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1. Background and Charge

Science has abwayy been dsta-driven, bul what s changing dramabically is the smoom of dsta
willy which selentsts now engaps. The Mathemntical and Phosical Sciences (MPS) commismity
generaies wuch of this dmia. Major expeniments mad Facilities are mow gencrating petabnvies of
data per venr thal must be distribused ghobally for analysis. Projects already n development will
generdle much lirger volmmes al [asler rales, approaching an exabyie per week, with exaflop
comnpiing capacly nealsd o perform (e analyvis.

In nddition 1o this growing number of prodigious date gesermors, virimally all of science is
hecoming data-mlensive, with incrimcing sote and'or complexily. aven al the kevel of Fle in
mdividusl Jabe. Thie trendd extends bovond MIP'S disciplines o) biobogieal dala: fsancral,
commercinl, and retail dats; sudie and voual daia; daia ssimilstion and dats fusion; dats in the
bmamnities and social sciences; web-hased data; amd governmental dsta. Virually all disciplines
nend polentinlly mdical new ways 1o manege this data, as well & magor mathensatical, statistical,
amd computstionn] sdvance to anilize thews dats wets, iF the enosmous patential scenific
advances are 1o be realized.

This data-crizis facing science and suciwly his bom widely recognized {see, ag, The Dafa
Dwliige, in The Eeomamat, Feb, 27, 2010, and the many repats lmied in Appaadix A} Hal it &
particularly relevant bo the MPS commmmsty hoth becanse of the severe challenge, vet encrmous
palential reward, inherent in denling with the datasorisis and becasse moch of the sohstion will
requane Temdsamenial advances i tha dala e, of which mathematics and glaimies within
MIPS e a lghly promenenl parl.

Charpe: The MPS Woerkshop on Data-Enabled Science & charged with providing

(1} & high-level neseeemend of the needs of the MI'S conemunities, moluding anticmated data
getseratson, capabibity and imabality to mine the data For scmcs, strengihs s weaksesse of
current effors, md work on developing new algeriihms and mathemmtical approsches; aml
(2} om msmessmenl of the resowrce requirements for addressing these nesds over the next five
vgars,

2. Executive Summary

To reslize the extraordmary polenhal for soentsfic advance mberant m the dats-<n=is o magar
brlles nesd o be avercome: (1) Data Mamagemen amd (2} Scientilic Infaence fom massive ar
complex dmin. We summarice the major issues mvodved m esch hurdle below; detnils and
examples are given in bter sections

Dare Maswgesvenr: Hasdling the encomity of arriving and soon-te-arrive saieilic daia requines
mmple:l: and new strategies mnd enderstandings. Compaonents of this management inchode:

®  Desigaing the dain colkstion siralegy

»  Caollecting the dala from cither simgle or dstrbuted sibes.

3
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Preprocessing (if necessary) o keep anly the mos1 excential data.

Hiorimg 1he dotn, with apgropriole psets-datn 1o ensure usability.

Ensuriing accersilality of the data by scoemtists, possilly threugh Livesed distnibugion of
ihe data o muliiple sies.

Providing plathorme and software that enable efficlent use of the data by selentists, a
well as sllowing for coagrivre of the scientists” posi-processing of the daia.

Ensuriig curation and preservation of data

Saawific lfereice from Wesive o Compler Date: There are major challenges in producing
brenkthrough science from massive or complex data Nobe thatl we emphasize complex dala im
fhits discusaem s well a8 massive dite, whal ieight sppear 1o be of modest size ity (g the
enber of penes in the humsn genome) can cause as pevere mizrential difficulties a3 mmsive
duin wisen consideration s given o complexity (e.g.. the meed 1o consider ihe vast multitude of
pmsible pone metworks]), A few al the overarching challenges ane prvien bere; othans are o lader
Bciion.

Ecoalability is & primary concemn; mach of wience today uses “small data’ methododogics
for scismtilie infurancs, stmlagios that are ill-oquippes] For today s massive or complex
daia, As bai one example of the scalability cnisia, while many thousands of astronomers
{amd] daty xoientisis) have used the Sloan Digiial Sky Survey (S1388) dutn collection over
the post decade, with over 300 peferced pubbcations {moking i one of the most
seientifilly prodadive dals reposilones i the world), neverthelos @il lews than 10%
of the SIS imagieg data have been retrieved and snalyred by individual scientiste. The
Large Svnoptic Sarvey Telescope promises to hlow this gap wide open, by three erders
of magminde, with the scquissison of coe ED58 squivales amou of mmaging data exch
and every night for 10 sears, Wilkail advanoed data seience (malhomnlics stslistics, data
midnimp. and nucline learnng) algorithis and methodologles med w0 and applied io
such o dutn flood, we cannod hope 1o renp its full scieptific discovery potential.

There will be & dynamie temion betweon the desirbilicy of brasdly ussable approsches
i data=esabled science - soress spplicatioss and disciplines - and the frequent need far
sohitsons lilored bo & specific sefing.

