i [ERHHE S

R FHAR
it N BRAEHIE B R
HRARFFARERIZS




HERHIE S R

Hh R ERE
TR N LAERITE BT R
BENEF S S A b

4 4 & B
b =



mEE T

FHEATERERBEATEARINEZEN. BXERMEES
ZRSIEAREMANME, BEERGHRT D EBFEB KRB RE
0L, #5h T ERHE SRR,

EHBE T BASFRHE BTN R EHE NS, H xR
18 BALE R MG TR B R SR S I, AR BT BAL MR AR
KRR S B MBI 5 A 3T T B 0L DR , X RHIF A B A B A 25 3
HEAT TWRAKI AT 5350, RS R AT 5 eUF B 22, A h R
KA AU FIR A2 R MRS, [ E SRR B BRPHE B
RIEFFIRTHE AR .

A AR A BURERT) BT LA | 7 55 RS AAR SR b b BEAT 4 5 i i
RERBE S, WA RENSIER EFETANSE,

BB 7ERR4 B (CIP) B3R

P ERM B 2011/ FE AR, PHEARFAESE B, BXA
KEEESEF RS —IbF: BHE R, 2011.12
ISBN 978-7-03-032831-1

[.O%e I.@QH @ OH- N.OREEBBAR-NH-E%
MATE-HFRARE—FE-2011 I.DG322-39
o [ AR A B BB CIPE B 1% 7 (2011) 55 238887 5

Fritsatt, K B KTH T Y/ ARt A O#
Firepal: & W/ @R, WTa

“#4 £ 2 BB MK
AR EWRILE 16 5
HEB 4G : 100717
http://www.sciencep.com

L L AN Y]
¥ HRARIT SHBEiEE
2011EE12A% — M FF&: 787X1092 1/16
2011412 B B—REIR ED3R: 163/4
F¥: 390 000
Efr: 95.005T (&%#)
(WHENEFRERE, REFATER)



O EPBMS BE % 2152011 )

5 o H
H

IEeERE
R At 57T
KREERE
f£: EHE4
T: £ & B
B: BEFF ¥ ] FfH
2= B g 7
ETEHF x| B

fAT g

B BH &7
H AR
x| oK



HE 21 40 LAk, 15 BLTE tH S W IR R, IEAE TR 44 H 5 B A
AR, ERE T RBGA A0 AL B ST E R R R .

B B AR L. HLBE M Y 5 B AR R R, DUAGR T RN, 2
A3 R A R el o B RN R 2 S 533 1T, ARRHE B LB T B S EA TR R
% FE B BRI, BE BT SUIE S T R Bk (e-Science) B Bt , ARBHE Y HT
A hR & B T HTFT AR A KI7KF,

DL B AR TR 015 BRI, 29 T RN I U [ 5K B MR, B U 5 1
WS F B LAY, B B T R R R A B B AR ) R A B R AF R SR RA
F BT PR TR B L SE 30 5, S BRELF R AR 70 AT o] B &) AT AT 3 s/ 68 IR
REREAT S BUE AN k) AR R R 2R LR TR o A S AR R, (TN T AT
Rl BARMRERE S TR

BEE e R AE TN IR A AR B AR T R L AT AL BRI AR LU
HHRARMRRE, 74 T & ERE, AR T KB/ AL, 201156 A, H
A PFBLR T ENL B T AR 8 612 JTAZ IR BB B A, EMCHIIDCA m] T2
1 2010 45 2 BRVE [ 9 B A= AR B T5 BN 1.2 ZB, FE T 2012 46 7= /£ 1.8 ZBI L
AR, ATRABE, AKX A 5 %2800 80 A K ER (Jh 2 A1) & 2R0E BN, L E M
SRR, oF R e - 28R B AT FE OB T , R B T RTATAR A KR RN A,

