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Abstract. Monitoring systemshave traditionally beendevelopedwith rigid objectivesandfunctionalities,and
tied to specificlanguageslibraries and run-time ervironments. Thereis a needfor moreflexible monitoring sys-
temswhich canbe easilyadaptedo distinctrequirementsOn-line monitoring hasbeenconsideredsincreasingly
importantfor obseration andcontrol of a distributed application. In this paperwe discussmonitoring interfaces
and architecturesvhich supportmore extensiblemonitoring and control services. We describeour work on the
developmentof a distributed monitoringinfrastructureandillustratehow it easesheimplementaton of acomple
distributed delugging architecture.We alsodiscussseveral issuesconcerningsupportfor tool interoperabilityand
illustratehow the cooperatioramongmultiple concurrentools caneasethetaskof distributeddelugging.

Keywords. On-line Monitoring, Distributed Debugging, Tool Interoperability SoftwareEngineeringenviron-
ments.

1. Intr odudion. Everybodyrecogizesthe difficultiesin developing parallelanddis-
tributed applicationsand the neal for tools that can help the programmeiin that process
The obsenation of the behaior of a distributed application(the target application)plays
animportantrole duringits developmentandalsoduringits execution.Monitoring toolsare
complemetaryto theuseof performancenodelsandsimulationtools,asthey allow to obtain
information on the real executionof an application. Monitoring is alsocritically important
in distributedapplicationsvhereunpredictablehaagesmayocair in asystemconfiguration,
which may requiresomereactionto achieve speific goalssut asload balaning or fault
tolerance.

Many monitoring tools and supportsysems have beendeveloped in the recen past,
usudly eachonededicatedo a particularpurposefor a speific programmindanguag or
library, andfor spedfic operatingsystemandhardwareplatform. Only few of suchtoolscan
beconsideedof geneal use but even thosearenoteay to adaj to new computingplatforms
or userrequirements.

Recetly, therehasbee anincreagd useof parallelanddistributedcomputingmodels
in awide rangeof applications This hasmotivatedan increasedone@rn on how to design
monitoringand control tools which canbe usedto supporta diversity of functionalitiesfor
obsevationandcontrolof parallelanddistributedapplicationsasillustratedin thefollowing
list:

To analyz applicationperformancge

To obseve applicationbehaior;

To controltheexecuion of anapplication;

To suppat integratedsoftwareengineeng environmentsandcollaboratve working
ervironmers, wheremultiple concurenttools mustbe coordinaed, so that global
congsteng constraintsnustbeimposed.

Ononehand,it would not befeasiblenor evenefficient to try to implementa monolithic
systemenompasmg all of theabove uses Instead amodulardesgn shoud be promoted:

e Toenablgheon-lineinteractionbetwe@ atool userinterfaceandthetargetapplica-
tion. This shouldguaranteessomedegreeof indepeudenceof the userinterfaceand
thetool functionality with respecto thelow level systemarchitecture;

e To allow anincrementakxtenson of the ervironmentby providing mechaismsto
integratenew toolsinto thesystemgeachtool providing a spedfic use interfaceand
service;
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e Tosuppmrtthelaunchingof therequiredservicegor obsenetion, confguration,data
gatheringor speific dataprocessing;

¢ To allow the modularcompgition of simpleindividual tools, asa way to achie/e
morecomple functionalities;

¢ To mana@ andcoordinge theinteractionsamongmultiple conairrenttools,having
on-lineacessto the sametargetapplicdion.

From our pastwork we have identifiedthe needto develop a distributed framework to
suppet monitoringandcontrol servicesthatcouldallow theintegrationof multiple concu-
renttools. Fromour earlierprototypesof the DDBG [7] andPDBG [8] distributeddehuggers,
we have identifiedseveral requirementso support the above objectives. This hasled to the
designandimplementatiorof the DAMS [5, 8] architectureandthe devdlopmentof the Fid-
dle [16] delugging tool.

In Sec.2 we discus differentapproabesfor monitoringandcontrol architectures.n
Sec.3, themainchaacteristicoof DAMS arereviewed. In Sec.4, wefocusonthedesciption
of Fiddle, andcompate to previouswork. In Sec 5 we discus dehugging tools interaction
whenusingFiddle andhow suchconcetscanbesuppatedin termsof DAMS functionalities,
to improve tool cogerationin a parallel software engineeing ervironment. In Sec.6 we
reporton the currentimplementatiorstatus.Finally, in Sec.7, we presefhsomecondusions
andongang work.

