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Abwiract

Reproducibllity af experiments 1 comxklersd ax one of the maln principles of the ecentific
method Rexent developmentx in deta sre] compuistion Intenctve clence, La. e-Sclence, and sinie
of the art In Clead computing provkie the necesgary campxmnenis G peserve data xeis and m-un
code and woftware that cesie research data. The Bxecuoiable Faper (EF) concapt mies siate of
the art techmclogy & include dain sets, cide, and wftwere In the electrand: poblication soch that
mesders can valldade the precenied eiolix. Tn this paper we pesent haw i advance coment stale of
the &t & preserve, date sets, amile, snd softwame thet creste ecearch deia, the beslc components
of an execution platfarm @ peserve leng erm compatibflity of BP, and we Identify a number of
Ixzmex and challenge s In the meallzation of EE

Kreywords: Bxeculable Papers, Werkflows, Data Provenance, Taa%

1. Imtrodnetion

Research articlas nead & cantaln enugh informetien G verily the methods and & reprodocs
the rezesrch dats presenied in 2 peper Experimentx theald be describad In such detal] thet =
saarcher can reprodace the essarch resnlix. Eseping detafled meands and taces of the progress of
an experiment Increasas the svldence that b procedue ix comect. Thoogh information techmed ogy
Ix nowr Incixpeniable In many dizciplines of xclence, 1t s handly wsed @ improve the mpredoc bl -
Lty of rexasrch dats. In thix paper, we Iovestigate how Information technkslogy can be applisd te
reprodors experimenix ard iy autematically collect tacex while the experiment i executing, 1a.
hewr D cresie the fechnnlegies for an Execuiable Paper (EP)

Nowadayx, many pepers are rexisble anline oxdng the Hyper Text Markup Languegs (HTML)
HTML. Intrexinces formatied strings that indicate & refermge e a resparce known ax by per links,

which can mfer ta sections of 5 docoment or i ather docomente. Hyper linkx give dynamdum &2 2
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intic condent and thus text can be reaid amnctatively by jomping from ane byper link o annther
The core behind sy HTML. dacumeant ix the inferpreler, La. browser, which moden the HTMI.
coide bl displays the canient. More sdvancad inleraction betwesn orer and document becomes
posslble when code ar scripiz are embeddedd in 8 HTMI. document, such 25 an anline anilkering
envircnment [1Z]

A umightirwanl EP Implementation embads In the HTMI. document a2 link tn whems the
cuta melx, code, and softeare can be foand sl & description of the experiment that creaied the
rezaarch resolis. By dicking on a table or a graph, for example, the reader can uxe the embedkded
Infirmation @ teck kow the eeearch daie wax ceaied. I the cleps io create the ressarch dets
e dexcribed accuvaiely, anembigonaxcly, and with enoogh detadl, 8 compoier program mther that
the mader can e-rum and valkiste ressarch resulix. In this paper we how haw wtaie of the art e-

Sclance tools can be appllad te describe code, witware, and perameters af wclentific experiments.
Pmthermawe, we presant &n architectore iy mallze EP

Hrwrenver, describing hinw research dain Ix created snd linkdng o dependencies {s ket encugh. Tn
this paper we sl addem the platfiem b preserve EP depandencies and i m-ron the experiment.
We decompose platirm Ixsoes inie three problems. Fint, meaachers me diferent methmdx i
dexcribe ardd rum ex pariments, which might not be compatible ar uxlersiandalde by pthen. Atleaxt
for BP it Is necessary that an scoepted method exies ta describe srel ron ex periments. We propose
uxing workflows, which ix a wall established methed Ine-Sclenca. Second, Hokx &> dependencias,
snch ax large dets kels, can bresk when s e earcher maves affilistkn and forgelx i opdate old
lIinkn. Thix preblam i kown in lliewatore s calolions exixt @ stoe deta for Innger perlads
of dme {Ssciion 2} Thind, The moftwere snd fix dependenclex ance develkoped by a mesearcher
may not wirk In madem or fotae sysiems, e.g- clder librerias might be tnavallalde or a compller
mlght Inmplement different aptimizetinnx. In qor spproach, the recent sdvence of Tnfraxtrocione as s
Service Chnd camputing [4] server a5 a platfirm inwhich all the code s cafteame dependencles
can be encamulaied {Saction 3).