H 37, t 7 2 BHOR B H O RHE B e B KRB RS EET Bl
FRBGMUTERS , BAEXMANIY I RIFEMERE. EEMN20 1L 80 F A
&, T AR g R LR M Re SO O BT — AR R R R, BB T T
— X T B R R R A% 5 A 7 1 A SR E TR R, 3R T T R M I Y B IR A 0 N 7 T
B, 3F M 2011 £ FFUEE T B iE — R RHE B Rh R MR, E AN A EEH KR
HAEHFE BALEIRES, IF LA E R RIS R R R PR CAER . IR T — R
Bl A ST R A B T A, BUAS T 251 HE H AU RSR [ HLAE X — A E A AT S . B
BRESE TR [ TS T “e-JERE B HE " BFFY T 1], A4 B BRM BB 20 B o Y 4%, R BK
% E R HE M, (R R L S S, Mg T A & R R AU
23, 3F T S MK Y5 F X HENL(LHC) B 47 I vH B W% (LCG) , 5141 T 2 BR U3 F] AR



ERN —EAHEELERE2011

R RAFE R,

B EAE B TERT 20 L0 ERP I, HLERRA T EXKM#ERE,
[ &5 W (CSTNET) #1 b [ # & A AL+ E 4L M (CERNET) #H 48 2 /% 9 5 H br B EX
W, 25 T B E RS BAL R MR IR 3 E T 72K s R v S LR &I L)
MRS M TIRE AN E TR, EEEFRAIMEREET, PEERKME
7% T EFP 430 FTZ IR UL LRI B RE ST, 2 200 FAZF T IfFERE 1 F1200 2N A 5
TR, R T SRS A E TR, S2HE T 700 2 300 E K & RNV IR E KA
RTAE, URREESMEENEANERRSEMA G PERE, £ ERPEHE
VB RIS HUR SRS 5 T, AR E B RERE T FENRE., BERIELE M
LT IS KM T R S HHE SR TR B M — L E ZE T H AT
2, h R R RIS BB G RSN IR 4L T B AR ORRE, 7E3RE, Wik, =R 2R,
WEAE EYMERSEFLMBITR T — N AR B RS, ERR M SIS TR
BT HHT TR AN ER.

ik — S R E RS B TAEKIRARRE, P EBERBEE P HEANRILME
HEW ERX AR EEERASHBHIRT HHRREERTHE B RS S
R E— (PERPHME BB EZBE2011). EZPRLERTRHMERUHEES
P, BT EWANEIHE B R BAS IR BR T RER G BHER SN
W, i8R T RERHS B R EEERNE, BE T RERTHE SRR B4
fa, ZPAREE FUEME . HEY, AEEENSENE, BBy B RS T #
FOB 5 B RS B AU BRE 1

TAREHDE, BARE, BEE ALK EU R BRSNS R B I A
IR, RIS B AT SO AUH RO TR R R E R ERZEN.
RERAIHE S B R BEE , B TR AT R R, A RE R G MR R4t
SRA M3, HESD T A RO T R RLEUR BN 7 5 A BT R BRI DTER .

AR,
(ot

T EAFRREK
2011411 A28 H



hillld

sereseneennnn g &AL ()

. KORERIMEEN, BEEREHRGIET oorererreersnreninn. 18 (2)

e-Science and Data-Intensive Research «««»+++«=+++=<<+«== Tony Hey, Jim Pinkelman (6)

IR REEFAAMAERZ, REFEHERBE o WK ZER (27)
. BOIEERCHIRTAIET  coerermrerars s 36484 (42)
T, UBIFHEAR T ERFHS BALRIR  cvrererrrrrenresaesnsiessssnnnnens 52 B (48)

%:% Hﬂiﬁﬁ% L LIS TITIEIIPOPP IS POOPII AP PORISPOPIP RPN €. )|
. BIHE B0 ANIE A BRI RS BIRSLEI B ceereneneenecn BT (56)

Il

g
1,

. DE RS BRI S N B R IBARIL  eeereseraressrrresarnerserasssessanansans FNEREE (65)

LB RBGIE REEHITIE reovereemrenenrennennnninon B B 285 (1)

. AP A HEREAI R ETEBTREE  rorevemerenssnenson HAEE ARF REE F (80)

FHE B HATRI BRI EIRT ] eveeresressrrnensssnrrossarsnessenes 2445 %R (96)

BT BLREIBEEES - oeovevveee e oo rer s e sttt (107)
T RBHMEBERSRFEE oo Z#E & 2 (108)

. PEBE MR s A  (114)
. %;I_ﬁﬁ]fx]gg%ﬁ&ﬁ teeeanatsersesaseetatiornnnetttaranecasssnateatsaas ga‘i ,ffﬁé (120)

[l

. REBIFERBHEAMB T LT eeeeeessstnorerssnssereesnenansannsnnnns FRITS (125)



72l PERPHE B ERE2011

fi.
75,
+.
AW
.
+.

