
Rapid Development for Distributed Computing, withImpli
ations for the Virtual ObservatoryMi
hael S. NobleCenter for Spa
e Resear
h, Massa
husetts Institute of Te
hnologyAbstra
t. There remains a signi�
ant gap in grid and distributed 
om-puting between what 
an be a
hieved by advan
ed resear
h groups andwhat is realized by typi
al s
ientists on the desktop. We argue that Java-based tuplespa
es (JTS) 
an shrink this gap by lessening the impedimentsof 
omplexity and institutional buy-in whi
h traditionally a

ompany thedevelopment and use of distributed systems. Drawing from our ben
h-marking experien
e, we analyze the strengths of JTS for node 
on�gura-tion, s
alability, and failure re
overy. We then illustrate how JTS wereleveraged to rapidly prototype a powerful end-to-end Virtual Observatoryanalysis thread within the Chandra Data Analysis System.1. Introdu
tionAs has been 
harted by Top500.org for the past de
ade, peak 
omputer per-forman
e 
ontinues to grow at an impressive 
lip. However, these advan
es inparallel and distributed 
omputing tend to be a

essible to only a small portionof resear
hers, mainly those within fo
used resear
h proje
ts at national, uni-versity, and 
orporate laboratories. These groups 
hara
teristi
ally bene�t fromgenerous funding and 
an a�ord to pur
hase (or build) the best equipment andhire whatever sta� is ne
essary to program and maintain it.At the other end of the performan
e spe
trum are individual resear
hers andsmall 
ollaborative groups. These are by far the more 
ommon organizationalunits in whi
h s
ien
e is daily pra
ti
ed, and 
umulatively represent a mu
hlarger fra
tion of the total resear
her population. Yet the s
ale of 
omputingpower available to many of these resear
hers, or perhaps more a

urately thatwhi
h is a
tually used by them on a regular basis, remains merely the desktopworkstation.A variety of issues inhibit the adoption of high performan
e 
omputing(HPC) by the individual, many of whi
h 
an be grouped under the rubri
 of thebuy-in problem. After several de
ades of resear
h it is generally a

epted thatparallel and distributed programming has not kept pa
e with improvements inhardware (Hwang & Xu, 1998). Despite the breadth of programming modelsavailable, HPC has not evolved into the mainstream, and skilled programmersare still hard to �nd. The 
omplexity of industrial-strength HPC toolkits typ-i
ally requires a signi�
ant investment of time and learning, not only for ap-pli
ation or algorithm development, but also for installation and maintenan
e,espe
ially on todays heterogeneous networks. Our experien
e is that few pra
-1



ti
ing s
ientists have the time or in
lination to 
ultivate these skills (nor, as 
anbe the 
ase, do their te
hni
al support sta�), with the net e�e
t being that mu
hof the 
omputing potential available to them, at least in prin
iple, goes unused.This trend manifests itself at several levels. The 
learest indi
ation is at thegranularity of the network, where the desire to harness the CPU 
y
les of idlema
hines has motivated an entire subdis
ipline of 
omputer s
ien
e. The se
ondindi
ation stems from the 
y
les of hardware upgrades whi
h play out at every
omputing 
enter. In step with Moore's Law, our older ma
hines are repla
edwith newer ones, with few se
ond thoughts as to their ultimate destination; asoften as not these otherwise fun
tional systems wind up 
olle
ting dust in adark 
loset. Lastly, observe that while we're at the 
usp of another evolutionarystep in desktop 
omputing, namely the emergen
e of the personal multipro
essorsystem, the extra CPUs in su
h ma
hines are as yet rarely employed in generals
ienti�
 development, parti
ularly within the analysis pa
kages used most fre-quently by astronomers. The wasted CPU 
y
les in ea
h of these 
ases wouldin prin
iple be straightforward to re
laim if parallel and distributed 
omputingskills were more 
ommonpla
e.Together these fa
tors 
reate a formidable entry barrier for HPC new
omers,a 
lass into whi
h { drawing from our 
ollaborations at several internationalresear
h 
enters { a majority of astronomers still fall, and strongly motivate ourinvestigation of tuplespa
es (TS) for rapid distributed 
omputing development.2. Tuplespa
es PrimerIntrodu
ed in the 1980's, the Linda model has been thoroughly des
ribed in theliterature and exists in a variety of implementations. The 
entral idea is that ofgenerative 
ommuni
ation (Gelernter 1985), whereby pro
esses do not 
ommu-ni
ate dire
tly, but rather by adding and removing tuples (ordered 
olle
tions ofdata and/or 
ode) to and from a spa
e (a pro
ess-independent storage abstra
-tion with shared-memory-like 
hara
teristi
s, a