Mechanisms fior transfereme of melbodmkopes hetween discipling is o magor need; MPS
is well-positioned for this, becmse mathemstics snd sinlisisces love iraditiomally been the
miajor disziplines for effecting susch tramsfer

Diatn-enabled seiemce is nod just dats explormtion and enderstanding: & is often wing the
science fo privide the imsighl ksl mmbocks the data. {One camnol find a needle m a
haystack swithoen knowing whal a haysiack s of o needle 8.}

Understanding how 1o deal with the multiplicity issue - distmguishing a scientilic sigmal
fram maise. whin a lange dala sl i swhjecied e a massive nimber of probes — posis a
mspar chalbaaps

Fundansenial advapces im the methodology of dmo-emabled science offen reguaire
awargicss of the eiitite spectrin of the problem: from the paiee of te dila 10
computaticasl lssues (e.g. parallelization] im the fina] analysis

Thara is requemily a need For real tmme analyeis of The mommimg, data-stream,
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Cverall Necomumaadaion e Danv-Erabled Soemce: We urge the 8IS Direciorale o abtain
viry sigmilican! additional funding so support dito-mahled scaomos. This Tmdmg could be wsed
T mov dimta-armaliled metmes inshalivis or Bo prodvide Targeted additioml suppon to ik MPS
Mivisioes For dais-enabled science sotivitses, support that ceald ke applied 1o mdividual
mvestigalor awands, group grants, centers, and fclities, as the mdividual Division deems mosi

approprime.
Funding of data-enabled sefemce willl reguire the asme process care by BEF program
ulTu:n- m funding of mlerdiscpliary rescarch,

Peer reviewers im all MPE neview panch should be clearly fifirmed as 1o the
mmigque evpluation metrics thal apply to cross-disciplisary IIES rescarch proposals,
which bridae botls data sciences {including scientific daoln managemes, scientific
database resenrch. mathematica'stmlistecn, dala maning machmne leaming, and
vinalizatson ) anid the traditlonal plasieal ssiemees

Dedicated dats-ciabled sefeee poview pansls abould be dlized when
appropriale, cerinimly at the Divicional level ond possibly af the Directorste level

Il suppost is fhrowgh additional funding o e Divisions, MPS tracking
mechani=mis shomild be developed to masne acootintabalsy for thesa targalod Qs

Flmimg should ke made moilabde for nesded 'Workforee enhancements:

Suppert dedicated Early CAREER awands lor voung facubly spealically n DES
FeRsArch areds

Support dedicoted fellowship programs { gradsate and postdoctomnd) in DES amd
aia Sceemce research areas. This would be similar 1o the NSF Fellowships for
Tramsfirmative Conypulatiomil Scemo: using Cyvbammrastrocure (C1 TralCs:

o e ms il oy 201 sl 1035 nef 10333
Suppen workioree development in coreers associoted with dsin hondling ased
merstanding.

Provide stranger DES research support For scientists woarking within large data-
prndiackn g projects deifin g cosminsction, comimissioning. sed esrdy operations
phases. This ennhles éorly science resulls from these Mecilities specilically from
the people whe know the Escility and iis dain the best.

Provide REV supplements in data-cablad scwaice.

Support educations] indEtives in data-enohled selence, including the taming of
compailaiional soemisis for soienlific inference wilh massive s complex daila
(See secticm 3.1 lor numenons cosorele suggestions. )

Hevonmaiardarios am Dare Aanegesiean;

For focilties, datn management is o major (ba ofien unfunded ) compoment of operating
coits, Ax pan of the overall NEF sirmopy of leding Facilivy operming costs, dedicaned
dmn mesnpgement opermling funds should be provided and tracked. This should inclads
Fundimg far dota nanagémenl persannel and softvware devebopment.

Praject proposals which deal with massive data should include o dmn mamagemen plan
oansistenl with the siwe, oodlohomtive stnectare and funding scals af the project.

The plan shemld address (as relevamt ), meta=data. socess. bong term funding. data
sorage, compeaiienal requenanemis, awl stardands,

Dwin Managemem with massive dofo requires significes inmovation, and sen
mumagensnl ideas should e encournged mnd sapporied (recognicing they might
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fml). Conferemces or ather vehickes for sharing of dsts management mnovations
neross [ncilitics and discipbines should be created
MEF shoold comtimue 1o seek mechanisms 10 ensure thal dais srsimg from fimded NEF
projecis be made public (im & wseahle form) within a remsonable time period.
o Dherwise, roproducibility of science will ba ol goesiion,
Without flvis mesdaie, science will bese much of this major rescournce.

Necommendations on Folentific nference; The scope of needed fussdamental sdvances m wsing
massive or complex dala for seienfific mlmence is anormnis. Bome o the measl urpenl necds ane
lisaed here. (rihers can b found im the dscipline-specific rections,

Advances m limdamental matbematics and stafistics are needed to provide the language,
stnscture, snid tools for many of the nealed methodolopies Ffor dsts-cnshled scientific
inference, [See section 34.)

Algariibmiv advances in handling messive and comples data are o, nclhading
mmethiods of explodting sparaity (e.g, ot of a buge llst of protefis, only an unknown few
may be nctive in & pafticular metabolic process), chistermy amd  classification, desia
minimg and machine leaming (ncludimg feabare dotection and mlammaiion exirmetion)
Bavesamn amalysss and Blarkev chain Menle Carle matbododogy, momaly detection,
optinsizstion, wsd masy nore.

Potentinlly mujor teals For the characterization amd merpretation of massave and comphex
data wets melude veualiation (visual seabviees) and dlieen scsenee (T computation
oF data peocessing)

Dinia mssimilation snd weeriainty quanisfication — mames given o the inerfsce of dais
mndl comgpuier modebmg o processes (simulabion-cnabled scicuce) - requires special
foous s the basis o mech real-world prediction (e.g., of the effeds of climate change).
Progress in mew smess of doig-enshled science will require ftesms consleting of
oombinations of disciplinory  scientists, dsta-scientists  {inclading  msthensaticians,
statisticians, and mechine leamers), &nd compaintional scientsis. Mechanisms for
sigrpart ol siich tams ore needal, e curranl mechamism ol occisional jodnl mitiaie
hetween divisens is too tansient or the fumre dsts-enablad seience world

OF course, many of these issmes arise throughoul wicece, engineering and society. They mre alin
of WEF-wide mmportance and of tmponancs o numerous cther apencies aml the naton. We hare
primarily highlight MPS isues in deis-erabled acience, while recognizing ihat solutices io the

overall

problem may well require a coordinated nstionad {and imernstional § effon.