LT a T = $7 X -y ) [TIINNSSISIPRPIRRIPRNRRN - ¥ 21 SN O k1)
R BRI vereeeeressnmnssesssnennnniinnsnnnes & 3 £ A2 (136)
B R SR RSB SLR  oeeeeeeses b # K m BN F (144)
FVERETBENLIRLE wooreeeresveememmensemenssnnnns BUAE MR K AR % (156)
R B SR TR S J R ceeeverermsessesisnmnnnnennnes RHAE F 3 (168)
i [ 2R BRI TR T BE Sy cermeeeesnsnensissunnsnnnenes [ AL (173)

il

o
AR

JANS

E-‘La R R PR T TR PR TR P

RS FCEWERMNIARG e 3 R HBR & 9 (182)
| BRI AR BAET R croveserenenen HHR HBE WEE F (189)
TR R BRI B AR R AR R RS R

- F2EK FXLE A M (196)

N iﬂ%*’l‘liﬁ{%,%x'ﬂﬂ%%&ﬁ{f*‘]’%%%* B‘Jmﬁﬁ ................................................

- HEE LR RO F (204)

« TR [ DX A T AR S B R e~ Science S A+

- ARF F F AERA F (211)
TH ) 25 [B RAER GRS BALIREE  coeevenveeeeen I & ¥¥E SrA9A (221)

. DA AR RNV LN e R MER BBA F (227)

VAW 5 N A kA W & OARH F (233)

BRI AR S IR I AR T LR AL JBIT ] vovoererveeeeeees SUE 3 (240)

. ﬁ]ﬁ}i%ﬁ}#ﬁﬁﬁcﬁ%%lgﬁ*ﬁzﬂgi}lé tessessaserntassesarstattasane iﬁk (247)

- (259)






BN FERFHER L EE$B2011

AAEZRAMFERL, REERBEEH

R i
(+ BAH%1%)

(—) LR PHHE R R R N A

HERARASHARNAER, BRES KRN — A EZTE. BHERHEZSHR
FIEEE RS AR —, BRI ERRE R RFH — R EaLs
ZB.

Frifs BAL, AR R B BAREMRL, 884F . R G 7 W KR BAERE BRI £ REL A%
W AE CE AR T MR RESRBMNNHEHARKERERER: 5
FAAN R KA R BT 5K B RERNE LOLEREIE,

HE BRI RAEAT UM B A EERERF L, BHEF B HIELAE B AR
SV, B MR P O A A R R DT |, S E BRI AR A IR = 5T B
ErEEREEGTA RIMMUEATEEH S, FRARARIAT I REHBRHEE

Kt 2 BHHE S ER B BARISHE 1 NS 2IE B BRMIL MM E B 2%
RAASE R, WBEEIA G, BATE T R KW Q& , XEBPHESI K N ERE, 3
HXARHES A EMRENE EHMNZENREAY 0. AR S AR TEE
PR BFRRIEEE  RIEA SN BOEEE R H R R NMEIT IR,
bR E AR B, KB T R MR EEE M 4%, i B BUR R E e, AN 25
S SR &, XBHFEA - MIRNHE. BEERSEREREM N, K
M RERITER. NEEEERE B, HE XA T ER/EEH . BifE. B
T B K AR RUT & 1F B SR AL 2 5 B R A% B AT RE, A i SR R AT E BB 7E 3)
77 AR AR AR R RS B M 55 3 A 7

) B R HE B AL R e [ 5 R Bk e

+ttEATeaiEd, BirRERRIL T URHEENNEZSYLUEN, ZLImM
REBZ TR RTT AN LK, BEFICEST S SRS YRR 0 07 [, R A f)
PEAEE S, WA WL RS S, B E KRR N, XEMERRNES
FEEMFHE BIH TR, ISR R SR B — = I EREA,

AT I — AP0 M IR A&, AR SR 2@ 4L . Tkl 5 BAL =t
KRR, 5k itt, RBRBEATERPBIMHE, BRITELE —MEEHLSKVIHENE,



g souws IR

FEMEMAF"TRRFEME, 1Rk, Tlkth {5 BALHIEAE D, b U8 . 75K,
5 BB RO PEUIR , BAR PR PR (KR R 1) L, ok SRR FE R BT .