essed by asso
iative lookup).This provides an obje
t-like form of distributed shared memory whose seman-ti
s 
an be expressed by adding only a handful of tuple operators [essentiallywrite(), read(), take(), and eval()℄ to a base language. This approa
h givesrise to distin
tive properties su
h as time-un
oupled anonymous 
ommuni
a-tion (sender and re
eiver need not know ea
h other's identity, nor need theyexist simultaneously), networked variable sharing (tuples may be viewed as dis-tributed semaphores), and spontaneous multiparty 
ommuni
ation patterns thatare not feasible in point-to-point models. The simpli
ity and 
lean semanti
s ofTS present an attra
tive alternative to other parallel programming models (e.g.message-passing, shared-variable, remote-pro
edure 
all) and foster natural ex-pressions of problems otherwise awkward or diÆ
ult to parallelize (Carriero &Gelernter 1988).2.1. Commoditized by JavaLinda tuplespa
es have been o�ered as 
ustom C, C++, and Fortran 
ompilers,with a 
ommer
ial li
ense that 
an be a barrier to adoption for smaller resear
hgroups. Furthermore, as is the 
ase with other parallelizing 
ompilers, and withmessage passing libraries, su
h Linda programs are ar
hite
ture-spe
i�
 binary2




ode, meaning one 
annot 
ompile a single Linda appli
ation for use on highlyheterogeneous networks.The marriage of the TS model with the popular Java platform addressesthese 
on
erns, and extends Linda with transa
tions, tuple leasing, and eventnoti�
ation. The arrival of two free, 
ommer
ial-grade Java tuplespa
e (JTS)platforms { Sun's JavaSpa
es (Freeman et al 1999) and IBM's TSpa
es (Wy
k-o� et al 1998) { opens an entirely new avenue of exploration in distributed
omputing with 
ommodity te
hnology.2.2. JTS for S
ien
e: The Perfe
t versus The GoodThe notion of using Java for 
omputational s
ien
e is not new, and signi�
antadvan
es have been reported in numerous areas (JavaGrande Forum). Given thetight deadlines under whi
h resear
h is 
ondu
ted, the value of using 
ommodityme
hanisms is 
lear. Observational astronomers, for example, who 
annot ana-lyze data with the software at their disposal typi
ally have little 
hoi
e but towrite their own if they wish to publish during their proprietary period. Theoristsmay be impa
ted, too, 
onsidering e.g. the role high-performan
e simulationsplay in development and 
on�rmation.It is our 
ontention, then, that if asked to 
hoose between a
hieving theo-reti
ally maximum performan
e some unspe
i�ed N months into the future ora
hieving suboptimal but good performan
e in a fra
tion of that time, many re-sear
hers would gladly sele
t the latter. In (Noble & Zlateva 2001) we dis
ussJTS in this 
ontext and present ben
hmark results whi
h exhibit good speedupsfor several parametri
 master/worker algorithms, relative to both sequentialJava and native 
ompiled C (�gure 1). Other resear
hers have also reported

Figure 1. Peak JTS speedups VS sequential GCC -O33



substantial speedups using JTS (Batheja & Parashar 2001, Teo et al 2002).While several weaknesses of JTS were noted in our work (notably 
ommuni-
ation laten
y and a la
k of 
olle
tive broad
ast/gather/redu
e 
ommuni
ationoperations), they nonetheless remain enti
ing as a poor man's HPC platform byaddressing o�-the-shelf numerous issues with distributed systems.2.3. GeneralityThe programmati
 simpli
ity of tuple retrieval in Java masks a powerful, network-enabled runtime 
ode loader. This me
hanism fosters an un
oupling of generi
"dumb workers" { whi
h loop endlessly, waiting to pull tasks from the spa
e toblindly exe
ute their run() methods { from task exe
ution 
ode, and providesseveral 
lear advantages over traditional message-passing or shared-memory HPCimplementations.First, by remaining wholly ignorant of the details of the 
omputations theyperform, generi
 JTS workers may be written just on
e for a variety of 
om-putations, and breezily deployed on any Java-
apable platform. While it's truethat similar levels of runtime generality and portability are attainable by othermeans, e.g. Java RMI, most fall short of the ease of use and semanti
 