W abio nile ikl MPS developnienis m dala-anabled sewnce will Hkely be maygor dovers alf
soluticns fo dsts-ennhled soiemce problems in general, The dam msnapgement metlsadolopgics
ansing from major MPE [aclies and tbhe fundamenial breakihroughs for soeniific inference
from massive or complex dais thel arise theough mathematics, stabstics, md other MPS
discoplimes will ave major imqect o olber scier and socuty
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3. Data-Enabled Science and the MPS Divisions

A1 Astronomical Scences

While there are a plethora of astronomical research projecis for which the access 1o and
wmnderstanding of large-scale dala iv eriiszal, exploration of the Gme-dommanm is perhape the mogt
revolutsanary, Facilities now in aperation snd others planned for the coming decade will cbaerve
the night sky systematically, with a cadence never before achieved. Al this level of sampling
virually oll stars m oour Clalaxy become ponssistionary, and many will be discovered 1o be
vartable i wave mol proviemly knownm  Other variabde, spmsodic, and tramsient events—
supemsvas, fovie, scoreting hlack holes, gamsa-rey burmts, gravitationd masslaing evens,
extrasalar plemetary transits, incoming asierods, trmms-Mepanian objects —will be recondad a
rales 1{Hk | 000 immes higher 1han in the pasi.

In oeder 8o make sense of the 10" 1o 107 detections of tramients per night, and 1o aid ether
ohservers in assessing the need for and prority of follew-esp observations, smalysis and
prohahilistic classification of evenls will hrve 1o be Bghly adlomated. A combinnison al
adhvanced macling hammg lechineloges with nnmediale aeees 10 axtant, distribenod, mui-
vavebemgl dats will be meeded to make these aseesaments snil 1o comstruct svent imlices to bhe
autimomously distribuied to robotic ohservatories for near-real-time fallog =up.

Thi scteniilie mmplications of these capabilities span all arsae ol astrephlasice planst formation
and the prevalence of extrasolar plapstary svsiems, stellar evolution and the strugiare and hisiory
of our Galaxy, galaxy formaiton and evolotion, active galaxy phenomena (quasars, bloars
Keyviien galaxiest the disiribition ol dark maner in galaies and clisers of galaxies, and the very
maburg ol the coamas on the largest seales,  The mes1 mmponanl and excfting sstronamical
discoveries of e coming decade will rely on pesearch snd developenent in daln science
disciplimes (mclnding data management. nocess, integration, mining. and amalysis algorithms)
thal emable rapid information extraction, knowledge dscovery, amd scientific decsion support
T real-teme pstrnemizal ressancs Paealiny operatins,

Specific Avrouors Do Enabled Saemee Recommneradanons:

1. Daila managandmi
& Seppon eore Ticilities m adeguare level sothat dmn processing md data msnagement
are not ermded by ofher operational requirensents.
b, Imcomporaie data managemsent planming lrom the oul=el
& Protecl data management bislgas fnom hanbwarg sost ovomas
d, Monege dein close o source of expenise, recogmizing tha des mansgemeni is
inherendly distributed and thal data centers will vary in scale
0. Adopl commumityv-wide slandards for metsdsts o facilitate discovery, socess,
tinlegration, and re-uss
i Imfematiome] VO standards for dsts collections
ii. Standard wecess protocols
e Mmapgement of vatual data spaces
v, Aunbsentication authorizmbon as needed

7
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[ Chise the gaps in astonomical data archiving
i Empage privale observalories o eslablish cohaenl, commumiy-acomsible
archive Feslitics, sspecially in coses where private facilities secept MEF
suppan for insinamentabion and ‘or facilsy augmentation
i Caplure high-level data products mssocisied with peersreviewed puhlecations
and masige 08 commmnigy daka resouras il VO-gompliang scoess
i [Develop strmtegies for lomg-term curation and preservation of survey dsts
{e.g. 5155, perhaps in eodlabomtion with N8F DataMel programs
. Suppocl creation of advimeed data products Inom anciial eollections (source
caalaps, cross-matched remrce ideninfications, pasameier exirsction foar
specilic types of astronoimical objecs)
v. FEstablish progrems for digibizetiom of legacy  data  collections; the
phopraphic record (images, specira ) i on the verge of baing los)

3 Hr-h'mmd visualization
[ovest im mow software ond datshases ainsed sl exploiiation aff large and distributed
dlaln codlloctions

b Modernize widely waed ook, with huili-in sceess i distributed dais ibrough VO
service stamidords

e SHupport algarithm development relmed to large distribuied datn and scale=up existing

hems
i Clistering and classifieatsen methods
il Payesian statistical analysis and bomie Carlo Markow chsin approsches
i Vinsalization of large, many=dimensional dats sets

d. Sapport milerdiscipimany resoorees - modecular spectml Ime dalabases (sstronomy,
mudeailar chenstsiry ), stomie speciral e dalabases (astronemy, abonie phvsics]

. Suppont collaborstive reseorch with industry that utilizes emerging technmodogies for
dato-mensive soaende (eg., the recent NEF-Microsoft MOL for data-infensive cloud
soenpiting: hip: i el go ke 4 OV gl ] OO Fonal DN 7 jep’

[ Seppon  collshorafions among  sirosomers, slnlsiicians,  mathemalicims,  and
ceampiter sesemiists. Tl WIH progrmm in informaties & o successiidl podel of the
kind of reseorch objectives  thel  would be  usefil  in  astronomy:

3 Archival resenrch
n Huppord Plbased archival research progmms through program soficitations focused
an ey o archival data
b Archive-smabled resemch stands on cgual Troting w0 new ohservations
i Archive research draws on boih ground-based snd space<hased observationm
iii. WEFMNASA co-sponsoms hp?