PEEESEN KB O R RIER, RONORSF S EE L TRENLE. 2
AN 28 = KEAT, T X LRI B2 AT I T LA AE Hh Al PR X 7l , i P 2 T B stk AL
R AF ARG BB AR N — DR EER, BF BRI, 75 BrAE>.
SECAER T, REARM TR VLS A T WREEA AR RS AR MBS
B AT

MotEsi R B M E LA RS, FRXMSAF RS EHEEMM. —0
7, 55 78 [ 7 IRAE IR 2 GIHT SR | Bt X P ML MR B R, Bk B TRedE MR (5
B AV 5% R S SRR E B . BTG BB ERRS TRBHES), H 4
PARARFDBHESN K FRRER, N TEF S AREREEEENEX, 5—H
T, BHHE Bt R E RS B M EE L R, REMESE RMRIES, E5IW
T E A E BT R, £ £ F R RTTHE B AR Bl 3R 35 1 8 B KR AT
SR B (0 BB AR 4, 7EAR B BERE P B B SR AR SR 0 — KA A A BAME R R
THREBMRERNELNE,

PRt , BATTZN IR R E BRI 2R S0, I BHTE B AL TR R R AOFITE R A5,
InaE Ay B 5B AU AR AR 55 SR S . BRATTHILTE TR B B K 1) Rt G e 482
E RSN RIS K RAEES Y, EF EXTHHNSEERN. AFER
HHE B TAERRENMUENEN &, EERET IS,

(=) BHoHE BRI R R a

FEE R B LARKIK R H RIS, RIHES) A7 BRI EE E0, FHHE B
BT ERSUEABRRZ P, CREFREES, BE R SRHE SH4FNT
. BRI, HRTRTE BT/ 2B M LU LS.,

1. FRUSEERARNMEES

5 BEAR5FE B, MEEEN, 78R EER, EM R 84, R4 L
RIBIHBT 8 BALR B T 3344 EENR TR, Bl E B EARNAFE R4 4%

W T E O N AE RN, SR AR AR TR, B E BRSO
Mt e .

FEEEATEE SR O, FEMETFETNGE REAREZKT. BEEL
A, ERA THREMKNAR, 4F TEERX AR, J 81T 5 A ki 58 5 AR 1 st
IR, BT R GF R T ROR , PR A BT .

EHEREEBEAETRIHE RS RES, rEE R E SRS, #E 2
AFEFRR S FER TR . IEA S FRATTREEM, R AR ERET
REALBRMEITTE . S+ REFFTE, TEAL R I = E R AT WA, B
AT ZEWARZATIWHIFT N, XA TR BB KB M R e (U 58 ,
BIEEAR EBREAS, ZATE RS T RHER B MRS, H T UMES 8T 3



BBl ERFERLEEHE2011

MR BALTTE J5 , ¥ & MR B R BB SR G RTE B T A R B B8, HE
1555 45 KR BRI 4R S 0 A S HIME R IP TAEM S, A R A 2 R

&5 B 515 BER RS L3, 1 e SRS EANVR AR, BRI Ty s JL R E4T B4k
b BT , B AN [R) B AL AN RIS TT 2 (Bl R BE A2 5 IR JS 2 B AEJT A 1 PP AL
Fi i 2 B L AT 00T, IR T RE A R 2 B o

2. BRHEER

BOE M, KRERIER—MARREIE, BS54 5T M ER — 51
EE 77 s R B AL & NS AEHIIA R A 3 R KR, Ja K8 7 A 5CR B SR HE A KIE,
TR & BROKBCA A R W, {5 BRAEEERTEERAh T — M AED R 5 EE
TP HEE— DB RE R ML EE M DAL RE , B 15 BUIR 55 b i Atk 15 0 iR
EFra.