laritythat is built in to JTS in that the programmer 
an be required e.g. to abstra
tthe network intera
tions themselves (or use a pa
kage whi
h does so), use RPC
ompilers to expli
itly generate 
lient stubs, and so forth.Se
ond, su
h workers need be started only on
e per 
ompute node, afterwhi
h they idle as low-
onsumption daemons until tasks appear in the spa
e.With native-
ompiled PVM, MPI, or OpenMP implementations, however, mas-ter and worker tend to be far more tightly 
oupled. This approa
h is typi
ally
hara
terized by workers being 
oded with expli
it algorithmi
 knowledge andmasters being dire
tly responsible for the spawning of workers. Together thesemake the typi
al worker unsuitable for use in a wide variety of 
omputations,and present additional diÆ
ulties on heterogeneous networks as one body of
ompiled 
ode 
annot be used on multiple ar
hite
tures.2.4. Dynami
 S
alingLikewise, when masters are responsible for spawning workers en masse the sizeof the worker pool is usually �xed in advan
e, e�e
tively prohibiting the additionof workers after the 
omputation has initiated. With stati
 s
aling long-running
al
ulations, for example, 
annot be sped up after laun
hing, and instead needto be restarted to add more horsepower. In a JTS solution the master { whose
hief responsibilities are to par
el a job into subtasks, funnel them to the spa
e,and 
olle
t results { dire
tly intera
ts with only the spa
e, whi
h allows the
omputation to be dynami
ally s
aled, either up or down, simply by adding orremoving workers. Moreover, given the simpli
ity of threading in Java relativee.g. to POSIX, it was straightforward to have workers in our ben
hmark frame-work adapt to multipro
essor hosts by spawning multiple lightweight-pro
ess
opies of themselves.It is worthwhile to note that using N=1 worker is e�e
tively a sequentialinvo
ation, while parallelism is a
hieved by using N=k>1 workers. This semanti

larity 
an be very bene�
ial to the appli
ation developer, sin
e one of the morediÆ
ult aspe
ts of programming for 
on
urren
y is that sequential algorithms4



frequently do not map 
leanly to parallel implementations. In su
h 
ases it isdiÆ
ult or impossible to utilize one body of sour
e
ode for both sequential andparallel exe
ution.2.5. Fa
toring Administrators Out Of The HPC EquationAs is the 
ase with large-s
ale databases today, many traditional approa
hes toHPC require dire
t involvement of a system administrator, and 
an eventuallymandate the hiring of additional, even dedi
ated, sta�. Whether to resear
hand pur
hase exoti
 massively-parallel hardware, install enabling software onmultiple nodes, a
tivate low-level daemons with root privileges, 
reate spe
ialuser a

ounts, or manage pooled disk spa
e, the need to involve yet anotheroutside party diminishes individual autonomy and introdu
es a re
urring usagebottlene
k.Re
ent work, though, shows that 
ombining network 
lass loaders with JTS
an eliminate many of these diÆ
ulties (Noble 2000, Lehman et al 2001, Hawi
k& James 2001). In fa
t, in the 47-node MAN testbed used to derive the resultsof �gure 1:� the JTS system software was installed on non-privileged diskspa
e� and was booted from an ordinary user a