4. Conmmunity workeshops, commmumicmiion, professinaal outrench
B Hugpon aneal community workshops thol fome on DES, Dain Science, Informstics,
aned Large Boiemoe Dalabase Projedts (e.g, LINC, LSST, LIGD, OO0 NEON], in
ardar 1o develop the feld, share bomom leamal, oller worklore development
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opportunities. and provide a venue for educating the scientific community in DES
research.

5. Education and public outreach

a. Work with EHR to support STEM education research programs that focus on the
development of curricula and educational programs at the intersection of physical
sciences and data sciences. Support for programs that (a) demonstrate the pedagogical
value of introducing the reuse and analysis of scientific data in inquiry-based STEM
learning. (b) promote computational and data literacy across the STEM curriculum.
and (c) encourage education research in the science of learning from large data sets
(http://serc.carleton.edu/usingdata/).

b. Mandate an outreach component in all major projects and facilities — reward
innovative public uses of mission/project data (e.g., Citizen Science). Support
construction of infrastructure that facilitates the development. sharing. and
transparent reuse of data products that have pedagogical value and that serve a broad
public audience. not just professional researchers.

¢. Fund the development of digital libraries that provide a permanent repository of data
science curricula materials (and data sets vetted for education use) for different core
science as a mechanism for easy transfer of DES knowledge, data-centric lesson
plans, and MPS-related science results to both informal and formal education venues.

d. Fund informal science education and human computation initiatives that extend the
discovery potential of large science data sets (e.g., through Science(@Home or Citizen
Science activities).

e. Fund the development of data science software tools (for data access, manipulation,
measurement, mining, analysis, and visualization) for use in informal and formal
educztion.

3.2 Chemistry

Data Enabled Science (DES) uses techniques in statistics and high performance computing to
analyze complex data sets and extract features of scientific interest. These complex data sets can
be very large data sets from single experiments or large collections of data from several sources.
In these cases. visualization techniques and data mining procedures have the potential to
dramatically increase the rate of scientific discovery.

Although chemistry and materials science typically generate small scale data sets compared to
fields such as astronomy and high energy physics, many experiments are beginning to generate
single-run data sets that cannot be easily analyzed by conventional techniques. These
experiments are usually multidimensional and involve coupling a high throughput chemical
analysis technique, like mass spectrometry or broadband spectroscopy. to an excitation source
such as a laser. These multi-dimensional techniques are often required to analyze complex
sample mixtures or to examine reactivity as a function of deposited energy. Current techniques
in the combustion and reaction dynamics fields, such as Multiplexed Photo-ionization Mass
Spectrometry, are generating single-experiment data sets on the order of 50 GB that would
benefit significantly from statistically robust visualization methods.
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Several other areas of chemical and materials research are also producing large data sets that will
continue to increase in size and complexity. In particular. molecular dynamics simulations in
biochemistry and materials science generate large scale computational data from single
laboratory studies. The use of graphics processing units in computational chemistry, for
example, has led to simulations that produce terabytes of computational output per day. There
are also large data sets in related fields of science, such as radio astronomy. that contain
molecular information that require new analysis tools to extract the chemically useful
information.

Finally, several of the industries that employ chemistry and material science Ph.D.’s are rapidly
pursuing DES strategies to decrease product development cycles. Providing research experiences
for graduate students will become increasingly important for preparing young scientists for the
future workforce. Therefore, despite the “single laboratory™ tradition of chemistry and material
science research, issues in DES are already significant in chemistry and will continue to gain
importance.

Special Needs for Chemistry and Material Science

As noted above, chemistry and materials science tend to perform research in a single-laboratory
model. Increasingly, each individual laboratory is generating large scale data sets through either
computational chemistry, large user facilities (such as SLAC, NIST or ORNL) or high
throughput laboratory methods. However, the potentially greater opportunity for DES in these
fields is the combination of research data from all groups in a research discipline. For example, a
unified spectroscopic database from emerging high throughput spectroscopy methods based on
frequency comb spectroscopy and direct digital spectroscopy could have a major impact on
related fields of astronomy, environmental science, and analytical chemistry that rely on
chemical identification by spectroscopy. Efforts are already underway in the computational
chemistry community to create common data bases to permit reuse of these results (examples
include 1OpenShell (Krylov), the Structural Database (Johnson)). Unified collections of
individual data sets in materials science and drug discovery could significantly increase the rate
of discovery and add increased value to the individual laboratory data collections. The concept
of unified data sats from whole communities of chemistry represents a major shift in the single-
laboratory culture where data is often closely guarded.

A special area of DES with great potential in chemistry and material science fields is the
combination of laboratory or facility measurements and computational chemistry to provide real-
time chemical analysis. Many experiments in chemistry rely on theoretical analysis or
computational simulation to interpret the experimental data. In almost all cases in chemistry,
these tasks are performed separately and ofien by different research groups. For example, an
experimental group will collect the data set and send it to a collaborator in computational
chemistry for analysis. The possibility of closing this loop in real-time would make it possible to
optimize experimental conditions in a single experimental run and, therefore, greatly decrease
the time required to perform the crucial experiment to reveal the important chemistry. On-the-
fly analysis methods are also needed to realize the full potential of new techniques like
broadband spectroscopy using frequency combs or digital electronics. Spectrometers based on
direct digital spectroscopy will soon be capable of measurement throughput of about 1 TB/hour

10
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(spectrum acquisitions rates of 300 spectra/s with 1 million data points per spectrum). Coupling
high performance computing to concurrent measurements could be used to perform on-line
spectral analysis in high throughput analytical systems to enable library-free chemical detection
and create systems that provide “sample in — structure out” real-time analysis.