X -METETIEES, AASHS ASBA BRASHSN B =MNaE"
M BV 2 2 R IEAS — 2 BREE B = il e, 5 01 2 20 (5 5 B BRI K 21 LARE
A5 S AT , VR R 245 BN AR B, vT DL7EJR 2 10 “Ug” B LA## v, 3RATTAT LAAR
S, KN RSRE T BRI, A BB E RS %A T, BIERT, B 55 55K,
AT VHH B AR A, ECRBIE AR AR R BB AN B S = A R
It A5 BALRIAR 55 3 . N A S DA R P A LB AR A5 1) o AR SRR B3 A0 45 8 7 Lk Fg 2%
&, i KA

3. U A hab

7 Bt E BRMBTIR, (5 880 2RSS B , K EIE R R Rl
AU B s PE BRI, 2R KR R S A DU R L ORI B2, XA LR IR A
B VR YR B R SR OB IR S M B, T LR B AR AL BT R A
BRI AL REF B M Z IRHE R,

PEBEE KR TR B WM EOR A BT R S T BN A L g B R0 R A%
A7 Gk AR ER N RO BT RO PR . BE R R B R AR R T X B, R
BT REOESIR, BIIE MR R B 08 8, AW LR AR RS,

B T _ERBTUFR = LS, nTRRAG BB B e IR A R L B 24 KB
FELHHHE B ERT |, FERNE LR D AR RAMEER.

(9 P ERAB RS B 1R

b E B B 4w E E ARG BAL TAE, &1 2 FE MW, AR5 R,
SIS, o R B R LU I R SR O HH R AL FE R SCe-VLBIMLM S H R YR L AR
B BT A0 5 IR M % 2 U5 T JR T — AR5 e-Science N IR R , FF & 78 360 . %%
B LAY, SR DK SR B SC T 14 ARG RUORTER IR E . 2RI TT
e 745 BALFREE N BRI 5 SR R R OSSP ) 1B R A SR AR | Bl W 4% Ak B
WHRS R LA S HE B R F B, 13— LELUAT VEFF R 0 TR A vT RS, 1R



g5 szansiBE

THREERE R R RBCERIACT, iR T RAT R R AL B (5 AR GERIT X 77
TR AR 3R X B A BT B8t NA R I B 1 T 4R R B

o [ b 27 e 71 2R R 5 G108 20207 A s T BRI AR ERR b R g — 2D
R H R BRI 0 i, il BRI R K 4 A K R SRR L, w1 AT
M AR R, P R S M RHE B AL L1, o B85 B 50X — iR e 7, LARHE
QU R SK 25| ERE B AR R AR, 3 — DIy ERITHE BACEERE W, $2 7R
T 23 A AN IR 55 6 77 , SERREE At e e 2 1) ) T BB L0 5 BRI A 5%, SE B RS Bk
N FIEAEE, 3 & - - B R SS T H KRWHE S T RN I &, 5 S S RHHE s
R A 1 SO R R B R M R R, ARG M FERHE B R 1% K 4%
BB SR 27 S B AR BT i BTk .

5



SHH FERFERLEEHE2011

—. e-Science and Data-Intensive Research
MEBIEZRERMNEAESNEFREHRAR A ZE

Tony Hey, Jim Pinkelman

(Microsoft Research)

wOE

ARTEE A 4Ae-Science ) & B i F2 [ ibe-Science i R STIF BB E MR AT ML EVE, He, WE
BT EERFEEORE, FREEANFI TN BOEER" S . RE, R E g KRG B
8 EFAMTHRAFBG, A ET AR KRB IR B, 8, RN E SR T R R R
HENFER” I MFRIAT, WebHle-Sciencei R th EHENE —BR %X RN ES. EXHRHLED HEEF
BAFERAFERE, KEERERS RS ERTNRE SRR EZOER ., 1, KERR R
BIEFAN AT EE BRI FOBATEN S, =1t E. BRI FEAE CBARSAIR Y A S K EEE,

Abstract

This paper sets out the e-Science agenda and explains how such e-Science technologies are needed to support
data-intensive science. After briefly describing some of the sources of the scientific data deluge, the case for a “Fourth
Paradigm” for scientific exploration is presented and illustrated with two examples. The explosion of data brings
new challenges for data capture, curation and analysis. This discussion leads on to consideration of the benefits and
difficulties of sharing scientific data. In parallel with the emergence of data-intensive science as a fourth paradigm,
the Web and e-Science technologies are fuelling a revolution in scholarly communication. The Open Access
movement continues to grow and it is argued that university research libraries and institutional repositories will play
a central role in the new scholarly communication landscape. Two recent government initiatives on data-intensive
science are reviewed before the paper is concluded with a brief mention of the growing importance of Cloud

computing, natural user interfaces and semantic technologies.