2. Monitoring and Control Interfaces. Traditionalsolutionshadrigid objectvesand
functionalities andweretied to specificrun-timeernvironments(Fig. 1 a). They couldnt use
morethanonetool atatime, andcouldnt adap to distinctobjectvesor addnew functional-

ities.
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FiG. 1. a)Monolithic tool; b) Tracebasedool

2.1. Toolinteraction basedontracefiles. A simpleandveryusualapgoachto achiere
tool interactionfor monitoringandperformancevauationhasbeentheuseof commortrace
file formats(Fig. 1 b). Thisallows the useof post-mortenvisualizationandevauationtools.
If new toolsaredesignd compdible with thoseformats(or if they allow usingsomecorver-
sionstep)they canquicky beintegratedinto themonitoringernvironmer.

Themosttypical exampleof a“stardard”tracefile is theformatusel by the Portablen-
strumentedCommunicatiorLibrary (PICL) [9, 28], which hasbeenusedby severalmonitors
andtools, directly or with corversionprograms. Most of its succasis relatedto its visu-
alizationtool, ParaGrapH11], andthe moreor lessneutralsemantic®f the tracefile. The
importanceof the approah is illustratedby the factthatthis traceformat hasbee extendel
to anew versionfor theMPI [21] systentalledMPICL, whichusesthestandad MPI Profiling
Interfaceto instrumentheapplication.

A more powerful approah wastaken by the Pablo [25] projectby desgning the Self
DefinedData Format (SDDF) [1], a meta-formatwhosephilosofy wassimilar to the one
followedlaterby the XML standard.
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2.2. Instrumentation/Control Interfaces. Monitoring systemsely onlow level inter
facedor instrumentingandcortrolling atargetapplication. Thesdunctionscanbesupprted
throughseveral applicationprogrammingnterfaces(API), possiblyat differentlevelsin the
system(libraries,OS andhardwarearchitecture).The standardizéon of theseinterfacesin-
creass the portability of the distributed infrastructureand, asa congqueie, of the tools
by demupling the low level depgendenies from the monitoringinfrastructure. In theseap-
proachs, someinstrumentation/contrdunctionsaresepaatedfrom the monitoringsystem,
andneutralinstrumentatiorfiacilitiesareprovidedfor distinctrun-time/OSplatforms(Fig. 2).

. target
tool  monitor 2
application

FIG. 2. Instrumentatiorand control interfaces

Within the Parallel Tools Con®rtium Projects(PTOOLS) thereare several efforts tar
getedatthelower level of the monitoringinfrastructure.For example,the Performanceé\PI
(PAPI) [2] for obtainingthevalues of hardwarecounterswhich areusudly available in mod-
ern CPUs. Also the PortableTiming Routines(PTR) [24] for measung programexecution
intervals,in termsof wall clock, use CPU,andsystemCPUtimes.

Oneof the mostpowerful proposés is the Dyninst library [3], which wasstartedwithin
the Paradyn project[20], aimingat building a dynamicandconfiguablemonitoringsystem.
Thelibrary suppats the dynamiccodeinstrumentatiorof arunningprocess It useshe OS
facilitiesfor inspeting andcortrolling proceses allowing the userto browsethe objectcoce
andinstall codepatche atparticularpoints. Thosecodepatchesredefiredusinganabstract
desciption andtranslatedy the Dyninst into the native codefor the particulararchitecture
whereit’s running. As several architecturesresupmrtedthis allows tool portability regard-
ing thisaspet

Suchappro&heshave the bendit of providing moreor lessstandvrd interfacessugport-
ing low level instrumentatiorfunctions,which canthen be integratedinto full distributed
monitoringarchitectures.