We sl present 2 e caze In which we show that fost a few componenix are mdsslng o reallze
2 predf” af cancept FP Implamentatkn {Section 43 and discoxe same Issnes oot addmexed In par

srchiieciore {Section 5

2 Bukprmmnd

Mathematica [Z2], & wienific canrpuiing envirmnment inegraies satharing of publications,
coide, and software & ceale exearch dats tnin a dogle platfiem. Mathematica alea Inclsdex 2
collection of Coyxeichle Dain, relacted dais etz malntained by Walfam, which @an be aocewed
progmammaticatly axd used for experiments and madel checking. Becanse such date eis an be
ln:g&, It 1 hetter ta mEfsmnoe the deta than to oclode 1t in the ol boak. Mathematica's apprasch
I closaly mlaled to the EP cancept, bat axerx ame kacked inio one platform @ fully oiflize lis
aitvantagex. Tn the conlext of e-Sclence, we define an FP a1 a collection of stefic ext, experiment
dexcripticne, provenance, viriuel ressores, axl datesetx, which asist In eprodocing ressarch
mesulis

It Is pfien caovendent &> madel dats and canrpuietinn fnkensive identfic ex periments ax & work-
flow [13, 14, 14] {Flgme 1) Werkflows ame graphs where vertkes describe a sclentific proces
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while edigex deccribe xaome dependency soch an date ar contred. The popularity af MyExperimnst
[17] and sclentific warkflow mansgement gyxiem: soch &5 Eepler [1], Tivema [19], snd Trans

[Z7] ame proof thet workflow cyitems have become a commadity within the e-Scienca commantty.
‘Wirkfiow mansgement rysdeme help meearchen i agantze the Interdependenclies of process-

and thetr dependencles, af whih an experiment I8 composed Inip a well-Farmed
deccripien.  The mesuling workflow can be siwed, shamd, and execotsd by pther reisachem.
Dempnxtraied by many wal examplex, wrkflowrs s soitable iy describe b wide moge of wian-
tific experimentx [11] Themsfiwe, In the P mndel, to sccamtely snd mnambigmanily describe 2
repreducible and execoinble experiment will be best implemented by workflows, which hes three
addiinae] sdveniages: ataie-af-the ot In workfiow mansgement systems prowvide {1) executien
snvirmmenix supperting compatational and deis Intemcive experiments, (Z) tmcesbility of experi-
menix, and {3) echonlegy o Implament chort srel kang term competibi by,

E = wgftrekiarees B
| | soAdirdign

- - Lean il il

g in i
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Figurs 1: Brample of & scniilic mpewioesdt suninled 20 & worldion  Thin workdiow in wed 1= deiect didges in
mcpmores of dain ssis mch an G Brpress rion ssopeers o B tows eripis o mp

Clearly, 2 wiarkdiow by Iixelf 1s not enoogh ta reproduocs esearch deta. An executien platform,
snch B8 Orids, |5 an additons] equiremant. " When teldng fotore competib iy toire scoroont, k-
ever, the leve] af datedl to describe the execution platfirm of an experiment becomes an ssoa. Por
example, in anier & rm a dixidoted progmm, a nomber of Tnie] PC with the Linax Opemsting
Syusm, a namber of cystam libmaries of & spacifiic verdon, Inpat dats in a pecific format, ek,
might he needad Fven If the level of detall te dexcribe the experiment ix enpagh, re-creating the
executipn pletform for the experiment will be ombersame. Additionally, the wfbwere @ Te-eale
hax ta be sworsd In se wibware disirfbobions change. Tera appmeches 0 dmplify the sxecutien
platform sme pesiible: 1) provkle absimeclions for compatation and ckemge., such as Grid architec-
tare [10], or {2 encapsuleie cafterare detalls Inks Virtnal Machines Vi)

In 2004, we publithad sl demorsiraied s syslem iy monlior and conbral progmmmatie oom-
puier netwarks from Mathemetica naleboolx [24] and 8 moltl Eoch table [25] . The presended
syuem and the assoclaled notebock were dempnximsied at the Super Compating 2608 resaarch ex -
hibitinn in Aoxtin, TX. Becane the cyxiem had meny saftware dependencies, we chise i kave par
saftware canfigurstion in Viroal Machines {VM), 1a the VM becomes 2 self contatned compe-
nant with sl the necaxiery coftware depandencles pre-losded  Although the origine] infrestroctme
hax bean Iext, the preserved Vs slkrw o8 m-execoie the experiment ax presented an Soper Com-
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puiing 2008 oo any infachociore thet sopports Vs (with 1386 archliecions).

