded Leftronic, a w

eb service that  
allow

s custom
ers to aggregate data in real tim

e from
  

a w
ide variety of sources and then present that data in  

an elegant dashboard w
ith enough charts, m

aps, and  
other statistical eye candy to turn the casual num

ber  
tracker into a true data w

onk. The dashboards can then  
be displayed on a w

ebsite, an H
D

T
V

 in the lobby of  
a building, a sm

artphone, or any w
eb

-enabled device.
 

“W
e started Leftronic because w

e felt everyone  
should have the tools to understand their data quickly  
and easily,” D

el S
olar says.

 
N

ow
 you can have a w

hole new
 stat to keep  

track of: the num
ber of hours you spend staring at  

your nifty new
 Leftronic dashboard.

S
ince the first announcem

ent in 2000 that a w
orking  

draft of the sequence of the hum
an genom

e had been 
assem

bled, gene-sequencing technology has sprinted  
forw

ard. It’s now
 possible to have your chrom

osom
es 

read in less than a day and for the price of a used car.
 

B
ut once researchers have a genom

e in hand
—

 
w

hat then? That’s w
hat fascinates John Q

uackenbush.
 

“The challenge is no longer how
 to generate these 

vast am
ounts of sequencing data,” says Q

uackenbush,  
a professor of com

putational biology and bioinform
atics  

at H
arvard. “N

ow
 w

e need to effectively collect,  
m

anage, and interpret the inform
ation in w

ays that  
m

ake it useful and
—

above all—
private and secure.”

 
In 2011, Q

uackenbush founded G
enoS

pace to  
create an advanced cloud-com

puting environm
ent  

that enables com
plex genom

ic and clinical data to be  
securely stored, analyzed, and m

ade accessible to a  
broad range of researchers and health-care providers.
 

In a cerem
ony at the W

hite H
ouse this past  

sum
m

er, Q
uackenbush and 12 other scientists w

ere  
recognized as O

pen S
cience C

ham
pions of C

hange  
for their com

m
itm

ent to sharing scientific data.
 

“W
ith these new

 collaborative tools,” Q
uackenbush 

says, “w
e can accelerate the pace of scientific progress 

w
hile respecting the im

portant role each individual  
patient can play in the process of m

edical discovery.”

G
am

e Theory, A
usten S

tyle
C

ould Jane A
usten have been a social scientist?  

M
ichael C

hw
e (B

S
 ’85) thinks so.

S
orting and S

haring a  
M

ountain of G
ene S

equences
John Q

uackenbush (B
S

 ’83)

B
ig D

ata for the M
asses

R
ajiv G

hanta (B
S

 ’05) and  
C

esar D
el S

olar (B
S

 ’04, M
S

 ’05)

have intentions tow
ard E

m
m

a herself. In this  
case, C

hw
e says, E

m
m

a falls into a classic trap
—

 
overconfidence in her ow

n strategic pow
ers.

 
A

nd that, C
hw

e believes, is the point.
 

“A
usten’s novels do not sim

ply provide ‘case  
m

aterial’ for the gam
e theorist to analyze,” C

hw
e  

w
rites in his book, calling the novels as a w

hole  
“an am

bitious theoretical project, w
ith insights not  

yet superseded by m
odern social science.”

 
A

usten fam
ously questioned the barriers  

betw
een social classes. B

ut w
ith C

hw
e’s help,  

she has now
 crossed another divide

—
the one  

betw
een art and science.

M
ichael C

hw
e (center) gets a chance to m

eet tw
o of Jane  

A
usten’s characters than

ks to TA
C

IT (T
h

eater A
rts at C

altech)  
an

d tw
o C

altech graduate stu
d

en
ts. Em

m
a W

o
o

dhou
se,  

righ
t, is p

layed by M
eg R

o
sen

b
u

rg, w
ho is earnin

g h
er P

hD
  

in p
lan

etary scien
ce, an

d M
r. Elto

n is K
elvin B

ates, w
ho is  

w
orkin

g tow
ard a P

hD
 in environm

en
tal ch

em
istry.

A
lum

ni stories provided by the C
altech A

lum
ni A

sso
ciation.  