ount� master and workers were run from ordinary user a

ounts� 6 of the 14 ma
hines used did not even have a lo
al JTS installationRemote Node Con�guration In fairness we should note that some of thesebene�ts were derived as mu
h from our la
k of se
urity 
on
erns as from anyspe
i�
 te
hnology 
hoi
e, but our 
ontention, again, is that to promote rapiddevelopment and results "faster and looser" is the prevailing mindset in smallerresear
h groups (espe
ially those whose goal is not publi
ation of resear
h papersin 
omputer s
ien
e). However, the fa
t that a JTS installation was not requiredat all on parti
ipant nodes is 
onsiderable step forward in the 
on�gurationand management of distributed systems on heterogenous networks. To a
hievethis we merged the 
lient portion of JavaSpa
es 1 and our worker 
ode intoa single bootstrap .jar �le, and made it available on a well-known 
omputeportal. Users ele
ting to parti
ipate in the distributed 
omputation frameworkneed only install a network laun
her onto the prospe
tive node(s), the 
ost ofwhi
h 
an be as small as a 20K download. 2 At runtime the loader is pointedat the established portal to retrieve the bootstrap .jar and invoke the worker
lass within, after whi
h the worker 
onta
ts the spa
e and idles for 
omputetasks. Whatever 
lass loader is used, it need be downloaded just on
e per node,after whi
h it 
an be reused regardless of how many revisions are made to thebootstrap 
ode or 
omputation framework.With this approa
h it is no longer ne
essary to 
onsume administrator timeto 
on�gure or employ distributed systems { a JTS solution may be installed1We have not tried this yet with TSpa
es, but (Lehman et al 2001) suggests it will work.2Our experiments were 
ondu
ted in 2000, prior to the wide availability of JNLP and JavaWebStart. Instead, we implemented a 
ustom loader based upon WebRun from Mi
hael Sinz.5
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Figure 2. Simpli�ed remote node 
on�guration with JTS.and a
tivated without knowledge of the system password on any ma
hine; noris it ne
essary to maintain multiple native binary builds { of either the HPCtoolkit or your 
omputational 
odes { to utilize multiple CPU ar
hite
tures ina single distributed 
omputation. The signi�
an
e of this te
hnique in
reasesin dire
t proportion to both the number and ar
hite
tural diversity of nodeswithin the 
omputation environment, as well as the workload of your systemadministrators.2.6. Fault Toleran
e and Che
kpointingIn sharp 
ontrast with other parallel and distributed programming me
hanisms,failure re
overy is an intrinsi
 feature of available JTS implementations. Firstnote that any spa
e { a persistent external store into whi
h tasks are doledout and intermediate results a

umulate { is itself a 
he
kpointing me
hanism.Che
kpointing, where partial results are in
rementally saved, is used in long-running 
al
ulations to avoid restarting from s
rat
h after failures. It 
ontributesnothing to 
omputed solutions, per se, but typi
ally requires expli
it 
odingwithin the algorithm for message-passing and shared-memory implementations.Se
ond, while in our ben
hmarking e�orts we found the JTS implementationsvery robust (
apable of running unhindered for weeks and months on end), itis a fa
t of life that node failures will o

ur. With JTS transa
tions, though,the demise of parti
ipants during a 
omputation is in prin
iple fully re
overable.Wrapping worker intera
tions with the spa
e within a transa
tion, for example,ensures that if a worker dies the transa
tion 
annot 
ommit; this in turn will
ause the subtask being 
omputed by the worker to be automati
ally returnedto the spa
e (in virgin form) as the transa
tion is unrolled. Similar bene�tsmay be gained by wrapping the results 
olle
tion phase (in the master) withina transa
tion.3. Prototyping the Virtual ObservatoryA number of the bene�ts dis
ussed above map well to the Virtual Observatoryproblem spa
e. The loosely 
oupled master/worker pattern, for example, gen-eralizes to the use of TS for 
oordinating ensembles of anonymous pro
esses(Gelernter & Carriero 1992). A fully-realized VO should in prin
iple permit thespontaneous formation of any number of su
h ensembles. The degree to whi
h6



this be
omes a

essible to the typi
al astronomer, unen
umbered by system ad-ministrator or programmer hand-holding, will be a key metri
 of su

ess. Other
ru
ial fa
tors in
lude the 
exibility with whi
h ba
k-end servi
es 
an be gluedtogether, how rapidly they may be deployed, and how well VO me
hanisms inte-grate with existing astronomy software. To explore these 
on
epts further we've


onstru
ted a testbed (Cresitello-Dittmar et al, this volume) whi
h uses JTSto de�ne and 
oordinate a number of servi
es (name resolution, multi-ar
hivelookup and retrieval) whi
h automate the generation of 
omposite images andmulti-waveband 
ux plots. Several distinguishing features of the prototype arethat it is a