Introduction

The last few decades of scientific research have been uniquely influenced and shaped
by computing. Scientists have increasingly come to rely on computing technology for almost
all aspects of their research—to automate and contro! experiments, to collect and analyze
data, and to model systems and run simulations. However, in recent years scientists have been
confronted with a new challenge: how to manage, manipulate, visualize, and mine data sets

that are several orders of magnitude larger than they have had to work with in the past.
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In this paper, we begin by briefly describing some of the sources of this data deluge.
We will then introduce the concepts of the “Fourth Paradigm” and the e-Science tools and
technologies required for data-intensive research!’. To illustrate these concepts, we give some
brief examples of data-intensive science that show how e-Science computing technologies
and data management techniques are being used to make use of large data sets to accelerate
research. We then describe some of the challenges researchers face during the three major
data-related activities in data-intensive science: capture, curation, and analysis. Next, some
of the principles, policies, and motivations of sharing data are explored. This is followed by a
discussion of some of the emerging trends and transformations that are occurring in the field
of scholarly communication and open access. Government and policy initiatives in both the
United States and Europe—with regard to data-intensive science—are covered prior to set of
brief conclusions.

The Data Deluge

Experimental scientists now have a vast array of electronic devices and systems capable
of producing very large volumes of data. Small, single-purpose sensors such as optical sensors,
accelerometers, strain gauges, and thermal sensors can be deployed in mass arrays and used
to collect data over distributed regions or a wide range of environments™™. Similarly, orbiting
satellites collect vast quantities of images of the Earth in many parts of the electromagnetic
spectrum and the raw data need considerable post-processing to generate useful data sets for
scientists. After the success of the pioneering Sloan Digital Sky Survey™, astronomers are
planning ambitious new telescopes such as the Large Synoptic Survey Telescope® and the

Square Kilometer Array™

. Both these projects will generate many hundreds of petabytes of
data and require petascale or even exascale computational resources to process the data.

Particle physicists are now running experiments with enormously complex detectors to
record the proton-proton collisions at the Large Hadron Collider (LHC) at CERN in Geneva'®.
Detailed simulations of the experimental detectors are needed to model and understand their
characteristics. Real-time computation is also required to reduce the raw collision rates down
to manageable volumes for later offline analysis, by keeping only a rare, interesting subset of
these raw events. In June 2011, CERN announced that the LHC detectors had collected data
from about 70 trillion proton-proton collisions. Finally, the data have then to be distributed
around the world for analysis by the hundreds of participating researchers. Each experiment at
the LHC is expected to generate multiple petabytes of data annually.

In biology, we are on the threshold of a stunning explosion in the amount of genomics
data being collected. This revolution is being driven by the large-scale automation of the task
of gene sequencing. The new generation of gene sequencing machines is able to sequence

approximately 10" nucleotides per day: this is equivalent to each machine being able to
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sequence more than three entire human genomes daily! The Beijing Genomics Institute, now
known as BGI and located in Shenzhen, China, is one of the world’ s leading sequencing
centers: its sequencing output is expected to exceed more than 15,000 human genomes per
year”. BGI’ s 500-node supercomputer also currently processes approximately 10 terabytes of
raw sequencing data per day. In addition to DNA sequence data for a variety of animals, crops,
and other organisms, there is a correspondingly large increase in gene expression, protein
structures and other related data for each of these projects'™.

A major area that combines both data collection and modeling is that of weather and
climate simulations. As an example of the data challenges in this area, the fifth Coupled
Model Intercomparison Project (CMIPS) will involve the global production and analysis
of several petabytes of data”. To support this project, involving more than 20 international
modeling groups, the Program for Climate Model Diagnosis and Intercomparison (PCMDI)
has established the global Earth System Grid Federation (ESGF) of data producers and
data archives. The ESGF will provide a set of globally synchronized views of globally
distributed data—including large cache replicants, some of which will be kept for decades
(at a minimum) . The project will stress international networks, as well as the data archives
themselves.