Another area of need for chemists is a lack of standard and compelling visualization tools. High
performance computing tools and software that provide visualization of chemical models,
processes and structures should be developed. NSF should provide funds to support both the
people who develop the computational interfaces and software as well as the hardware to handle
the data manipulation. Much of the massive data generated with local and facility
instrumentation is collected in phase space and frequency, and needs to be converted into real
space and real time. With appropriate software and algorithms, visualization of the real structure
and dynamic modes and pattemns emerging from the data can be observed and interpreted. In
addition, science is better communicated to the public and as an educational tool through visual
representation of interpreted data.

Specific Chemistry Data-Enabled Science Recommendations:

The NSF should develop funding opportunities that provide incentives for research communities
in chemistry and materials science to reach agreements on data sharing protocols, including data
formats and associated meta data. These programs will need to include continued support for
curating and validating the data collections so that users within the research community and
outside the direct community trust the content, security, and future accessibility of the collection.
Additional support to develop discipline-specific software tools, perhaps through collaborative
research opportunities in math, statistics, and computer-related disciplines, to navigate and mine
the data sets will also be required. Instrument development that emphasizes real-time data
analysis and visualization through the integration of high-performance computing with state-of-
the-art instrumentation should be encouraged. The NSF should also support interdisciplinary
educational opportunities that train chemistry and material science students in data-related fields
to better prepare them for future opportunities in industry and government positions.

3.3 Materials Research

The frontiers of computational materials science research, supported within the Condensed-
Matter and Materials Theory and Materials Chemistry areas, aer driven by Data-Enabled Science
(DES). DES within materials community constitutes a necessary “fourth paradigm™ within the
now-standard theory. experiment. and computational simulations paradigm defining our modern
research and discovery. While the community has extensive efforts in a number of challenges,
supported by various NSF programs, in high-performance computing, algorithmic developments,
computer-architecture utilization, ¢.g.. GPU and vector accelerators, DES is at the heart of
critical-need materials development and of challenges in understanding of complex materials
systems. Large-data sets and data-mining critical information from that data (e.g., intrinsic
correlations between structure and property) are increasingly important in materials science and
engineering, and increasingly necessary for breakthroughs. Managing, storing, sharing,
utilization and visualizing these data from diverse materials areas require new approaches and
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new developments in cyberinfrastructure, and, especially, a huge cultural change within the
community and from other critical communities that will have great impact on DES success in
the materials community. such as critical computer science experts in the database research and
architecture arenas. In addition. although materials data often is more heterogeneous than other
areas, the materials community can benefit in DES from advances made in other communities,
such as biomedical database (see. e.g.. hitp://wtec.org/sbes) and the Sloan Digital Sky Survey
(hitp://www.sdss.org). as well as from tools developed to describe, manage. archive, and
disseminate data, such as MatDL Pathway (http:/www.matdl.org), an effort that, nonetheless,
did not solve workflow issues. and the materials community’s data remains an afierthought.
Other critical areas are data provenance and data security. while providing an open resource for
NSF-supported science efforts.

Currently, standard workflow is a bottleneck to progress: namely. there is limited sharing of data
and data products. Data is provided on “need-to-know™ basis, peer-to-peer sharing difficult
(learning curve between groups). no meaningful relationships between files and data products
(need for meta-data and workflow), data lost over time (storage and management) or unable to be
found or searched except by person who generated them (unusable but existing data).

There has been a vision developing over recent years, referred to as Integrated Computational
Materials Engineering (ICME) in recent NAE reports. where computationally-driven materials
developments is a core activity of material scientists and engineering in coming decades, along
with standard experimentally-driven materials engineering. As such, both data from computation
and simulation research and experiment are critical. Certainly, there may no “one-stop™ solution
for the entire community. However, even having research groups with similar applications and
data needed could provide a “local community™ effort with much more robust data access and
management with useful tools to enhance DES for their entire community (shared resource and
development). Overall, most of the materials community desired an easy, searchable access to
full research product anytime and from anywhere. so as to provide collaborations with seamless
and protected sharing of data and metadata. Data repositories require new advances in
cybersecurity and large-scale networking for geographically disperse collaborations.

Thus. from the NAE report, the ICME cyberinfrastructure will be the enabling framework for
DES and Discovery. including libraries of materials models. experimental data. software tools,
datamining tools. To accomplish this task, the creation of accepted taxonomy. informatics
technology. as well as materials databases with open access is essential. “Knowledge Bases™ are
the key to capture. curate and archive information to succeed with the vision for ICME,

To accomplish these needs. the cultural must be changes, as there is no culture for massive
datasharing, and no incentives from funding agencies for sharing. Multi-agencies issues. as
opposed to NIH model, means that funding and coordination are modest for needed
cyberinfrastructure (database, security, curation. ete.). In addition, the culture to support cross-
disciplinary developments for DES in materials science is critical. For example, recent funding
calls within NSF certainly permitted database develop efforts. However, reviewers from the
database research and architecture within computer-science often found the database research
“not groundbreaking™, while acknowledging that the impact on the DES materials side would be
significant, effectively killing any funding possibility. Changing the mindset and the cultural to
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permit cross-disciplinary support for DES in materials science based on coordinated
developments with critical computer science research, which are often extraordinarily useful for
real DES but not “not groundbreaking database research™, is a critical need for success.