essible from a publi
ly-available analysis toolset (CIAO), that theVO 
apability is anonymously invoked, and that it was deployable after a veryshort 
oding period by 2 new hires. User intera
tions are managed by a s
ript-able Gtk GUI 
oded in S-Lang and loaded at runtime into the 
hips visualizationtool. The name and identity of ea
h VO servi
e was dis
overed at runtime bythe GUI 
lient (shown above), whi
h needed knowledge only of how to 
onta
tthe spa
e.3.1. Testbed Ar
hite
tureWork
ow is modeled in our testbed by Servi
e Providers, Requestors, and Por-tals, whi
h intera
t by ex
hanging Advertisement and Job tuples. An Adver-tisement des
ribes what work the provider is willing to perform, while a Job { aquanta of work { indi
ates how mu
h. In the following illustration 2 providershave written 2 advertisements and 3 jobs in an INITIAL state. By writing 2 jobtuples to the portal Provider2 indi
ates that it is willing to servi
e 2 requestsfor Advertisement2 simultaneously, perhaps be
ause it is a multipro
essor (theowner of, say, a 16-
pu ma
hine might 
hoose to make any number of its pro-
essors available in like fashion). The a

essor, having s
anned the portal foradvertisements, requests that a servi
e be 
omputed on its behalf by retrievinga job from the spa
e, marking its state as COMPUTABLE, and writing it ba
kto the spa
e. Provider2, who is woken by the presen
e of a 
omputable servi
erequest, exe
utes the job, marks its state as COMPUTED, and writes it ba
k7
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e. Finally, the a

essor noti
es the arrival of its 
ompleted requestand retrieves the result.3.2. AnalysisThis ar
hite
ture is heavily in
uen
ed by the de
oupled nature of TS 
ommu-ni
ation, and manifests a number of useful properties beyond mere 
larity ofobje
t 
ow. For example, advertisements gra
efully expire from the portal ifnot refreshed by the provider within a lease period, whi
h serves as an impli
itheartbeat me
hanism. With su
h dynami
 servi
e lifetime management, partialstate { whi
h 
an a

umulate in an expli
it deregisration model when a providerjoins the portal and then su�ers a 
atastrophi
 failure { is automati
ally 
ushed.Assuming zero transmission errors, a requestor is guaranteed { within the gran-ularity of the lease { that its servi
e request will at least initiate, rather thanmerely spilling into the ether of an o�ine provider.Likewise, the separation of advertisement from job exe
ution yields an im-pli
it me
hanism for dete
ting a saturated provider without further 
ontributingto that saturation: if an advertisement exists in the portal with no 
orrespond-ing job tuples then the provider must be busy servi
ing other requests. A 
lient
an dete
t this state without issuing an ill-fated request (yet more work for theoverloaded provider) doomed to merely timeout. This fosters smoother 
lient op-eration, espe
ially important when human intera
tion is involved, and promotesdeterministi
 behavior of the system as a whole. The use of jobs as quanta ofwork lets providers retain full 
ontrol over how mu
h 
ommunity servi
e theywill perform, and when, and makes it virtually impossible for them to saturatefrom requests. While the spa
e itself is a potential saturation point, the tasks ithandles (mostly funneling small-ish tuples ba
k and forth) are not 
omputation-ally expensive, and its fun
tion 
an be repli
ated for s
alability as needs arise(although more investigation is needed in this area).Another form of load balan
ing is manifest in the ability of the spa
e tostore partial results. Imagine for instan
e a provider who o�ers a 
omputation-ally expensive servi
e that takes N input parameters. Sin
e the result of that
omputation 
an be stored in the spa
e (or a referen
e to it if the result, e.g. a8