In Orld computing, we bhave extended workflow management cystem o sopport fine-gratned
previckming of nebwork ervices. With bater contrd aver Grkl nebworks, it 1n aaxler iy schedule

winidlows po geagmphically dixiriboted computing meeparces [23]. Bven if 8 ingle {large) super
compater s unevallabe, pomlbly 8 combinatkn of varieas Grid esoorces will allow wockdow

execubipn. We Implemenied 5 Clowd compoting approech b re-ceate Tanslent Grids {T0rkix) o
demand [36] The UrbanFloed [28] poxject goes poe wep further: 1 will Implement a fomework
for capying, adjuxting, Inetantlating complete sarly waming syciems, e for dike fafloe, oxing
winidlows @ describe the syxiem. At the Super Comproting 2010, msearch exhibiton In New
Ordasrs, 1O, wa dempoximied 2 prototype of & mult-clond opersting sysiem that Inpdemenis this
¥ixion

Prowananca plays sn Impartant role In the reprodocibility and valklstion of an experiment.
Prvenance gysems reconl how an experiment provdoced date. The de-factn standard foar prove-
nance medelx in e-Sclence hax become the Open Provensnce Madel {OPM) [20] enalde s inderop-
emshle of provenance data betwesn wixkfl aw menagament cyiteme

Spme erlentific experimenis depend oo potentially largs Input detaxeix. Since it {5 inrpactical
or mnfiaeslble 0 malntain Jocl coplas, largs data ketx can be provided by thivd partiex, soch ax the
annedated hnmen gennme date prowlded by Ensembl [1] Recently alsa Chiod providems woch s
Amzzon [1%] host pablic datarsix on thedr infactroctoms. For smeller detaxeis, condent deltvery
netwinks [21] provide IntelHgant dets meragement, which hide the geagmphic katkn of dete.
On B Equest, parts or all of the datasei may be replicated st key lecations an the networc. With
CDN, dataxeix ame not siatkally mfsrenced, but the CDN s mesponxdble of providing the cosext
mo«t recent datexets.

EP srchitaciors not paly prowvlds ex periment repradoc b Hiy, ot the seme archlieciome can sl
prevkle the haxdx fir experiment kmg-lerm peservelion. Prajecix soch as CASPAR [6, B, 7] and
CAMITEON [5] specifically adimess digiisl preservalion CASPAR I baxed on the Open Archival
Informeiion Syuems [OATS) efzence midel [18] which ix an Inlteiive by NASA and cesied
threoagh necessdly v orgentre decades of space dals. OAIS |5 an shetrac mexlel for archiving
digitalty encoded data fir long-term preservation. An example oe of CASPAR ix with Egropasn
Spae Agency [ESA)Y [2] salelllie sensor deia {Frhe]l Manttoring Bxperiment) whemn mow dats
pathered over the paxt years akmg with the proceses that tranifiorm the dets are preserved.

J. EP Ardhitectnre

The validation af the essarch resulis In an EP yarix at the dascription of the experiments. For
abch rexasrch reslt in the EP, the ex pertment ix described In 5 warkflow {Flguore 2{a)) Weorkfloews
can ba wemxl separaiely fiom the paper or embeddad In the docoment fior treraciive explomtion
of the meflexix. The sode sl sofiwors dependenclex ae encaprolated by ane or moe viriual
marhines {VM), which ame created by the meaarcher The wiruwa! mackines should be In soch a
einte that the spplcation can he ciartad withaot inetaling adkditonal caftae. Once created, the
resaarcher will need o sabmit the VM iy the EP Do Store.