Another large source of data is from large-scale computer simulations, today running
on petascale supercomputers and currently being planned for execution on exascale systems.
This data needs to be saved for two reasons— firstly, to provide a checkpoint for restart in
case of failure during long running simulations, and secondly, for visualization and analysis
of the results of the simulation. A study of fusion simulations identified the need to output 2
gigabytes of data per simulated time step for each core in the parallel simulation. For “just” a
million cores, this corresponds to 2 petabytes of data per time step and requires an aggregate
input/output (I/O) rate of 3.5 terabytes per second for a 10-minute time step in a simulation of
1 billion cells and 1 trillion particles"”.

Finally, although the data volumes in these “big data” science fields are impressive, there
are also difficult data challenges for “small data” science. Peter Murray-Rust has used the term
“long-tail” science to characterize the scientific research that takes place in tens of thousands of
ordinary laboratories!'". This often involves “wet” science experiments, for which digital data
are also collected as part of the experiment. Typically, there will be no detailed advance planning
of their data requirements, as would be required for “big data” science projects. Long-tail science
includes parts of biomedical science, chemistry, materials, crystallography, and other disciplines.
The amount of data involved is typically only in the terabyte range but is very heterogeneous—
in contrast to LHC data or gene-sequencing data. These scientists are often confronted with the
challenge of how to manage hundreds of thousands— or more—files, together with the need for
a reliable and persistent data repository system with the capacity to reliably store their data sets.
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e-Science and the Fourth Paradigm

The term “e-Science” was introduced in 2000 by John Taylor, then director general of
the UK Research Councils'”. Taylor had been director of HP Labs Bristol, UK and e-Science
was a natural extension of HP’ s concept of IT as a utility—or “computing as a service” —
which is now fast becoming a reality with Cloud services from companies such as Amazon,
Google, and Microsoft. In his new role with the Research Councils UK, Taylor recognized
the increasingly important role that IT must play in the collaborative, multidisciplinary, and
data-intensive scientific research of the twenty-first century. He therefore launched the UK
e-Science Programme to develop the tools and technologies needed to support this networked,
data-intensive future of scientific research. We shall therefore use the term “e-Science” to
encompass the collection of these tools, technologies, and infrastructure that are required to
support such research.

In parallel with this developmeht in the UK, Jim Gray from Microsoft Research had also
seen these “big data” trends and begun working with scientists to understand the problems they
had working with such large data sets and what kind of tools they needed to help alleviate these
problems"’. Gray simply defined e-Science as where “IT meets scientists.” As we have seen,
researchers are using many different methods to collect or generate data—from sensors and
charge-coupled devices (CCDs) to supercomputers and high-throughput sequencing machines.
Gray frequently encountered scientists who were “drowning in data” —what happens when
you have 10,000 Microsoft Excel spreadsheets, each with 50 workbooks in them? It was clear
to him that the world of science was changing and the scientist was becoming more remote
from the actual raw data.

“The new model is for the data to be captured by instruments or generated by simulations
before being processed by software and for the resulting information or knowledge to be stored
in computers. Scientists only get to look at their data fairly late in this pipeline. The techniques
and technologies for such data-intensive science are so different that it is worth distinguishing
data-intensive science from computational science as a new, fourth paradigm for scientific
exploration,” "

Originally, there were just two methodologies for conducting research— experimental
science and then theoretical science, with Newton’ s Laws of Motion and his theory of
gravity, with Maxwell’ s equations, with the Schrédinger equation, and so on. These are the
two classic paradigms of scientific research and they have underpinned all of science up to
the mid-twentieth century. Then, as the systems being studied became more complex, the
theoretical models became just too complicated to solve analytically, even with sophisticated
approximation methods. Fortunately, electronic digital computers arrived in the 1950s and
people began the numerical simulation of such models on computers. Indeed, for some
problems—like climate change or galaxy formation—simulations are the only way we can

explore the physics. Ken Wilson, Nobel Prize winner in Physics in 1982, called computational 9