�le, is too large), new requests with mat
hing inputs need not result in entirelynew servi
e invo
ations at the provider.Finally, note that while servi
e dis
overy and requests are 
oordinated bythe spa
e, its use is not mandatory. A provider is free to negotiate more e�e
tivemeans of intera
tion with the requestor, and in fa
t ar
hive retrievals in ourtestbed are 
arried out by dire
t download between the hosting site and 
lient.What About Web Servi
es? Web Servi
es advo
ates in the VO 
ommunitymay 
ontend that a Java-
entri
 approa
h su
h as we've employed here la
ksneutrality by binding one too 
losely to a spe
i�
 language or obje
t model.While this position is not without merit, its wholesale a

eptan
e would seemto require overlooking several issues of signi�
an
e.For one, many of the features des
ribed here | simple servi
e 
oordination,a

umulation and persisten
e of partial results, asyn
hrony, transa
tional sup-port, fault toleran
e, and dynami
 lifetime management { are not well-supportedin other servi
e hosting implementations, su
h as those providing Web Servi
esthrough a UDDI registry. These fa
tors { plus the heavy bias of UDDI towards
ommer
e, and the performan
e of SOAP (Davis & Parashar 2002, Govindarajuet al 2000) { should 
on
ern those 
onsidering adopting Web Servi
es for s
i-enti�
 use. In response the grid 
ommunity is developing more robust alter-natives, su
h as the Open Grid Servi
es Ar
hite
ture (forming the 
ore of thenext generation Globus 3.0 Toolkit, whi
h in
identally also requires Java forservi
e management, though wider language support is planned) and the WebServi
es Dis
overy Ar
hite
ture (WSDA). Until these mature, however, the s
i-enti�
 
ommunity is left with few o�-the-shelf options for servi
e management.Our JTS-based s
heme produ
tively �lls this interim ni
he.Next, a 
ommitment to use Java somewhere within a proje
t does not man-date its use everywhere, given the availability of the Java native interfa
e (JNI)and fork()/exe
(). Our testbed amply demonstrates this by seamlessly bindinglibraries, appli
ations, and HTTP servi
es { lega
y and new { written in a va-riety of 
ompiled and interpreted languages. In prin
iple "using Java to talkto the network" is not dissimilar from "using XML to talk to the network":either would represent just another layer within a 
odebase, ea
h with its ownadvantages and disadvantages.Finally, note that our aim in 
omparing JTS with Web Servi
es is dida
ti
,rather than to suggest that our approa
h to servi
e management should, or even
an, supplant the use of Web Servi
es in the VO arena. Our hope is that the moreintriguing features of our portal �nd their way into evolving registry s
hemes,and that we 
an �nd a way to embra
e emerging grid and VO standards whilenot sa
ri�
ing the 
lear gains JTS have delivered in our work. We anti
ipate thatthe latter will not be diÆ
ult, sin
e the Java platform is by a large margin thedominant vehi
le for Web Servi
es deployment (SoapWare.org, 2002, InfoWorld2002).4. Con
lusionMost astronomers remain new
omers to high-performan
e and grid 
omputing,in part be
ause the barrier to entry remains high: signi�
ant 
ognitive and9



administrative 
ommitments 
an be required { at both the institutional and in-dividual s
ope { to utilize the industrial-strength pa
kages typi
ally employedwithin these milieux. We have argued that JTS 
ompellingly resolve severalaspe
ts of the buy-in problem, and that what one may sa
ri�
e by adopting alighter-weight JTS solution (e.g. peak performan
e) is adequately 
ompensatedfor by their ease and autonomy of use, wealth of built-in features, and 
exibility.As a partial validation of this assertion we've deployed a spa
e-based VO testbedwhi
h augments an existing astronomi
al toolset { CIAO { with anonymous dis-
overy of multi-waveband sear
h, retrieval, and analysis 
apability. Our servi
e
oordination infrastru
ture was implemented in less than 700 lines of Java 
ode,and required virtually zero modi�
ation of lega
y ar
hive interfa
es. The testbedpushes the VO envelope beyond the use of stati
, faulty, and un
oordinatedbrowser-based servi
es into the realm of fault-tolerant ensembles of dynami
ally
oordinated agents, and to our knowledge represents the �rst demonstration ofan end-to-end analysis thread 
apable of generating publi
ation-quality resultswith the ease of use portended for the Virtual Observatory.While in its present form the testbed should adequately ful�ll its purposeas a lo
al proving ground for VO datamodel development, plenty of room forimprovement remains, notably in the areas of repli
ation and s
alability, inter-operability with web-servi
es, adoption of emerging VO standards, streamliningagent intera
tions with event noti�
ation and broader use of JNI, and moregra
eful 
o-existen
e with �rewalls.A
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