For m
ore about these stories and to read about other alum

ni  
in the new

s, go to alum
ni.caltech.edu.
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M
ust qualify for C

EFC
U

 m
em

bership to join. M
inim

um
 $5 deposit and $5 m

em
bership fee due upon opening

any C
EFC

U
 account. A

ll loans subject to credit approval. C
EFC

U
 is an Equal O

pportunity Lender.  

W
hether you’re m

aking your first hom
e purchase,

refinancing an existing m
ortgage or applying for a

hom
e equity line of credit, C

EFC
U

 should be the

FIR
ST

 C
H

O
IC

E for your real estate needs.

A
pplying for a 1st or 2nd Trust D

eed or H
om

e Equity

Line of C
redit has never been easier!  C

EFC
U

’s new

and im
proved M

ortgage C
enter offers online m

ortgage

application and approval —
 24 hours a day —

 plus

m
any other helpful features to help you understand

your options, estim
ate paym

ents, check rates and m
ore.

By utilizing the industry’s m
ost current technology,

coupled w
ith our com

m
itm

ent to superior financialvalue

and unsurpassed service, C
EFC

U
 m

em
bers truly have a

great advantage.  From
 a traditional 30-year fixed-term

m
ortgage to our popular Interest O

nly H
ELO

C
, w

e have a

com
plete line of m

ortgage products accessible to you 24/7.

It’s an easy application process and you can view

your loan status and track the entire process online.  

If applying online does not appeal to you, w
e still have

the sam
e dedicated m

ortgage
team

 ready and

w
aiting to answ

er your questions and help

you get started in person. 

So, visit us online at w
w

w
.cefcu.org

or

call us at 800/592-3328 x
404.  It’s a m

ove

you w
ill be glad you m

ade.

E
xclusively serving 

the extended C
altech &

 JPL
 com

m
unity.

La Cañada O
ffice: 

528 Foothill Blvd.
JPL O

ffice:
4800 O

ak G
rove D

r., Bldg. 291
Cam

pus O
ffice:

515 S. W
ilson A

ve.

C
H

EC
K

 O
U

T
O

U
R

 O
N

LIN
E

M
O

R
T

G
A

G
E

C
EN

T
ER

M
ake U

s Your
FIR

ST
 C

H
O

IC
E

in R
eal E

state
Financing

C
altechE

ngineeringA
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  P

age 1

Francis H
. C

lauser (B
S ’34, M

S ’35, 
PhD

 ’37), the C
lark B

lanchard M
il-

likan P
rofessor of E

ngineering, E
m

er-
itus, passed aw

ay on M
arch 3 at age 

99. B
orn in the decade follow

ing the 
W

right B
rothers’ first pow

ered flight, 
he w

as a founder of m
odern aeronau-

tics and helped usher in the Space A
ge.

 
U

pon earning bachelor’s degrees 
in physics at C

altech, C
lauser and 

his tw
in brother, M

ilton, entered the 
aeronautics program

 run by T
heodore 

von K
árm

án. A
fter receiving their doc-

torates, the brothers joined the D
ouglas  

A
ircraft C

om
pany in Santa M

onica, 
w

here Francis soon becam
e the direc-

tor of aerodynam
ic design research, 

assem
bling a team

 that profoundly 
influenced aviation design by develop-
ing m

athem
atical m

ethods for shaping 
tails, w

ings, engine nacelles, and air 
scoops.  
 

In 1946, C
lauser founded the 

aeronautics departm
ent at Johns  

H
opkins U

niversity. H
e chaired the 

departm
ent until 1960, recruiting lead-

ers in the field from
 m

any countries to 
create a w

orld-class research center. 
 

In 1965, C
lauser w

as invited to the 
new

ly created U
niversity of C

alifornia 
cam

pus in Santa C
ruz to set up the 

engineering school, and in 1969 he re-
turned to C

altech to chair the D
ivision 

of E
ngineering and A

pplied Science. 
H

e stepped dow
n in 1974 but rem

ained 
the M

illikan P
rofessor of E

ngineering 
until his retirem

ent in 1980.
 

C
lauser w

as a Fellow
 of the  

A
m

erican Institute of A
eronautics  

and A
stronautics, the A

m
erican  

Physical Society, and the A
m

erican 
A

ssociation for the A
dvancem

ent of 
Science. H

e w
as also a m

em
ber of the 

N
ational A

cadem
y of E

ngineering,  
the scientific research society Sigm

a 
X

i, the engineering honor society  
T

au B
eta P

i, and C
altech’s G

nom
e 

C
lub. H

e becam
e a D

istinguished 

A
lum

nus in 1966, one of the initial 23 
people to be honored.
 