T suppart coandinated sppHcation executken snd sotomated data mansgement, virinal ma-
chinex nead o be Inctrumemied with a workdflow agant WEA. WA coondinetex the axecution and
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menagement af remsle proceses, fior example, & wart and sap an application or te tensfir In-
put anid cuipat dein. Morsover, in previom wirk we have shown that slse Infrstrochre and
elated xoftwams can be sulometically created and configored [26]. Our sysem, AMOS, nes 8 VM

4 wrwrd iy werdt 5 _Inlmi work ruf el brondw hrl-‘lu.r' n—.rl lvnlo oo & e rdhenloms b oltost s d s
| = - pHH ] M SNSRI LT
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Agore VME on-demery]l W succesifolly demonstraled the antomaied crestion of infoastroctoms
and spplicatinn execution of a Tesl applicatione udng Grid echankagiex. AMOS denvmxirates that
complate Orid closten can be saved In VM fempleiex and can be momated or cdoned at a leler
siage o m-execule b workflow, Le. a saved experiment

Here, we make three sdditions 0 AMOS (Fgme 2(b)) & make it wiisble ar a ran-dme eovl-
renment for eaved experiments. Ona, we generale provenance data in the execution of & workdflon
Pravenarce dais ensblex rexearchers i valkiste esearch msali, bot Ik an alko be med i sopply
mme deiall to m-execuie a warkflow. For exanrple, the wovkdlaw schedinler can oxe infoemation
abeat the prder of execution of & revious experiment i m-execoie taxkx in the ame onder T,
we &kl a vinun! yfodrucicrs moroger which oxex muliple Clowd respurces (o create the exe-
cution environment fir the workflow componenix with the application templaies In the EF Doa
Store. Curently, Amazon BC2 [15] s wliable fir ronmning experimenix with les then 20 nodes,
bt we expect that in the folome many Clond infraseruciure providers will be availeble o support
lerger experiments.  Threa, we me URLx i refer @ data xeis, which am nesded for workflow
execubipn. Though we use Grid echaringiex In AMOS i heredle large data xeix, 2 platfiom inde-
pondent daies efemncing methed Ik meeded o support dats manegement and snnatetion, soch 88 In
Open[IAP [3] AL ron-tima, the workflow engine e ves the mfrences try the data 1eix.

We msxume that ayplicatione oxe geneml porpose compuiers. Speclal porpese srchitecionss,
snch ax GPGPUL <r FPOAS are corenfly not 5 cammodity tn Clonde. Theogh viroelzation of
epecial porpose computer architectomes s posdble, the esoldng virtosl mechine might be xlow and

Ineffictent withot hardware sopport. Therefiwe, some experimentx depending on spaclal porposs
compuier archltschmes might be ounfeasdble D execute in & Clod.  Oor srchiiectoe, howeyer,
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Iz ixlepardent of the herdware platfiem supplled by the ressarcher In the end, specisl porpess
compater archfiechnes mxquie specific splatime. The viriwa! imfracruchurs marager could oblize
Clewd prowiders that previde specific handware srchiteciores, for exampla.

d Tse Case

We describe, uxing & el identific experiment ar example, what 1 peaded 0 alkl 2 proof
of cancapt af the propessd EP architectome. In this section we focos oo the princlple elemenix of
EPs klentified in Saction 2, namely: experiment dexcription, provenance, aixl the virtoshzatien of
the Infrastrociure. The Affymetrix Permuintken-haked Probe Leve]l Eatimetion {APPTE) appllca-
tian wes developad by Moo Array Depariement at the Undversity of Amiterxdsm ai an e-Sclame
applicatien folkrwing & wexkiflow spprmech. Figure 3 shows the APPLE precess thow templads,
which i med ax 5 bloeprint ta dexcribe the experiment in a way that sllews the experiment @ be
re-execuie with verkwmx parameiers and deta sets

Figare Xt [right] Froreas e teorpisie of o ATFLE mrparineot.  {Ia0l} The soraishin sokdiow defiesd in &
woridiow mansgeosot sysiem

The fret xiep i= & cooverd the abiact precenistion of the experimentz {Figme 3) Ink» exe-
cutable wexkilowr. A protatype of the tee sbetract cieps mamely the Fit mede], permotatione,
and coalesce staticicx wemne modeled ax three separate workfiows that can be pperated tntemc-
tively. Wi nre WE-VLAM workflow management cyusm 0 manage the execution of the thme
winkdlows acrais geographically dixtriboted recomoes [14]