3.4 Mathematical Sciences

The era of data-enabled science (DES) opens up exciting research frontiers for the Division of
Mathematical Sciences, even as it poses enormous challenges. The challenges can be classified
into at least three broad categories: (1) extending existing theory and algorithmic techniques to
new scales and new applications. where current methods become bottlenecks. (2) developing
new theoretical approaches and algorithms and demonstrating them on benchmark problems, (3)
collaborating on real-world applications with domain experts in science, engineering, and policy
making, where the availability of new types and quantities of data offers the hope of scientific
breakthroughs.

There are many fresh technical results in basic disciplines such as linear algebra (e.g.. tensor
orthogonal decompositions), approximation theory and harmonic analysis (e.g.. sparsity and
customized basis sets), and statistics (e.g., the revival in Bayesian analysis) relative to the
research agenda discussed herein, but technical details are not featured at the high level of this
discussion. Some key concepts are low-dimensional representation of formally high-dimensional
data sets, low complexity algorithms that are much less expensive in storage requirements and
running time than traditional algorithms (even sublinear in data set size) while maintaining
sufficient accuracy, and once-through streaming of the input data set.

Data-enabled science has been called “fourth paradigm™ in apposition to the historically
dominant paradigms for scientific discovery, engineering design, and decision support of theory
and experiment, and the recently rapidly developed “third paradigm™ of simulation. Theory and
simulation are based on physical models that can be mathematized. Experimentation is model-
driven. In contrast, some data-intensive approaches effectively predict outputs of a system
without the requirement of models representing the dynamics of the system. which makes these
approaches very interesting for frontier science. Of course, there are deep mathematical models
underlying discovery techniques for data sets that make this predictive power possible. even if
the system dynamics are unknown. Such approaches depend upon large volumes of data (system
history) and are increasingly interesting as humans collect data from sensors. satellites,
sophisticated experiments, and records of their own activity. The statistical and mathematical
tools underlying machine leaming and dimension reduction techniques of all kinds must be
percolated into lower levels of the curriculum, to train data proficient scientists in anticipation of
a profound shift of research resources into data-enabled science in the future.

The value of data on a “per byte” basis often increases with the availability of more data for
context. Overlays of different types of data (e.g. correlation of multiple measurements in
experiments, of multiple diagnostics in medicine, or of multiple indices in geographical
information systems) offer insights that are not available from the same data considered
separately. Discrete mathematics can play a key role here, in terms of information retrieval and
associative databases,
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Data-enabled science is interesting on its own, but even more interesting in combination with
simulation-enabled science. The latter is limited by modeling errors (among other limitations)
while data-based methods are limited by observational or experimental error (among other
limitations), which can be profound in leading edge scientific experiments in which the signals
of interest are weak or rare in the midst of noise. Together, through methods like data
assimilation and parameter inversion, these two ugly parents can have a beautiful child, the
limitations of each being reduced by being taken together. Moreover, real-time data-enabled
scientific discovery can be aided by the simulation informing the experimental or observational
process about where to concentrate effort (optimal sensor placement). This synergism is rarely
exploited today because of the two worlds, are disconnected in terms of practitioners, software-
hardware interfaces, and the compute-intensiveness of doing the assimilation and steering.

A major challenge for mathematical scientists is to winnow massive data sets and represent them
sparsely, for computing and storage purposes. Sometimes, loss in compression cannot be
tolerated for scientific or legal reasons, but raw large-scale data sets can often be reduced by
orders of magnitude in bulk without negative implications and there is a premium on performing
this reduction and working in the “right basis™ for many reasons, as we become deluged by data.
The acquisition cost of large-scale computers is in the data memory and the operation cost of
large-scale machines is in moving the data around, not manipulating it arithmetically. Moreover,
IO rates lag processing rates, putting an operational premium on minimizing /O beyond the
budgetary premiums.

The Division of Mathematical Sciences has natural partners beyond the scientific divisions of the
MPS Directorate, in other parts of the Foundation and beyond. Other research-intensive
agencies (e.g., DoD, DOE, NASA, NIH, NIST) and mission agencies (e.g., AHRQ, BEA, BJS,
BLS, BTS, Census, EIA, EPA, IRS, NASS, NCES, NCHS, OMB) are awash in data that need to
be gathered, curated, archived, turned into useful information. and applied. Needed from DMS
are abstractions, algorithms, and software tools to: characterize and improve data quality, to trade
off cost and data quality. to link multiple databases, and to analyze. In some instances, privacy
and confidentiality are major concerns, DMS researchers can contribute to tools to handle legacy
data and new forms of data (audio, images, video). DMS researchers must also be involved in
developing means of quantifying uncertainty. and means of communicating uncertainty to the
public and to policy makers. The mathematics of risk analysis must be developed to accompany
the emergence of data-enabled science

While considerable opportunities present themselves for mathematicians and statisticians to
embed themselves in applications, long-term curiosity-driven research in data science must also
be encouraged. History shows that the fruits of curiosity-driven research in the mathematical
sciences are plucked by applications, at unpredictable intervals following their invention.
Outside of the scientific realm, information management has grown to be a $100 Billion
business, so spinoffs from data-enabled discovery can lead to huge multipliers in
competitiveness.

In summary, mathematics and statistics lie at the intersection of all quantitative fields engaged in
DES, through the power of their abstractions, and they swiftly convey breakthroughs in one field
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into related ones. Individuals in DMS are often involved with the frontiers of DES both
internally to the discipline and in interdisciplinary contexts. Growing numbers in the
mathematical sciences community wish to be involved in DES problems, which has led to some
of the most innovative, prize-winning developments in mathematics and statistics in recent years
and some of the greatest fun. Impediments to be addressed by MPSAC could include the
difficulty of securing postdoctoral funding (especially in statistics) and limited opportunities for
interdisciplinary engagements as co-PIs on project proposals to NSF, since projects that are truly
collaborative may present particular challenges to review panels.