C
lauser is survived by his sister, 

B
etty C

eleste V
alois; his son, W

olf lau-
reate in physics John Francis C

lauser 
(B

S ’64); and his daughter, C
aroline 

H
elen R

yan. 

T
o learn m

ore about Francis C
lauser’s life, 

visit caltech.edu/content/francis-clauser.

D
onald C

oles (M
S ’48, PhD

 ’53), pro-
fessor of aeronautics, em

eritus, passed 
aw

ay on M
ay 2. H

e w
as 89 years old.

 
A

fter receiving his undergraduate 
degree from

 the U
niversity of  

M
innesota, C

oles cam
e to C

altech for 
his graduate degrees; he then spent his 
entire research career at the Institute, 
retiring in 1996. A

n expert on the 
properties of turbulent flow

 and the  
dynam

ics of rotating fluids, C
oles 

provided the first reliable experim
en-

tal data for local surface friction in 
supersonic flow

. A
m

ong his teaching 
achievem

ents w
as the developm

ent of 
a course in technical fluid m

echanics 
that bridged the gap betw

een classical 
shear flow

s and their applications in the 
design of control valves and jet flaps.
 

C
oles w

as a fellow
 of the A

m
erican 

Institute of A
eronautics and A

stronau-

tics, the A
m

erican Physical Society, 
and the A

m
erican A

ssociation for  
the A

dvancem
ent of Science,  

and he w
as elected to the N

ational 
A

cadem
y of E

ngineering in 1984.  
In 2000, the D

onald C
oles P

rize in 
A

eronautics w
as established at C

altech; 
it is aw

arded at com
m

encem
ent to  

the aeronautics PhD
 “w

hose thesis dis-
plays the best design of an experim

ent 
or the best design for a piece of experi-
m

ental equipm
ent.” In 2011, G

A
L

C
IT

 
(the G

raduate A
erospace L

aboratories 
at the C

alifornia Institute of T
echnolo-

gy) created the D
onald C

oles L
ecture-

ship in A
erospace in his honor.

 
C

oles is survived by his w
ife,  

E
llen; by his four children,  

C
hristopher, E

lizabeth, K
enneth,  

and Janet; by his sister, M
arjorie 

Schlaegel; and by tw
o grandchildren.

T
o learn m

ore about the D
onald C

oles’ life, 
visit caltech.edu/content/donald-coles-0.
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end
notes

C
A

LC
U

LA
TIN

G
 C

A
LTEC

H
: W

e asked alum
ni to provide us w

ith an equation  
to sum

 up their C
altech experience, rem

inding them
—

of course
—

to define their variables.  
H

ere is w
hat som

e of them
 cam

e up w
ith.

C
altech =

 e
xcellence

E = m
c

2

W
hen you go to C

altech,  
you create infinite  
possibilities for yourself.

sum
s up C

altech: rational, 
irrational, real, com

plex, w
hole, 

natural, positive, negative.

Δ
S <

 0
w

here S is entropy. A
lthough, as w

e  
know

, entropy tends to increase in any  
closed system

, locally w
e m

ay assert  
that C

altech brings order out of  
disorder, know

ledge out of ignorance.

M
y equation for C

altech is the sim
ple  

exponential form
ula, y =

 e
x. For m

e, it im
plies 

the explosive am
ount of know

ledge that  
continues to accum

ulate and accelerate. 

as in exponential accum
ulation of know

ledge 
at an exponential accelerating rate.

A
t C

altech, 1 =
 2

. 
C

altech requires double  
the concentration and  
effort; as a consequence, 
you get double the benefits.

A
s in, from

 the one C
altech

 com
es a seem

ingly  
infinite am

ount of potential and creativity.

C
IT = U

/∞
e
iπ = -1

W
hen I graduated from

 C
altech, I applied for  

this license plate, w
hich is the polar coordinates  

equation for the num
ber 1, w

hich C
altech is.

E
xcellence through m

athem
atical calculations at C

altech 
E

xcellence equals m
inds creatively challenged

1 Ò
 ∞

 

C
altech =

 e
x
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