The workflow dexcription containk the parsmeden, deta seix, compating ressorces, and thind
party Hborlex necesgary i execole 5 warkflow. Ta back the workfiow execolion st ron-ime, 2
provenanca rcking vystem part of WS-VLAM calleckx events whils the workdflows components
e execuied. These events are strociomxd acoonding @ the Open Pravensxe model {OFM) [20]
ani sxvecl
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To camplede the cydle of an FP with eeesrwch requl ix fiom the APPLE ex periment, we itfl] mis
ome el to embed the workfkow axpacts Inizya graphical oxar Interface ax pert af the online EP- In
the user Inierface, the reader triggem executian of the weorkflow by inleracling with the B2 Then
AMOS locaies the sppropriaie VM (emplale for the worldiow, Instantiating i, locaies the deis
eeix, brvl execuies the workflow either from wratch or uslng some provenancs deta 0 Te-cesls
conditinne.

5. Ihiscnssion

Texlay, anthors of eclentific paper follkow to the Instroctions of the poblichers eganling the
format snd the changex o be made i thelr paper hafiwe pobllcatkn. This rale places pobllthes
In the leading prsition &swank EP development, deployment, and stalandization. Altheagh the
most of the bullding Hecks of the propessd srchitecions ae aveflsble, realizing EP ik far from
smply tecimical Whe will be msponsible for maintaining data sets and VME, and how faible
wiuld i be & sove all dais esxoclaied with EP? Clearly, an EP infosiroctome will Implement
tmdeniTs batwasn the mesponxdiilities of authors, affllations, and pablisher.

Virioa] machinex prewvkle the meam @0 save oode &nd wftware af BPs and povides at lasxt
shirt-ierm canpatibitty. The dorwback ix that virtoslation by fixelf might not prove G be 6 long-
ferm sololion. Since fuloe canpaiiitly depends oo the svallabity of virioeltzetion softeans,
metnistmng the virtnallzston pletfiorm will be nece iary. Winald 1t then be fasslbls & angment the
EP with encugh meta data i even mamale executon platform af the experiment In the abenxe
of a virtualation Infragmctore? To oor kvawladge na elegant splotion exixix far tdis problem,
bacanee a platform Is slweys sexomed

Spme experdmentx mly pn commerclal eofbwere. Themfiwe, EP pleifieme nesd @ sopport
same finm of license management and tackdng & alkew ex periment reprecincibility. Bere again it
srpuable wha thookd pravkie the licensex o re-run the experimentx. Moameover, the EP infrachoc-
ture prowker effectively becomesx & xervice prowlder, so it neadx ta boifld a oot relatkmship with
the authiw Bren with truxt, the EP Infrastroctare pravider will nead te Inplemant mechanisme i
prevent the suthior i sabmit programs that can ke {ondnisntionaly harm

Clearly, Cloud msoure providen do nat meet the demamdx of experiments that oss lorge
rysiemz, Lo, top%0 super compaterx. Cften such experiments nead specialzad dedicaied Infms-
trociorex. [Teing these mipoce:, kowever, ix cosdly. The mem oosls of Tomming the exper] et
mighi prevent mxearchers i valkisie the rexaach sl In sxch xcenarios we may have @ ook
at Hiferent modelx @ valldate the resasch dats.

In thix paper, we twvestigaied kw Information fechnalogy can be applied & mprodace ex per-
lmenix and t0 auksmetically callect races while the experiment ix exacating, Le. how b cssle
the technringtex fir 50 Execuishle Peper {FF). We proposed an srehiiectos that combines xinie
of ot In e-Sclence workdlaws, provenance, snd infracirociomn virosHzation > Implement B2 We

sl preentad the mie caxe af an experiment In Melnfirmatics, which we mndeled a5 a-Sclane
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winkdlow. The mxuol s thet the experiment can be ankemetically execuied and with varylng pa-
mmelers. Moeover, by applying virinallzation fecindqoes, we were able ip save the executien
envirenmeant af werkflows and restams it po-demand. Albwmgh some isoes emain In the ressarch
and development of EP Infrastroctore, we expact that the biggest chellangs in reatzing FP will ke
m-fechnical
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