3.5 Physics

Large data sets are a familiar component of physics research. In recent vears, LIGO has acquired
about two petabytes of data. With the Large Hadron Collider (LHC) reaching interesting beam
energies, particle physics is preparing for the impending data tsunami which will generate about
700 MB of data per second. And this does not include simulated data, which could easily double
or triple the data rate.

These big experiments are not the only data-enabled physics, however. The ability to simulate
complex physical systems is also advancing rapidly. The output of these simulations will grow in
size and complexity as more physics is included in the simulations. Moreover, single
investigator experimental programs can easily acquire large amounts of data and many would
benefit from better algorithm, software, and even data sharing formats.

The scientific pay-off of these data-intensive projects is bounded by the ability to process and
analyze the data at the rate they are acquired.

Case Study I: Gravitational-wave Astronomy (LIGO)

The scientific pay-off of LIGO is bounded by the ability to process and analyze the data at the
rate they are acquired. Over the past decade, LIGO has acquired 2 petabytes of data. The
scientific collaboration adopted an hierarchical grid model for data storage and computation in
which raw data is archived in Tier-0 data centers and centrally aggregated to a Tier 1 from which
reduced data is moved to Tier-2 (regional compute centers) and Tier-3 (university compute
centers). A similar structure has been adopted by the LHC experiments.

Over the next five years, the Advanced LIGO instrumentats (al.IGO) will be installed and begin
operating. LIGO has partnered with Virgo, a French-Italian gravitational-wave detector project,
and with GEO, a British-German detector project, to form a global network of gravitational-
wave detectors. The goals of aLLIGO are to test relativistic gravity and to develop gravitational-
wave detection as an astronomical probe. alLIGO operations will span the transition from rare
detections to routine astronomical observations. In stable operations, aLIGO will generate about
1 PB of raw data per year which needs to be replicated between the geographically distributed
observatories and the compute centers at the same rate as it is acquired. A number of processed
data products are planned including reduced data sets for scientific analysis, event databases, and
astronomical alerts when transient events are identified. Robust online and offline data handling
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and analysis capabilities are required. Pipelines generating transient alerts & data quality
information within seconds of data acquisition are also needed. Careful attention must be paid to
interfaces between control/diagnostic systems, data acquisition systems, and processing systems
to ensure robust operations of the low-latency system. The data will be re-processed offline for
transients including deeper searches, enhanced data quality generation, searches for continuous
and stochastic signals, parameter estimation, and simulations.

To achieve the science goals, four aspects of data processing and analysis must be supported: 1)
storage and compute resources including both hardware and personnel, 2) development,
enhancement and support of middleware and services including data discovery and replication,
database of events and data quality, authentication/authorization, monitoring, 3) development,
enhancement and support of software to provide access and core algorithms, 4) development and
prototyping algorithms and pipelines to identify signals to identify correlations with the
environment and auxiliary systems. This requires support of discipline specific scientists,
mathematicians, statisticians, and computational scientists.

Case Study II: Large Hadron Collider

On March 30, 2010, with the first 7 TeV proton-proton collisions at the LHC, high energy
physics entered an era in which data sets are expected to grow to more than 10 PB/year within a
few years. Particle physicists are now, in effect, running two sets of experiments simultaneously:
one to search for new physics that could change our view of nature and the other to test whether
or not the newly created cyber infrastructure, the Worldwide LHC Computing Grid (WLCG),
works effectively under highly stressed real-world situations. The goal of the WLCG is to
provide physicists controled, and timely, access to approximately 100,000 processors, housed in
170 computer centers in 40 countries.

In a typical analysis in high energy physics, physicists compare observations with background
models that have been validated using real data. In addition, the same data may be compared
with various models of potential new physics. These signal models typically depend on several
parameters. For example, the simplest supersymmetric (SUSY) models require the specification
of 5 to 6 parameters, &, in order to define the models completely and thereby allow for prediction
of the expected signal s = f{6). In dealing with such models, physicists are faced with at least two
problems: 1) the function f{ &) is typically not known expleitly, but only implicitly through semi-
analvtical calculations that involve simulation, and 2) to test such models effectively, analyses
need to be optimized at multiple parameter points €. This requires the simulation, at each
parameter point, of hundreds of thousands to millions of proton-proton collision events. In the
simplest cases, each of these optimized analyses would be applied to the real data yielding N
events that satisfy certain cuts. Even for a simple count-based analysis, such as we are
describing, which reduces the raw data to a set of (correlated) counts {N} and the associated set
of background estimates {B}, the computational burden of performing scientific inference for a
multi-dimensonal parameter 6 is very large, especially if Bayesian methods are used. Moreover,
the entire procedure, in principle, must be repeated for every class of models to be tested. At
present the software codes to execute such analyses are developed by teams of physicists in ways
that may be not be optimal in terms of resources needed and the timeliness of results. New
algorithms will be needed to scale up, or more likely replace, existing practice.
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Specific Needs of the Physics Community

A. Need for data storage and computational facilities: The experimental gravitational-wave and
particle physics communities have developed an hierarchical grid model for data storage and
computation in which raw data is archived in Tier-0 data centers and reduced data is moved to
Tier-2 (regional compute centers) and Tier-3 (university compute centers). This hierarchical
distribution of data and computing resources is an extremely effective way of insuring the data
can be easily accessed and used by the physicists. It is clear that a similar hierarchical approach
is needed to support the simulation community which requires a range of computational facilities
that allow rapid prototyping and debugging in addition to the larger compute centers which
provide the resources for high-resolution and large scale simulations. Ideally. there would be a
seemless migration from rapid prototyping to the execution of a large-scale analysis. This is not
the case at present.

B. Need for support personnel: The processing and analysis of large data sets requires software
and services to allow scientists to extract the maximum scientific pay-off. Among the activities
that need to be supported are authentication and authorization services, help desk support.
software build and test facilities, monitoring of storage and computational resources, data
replication and movement, data and metadata capture services, data mining tools and
visualization. To deliver high quality. enabling products requires a combination of discipline
specific scientists, software engineers. and programmers. For large experiments, a reasonable
rule of thumb is that support for these activities requires about 10% of the operating costs of the
effort. It is important to note that the full release of data which have been processed to remove
artifacts goes beyond this scope and may require an additional 10% of the operating costs to
support.

C. Need for support of interdisciplinary research activities: Algorithm and application
development needs vary according to the specific activity being undertaken. With the explosion
of data from experiments and simulations, there is an urgent need for collaborations between
physicists, mathematicians, statisticians and computer scientists.
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Appendix A — National Study Groups Face the Data Flood

Several national study groups have issued reports on the urgency of establishing scientific and

educational programs to face the data flood challenges. including:

. National Academies report: Bifs of Power: Issues in Global Access to Scientific Data, (1997)

downloaded from hitp://www.nap.edw catalog.php?record_1d=5504

2. NSF report: Knowledge Lost in fﬂf()ﬂ' mation: Research Directions for Digital Libraries, (2003)
downloaded from http://www sis.pitt.edu/~dlwkshop/report.pdf

3. NSF report: Cyberinfrastructure for Environmental Research and Education, (2003)
downloaded from http://www.near.ucar.edw/ cyber/cyberreport. pdf

4, NSF Atkins Report: Revolutionizing Science & Engineering Through Cyberinfrastructure:
Report of the NSF Blue-Ribbon Advisory Panel on Cyberinfrastructure, (2003) downloaded
from http://www.nsf.gov/od/oci/reports/atkins.pdf’

5. NSB (National Science Board) report: Long-lived Digital Data Collections: Enabling
Research and Education in the 21st Century, (2005) downloaded from
http://www.nsf.gov/nsb/documents/2005/L.LLDDC _report.pdf

6. NSF report with the Computing Research Association: Cyberinfrastructure for Education and
Learning for the Future: A Vision and Research Agenda, (2005) downloaded from
hittp://www_cra.org/reports cyberinfrastructure. pdf’

7. NSF report: The Role of Academic Libraries in the Digital Data Universe, (2006) downloaded
from http://www.arl.org/bm-doc/digdatarpt. pdf

8. National Research Council, National Academies Press report: Learning to Think Spatially,
(2006) downloaded from hitp:/swww.nap.edu/catalog, php2record id=11019

9. NSF report: Cyberinfrastructure Vision for 21st Century Discovery, (2007) downloaded from
http:/www.nsf.eoviod/oci/ct vi.pdl

10. JISC/NSF Workshop report on Data-Driven Science & Repositories (2007) downloaded from
http://'www.sis. pitt.edu/~repwkshop/NSF-JISC-report.pdf

11. DOE (Department of Energy) report: Visualization and Knowledge Discovery: Report from
the DOE/ASCR Workshop on Visual Analysis and Data Exploration at Extreme Scale, (2007)
downloaded from http://www.sc.doe.gov/ascr/ ProgramDocuments/Docs/DOE-Visualization-
Report-2007.pdf

12. DOE report: Mathematics for Analysis of Petascale Data Workshop Report, (2008)
downloaded from
http://www.sc.doe.gov/ascr/Program Documents/Docs/Petascale DataWorkshop Report. pdf’

13. NSTC Interagency Working Group on Digital Data report: Harnessing the Power of Digital
Data for Science and Society, (2009) downloaded from
http://www.nitrd.gov/about/Hamessing Power Web.pdf

14. National Academies report: Ensuring the Integrity, Accessibility, and Stewardship of
Research Data in the Digital Age, (2009) downloaded from
http://www.nap.edu/catalog.php?record _id=12615

="

18

54 Baker



http://www.nsf.gov/cgi-bin/good-bye?http://www.nap.edu/catalog.php?record_id=5504
http://www.nsf.gov/cgi-bin/good-bye?http://www.ncar.ucar.edu/cyber/cyberreport.pdf
http://www.em.orglrcportslc/
http://www.nsf.gov/od/oci/ci_v5.pdf
http://www.nsf.gov/cgi-bin/good-bye?http://www.sis.pitt.edu/~repwkshop/NSF-JISC-report.pdf
http://science.energy.gov/~/media/ascr/pdf/program-documents/docs/Peta_scaled_at_a_workshop_report.pdf
http://www.nitrd.gov/about/Harnessing_Power_Web.pdf
http://www.nsf.gov/cgi-bin/good-bye?http://www.nap.edu/catalog.php?record_id=12615
http://www.nsf.gov/cgi-bin/good-bye?http://www.arl.org/bm~doc/dumouchel.pdf
http://www.nsf.gov/cgi-bin/good-bye?http://www.sci.utah.edu/vaw2007/DOE-Visualization-Report-2007.pdf
http://www.nsf.gov/cgi-bin/good-bye?http://www.sis.pitt.edu/~dlwkshop/report.pdf
http://www.nsf.gov/od/oci/reports/atkins.pdf
http://www.nsf.gov/nsb/documents/2005/LLDDC_report.pdf
http://www.nsf.gov/cgi-bin/good-bye?http://www.nap.edu/catalog.php?record_id=11019
ewright
Typewritten Text

ewright
Typewritten Text

ewright
Typewritten Text


	<-- Return to INDEX -->
	<-- Previous Section 
	Baker, Shenda, et al., “Data-Enabled Science in the Mathematical and Physical
	Next Section -->