2.3. Monitor/Contr ol APIs and Distrib uted Monitoring Ar chitectures. The trace-
basel approachs adegatefor theanalyss of execuion tracesafterprogramtermination but
it camot supprt on-line interactionwith a runningapplication. The latter requiresspedfic
protocolsto be establishd for asyrchronousor syndironousinteractionbetweenthe tools
andthe application libraries,OS andhardwarearchitecturgFig. 3). This requiresa precise
interfacedefiriti on anda flexible architecturgor monitoringandcontrolwhich satisfieghe
mainrequirementsliscusedin Sec.1.

m) monitor

FI1G. 3. Decouplingtool and monitor

target
application

A relatedeffort onimproving the accesibility to low level instrumentatiorandcontrol
interfacesis the DynamicProbeClassLibrary (DPCL) [22]. DPCL definesan API thatuses
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Dyninst for proces instrumentationDPCL is bagdon astandad client/serer infrastructure
thatallows anindividual tool to interactwith several DPCL seners(oneon eachmachine).
This allows thetool to cortrol all the processsof the application. Also, eachDPCL sener

canac@eptmorethanoneclient, allowing severaltoolsto usethe DPCL infrastructuresimul-

taneouly (Fig. 4). Thereis nosuppat to solve poséble interferencesndconflictsamonghe

tools,or for coordinatingtheir cooperation Anotherexamge is givenby FIRST [23] which

reliesuponCORBA [10] to implementa distributedmonitoringsystem.FIRST alsouseshe
Dyninst library for processnstrumentatioranduseshe PTR routinesfor time measuring.

application

FIG. 4. Flexible monitorinfrastructue

OMIS [19] is a sygematiceffort towardssuppating a standardnonitoringinterfaceand
an openframenork for developing monitoringtools and services. The OMIS specifiation
defines ageneic interfacelibrary for inspectingandcontrollingdistributedprocesssandfor
thetoolsto interactwith the monitoringsygem. Theinspectioncanbe customize for ead
particularuse/tool by definingthe interestingeventsandthe actionseachoneshouldtrigger
Thereis provision for extensionsto the suppated events andactions. A distributed moni-
tor andcontrol systemcan supprt morethanonesimultaneouglient tool andallow some
interoperability An implementatiorof the OMIS specifi@ation wasdeveloped asa monitor
ing architectur(lOCM/OMIS) [18]. It hasbea usedasa basisto develop detugging and
visualizationtools (new versionsof the DETOP andVISTOP [27] tools) andto suppat their
interoperability

In thefollowing sectionwe descibe the DAMS approacHor distributedmonitoring.

3. DAMS: A Distrib uted Application Monitoring System. TheDAMS [5, 8] approab
propossadistributedinfrastructurefor monitoringandcontrolof parallelanddistributedap-
plications.lts distinctive charateristicis beingbasenasoftwarearchitecturavhich allows
aclearseprationbetweerthe low-level mechaismsfor distributedobsevationandcontrol,
andthe high-level servicesprovided by monitoring and control tools, suchas dehuggers,
performancendyzersor resourcenanaers(Fig. 5).

3.1. Architecture. Insteadf definingarigid monitoringinterface DAMS only provides
the mecharsmsto integratenew servicesinto its distributed architecture handlingservice
identification,registrationandlocalization,commuiication, service activaion andcontrol,
andconairrenttool interaction.

TheDAMS architectures neutralcorcerningthecomputationainodelof thetargetappli-
cation,andalsoconerningeachtool speific functionalities(Fig. 6). A DAMS configuration
is built of a setof servicesvhich canbeaccesedby thetoolsin orderto implementthetool
spedfic functionalities.

In orderto integrateanew servicento theDAMS agivenServiceModulemustbedefinel
andregisteredasan available service. From the clients point of view, the ServiceModule
providesaninterfaceto a setof functions(entrypointsinto themodule)andis namedhrough
anunigueglobalidentifier Fromthe DAMS pointof view, the ServiceModuleis resposible
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FIG. 5. Layerview of a monitoring and control ervironment

for the implementatiorof the servicewhich canhande requestdrom multiple concurrent
clients.lt is respmsiblefor theinterpretatiorof eachreques thesupevision of theexecution
of therequiredactions,andthe serling of the correspading repliesbackto the client. For
suchpurpo®, a ServiceModule canrely upon other services possiblylocatedat remote
machines An internal DAMS communicéon layer sugportsthe communicationdetwea
servicesandwith thetools.

3.2. Built-in Sewices In orderto supprt theabove aspets, the DAMS includesbuilt-
in ServiceManagemat. It providesfunctionsfor registeringnew servicesandfor service
identificationandlocalization. The ServiceManagenentallows the tools to requesiacess
to theinterfacesof theregisteredservicedy conneting to instance®f the ServiceModules.
Thisaccesscanbemadethroughspecificclient level librarieswhich mayprovide transparent
userinterfaces.

DAMS alsooffers a built-in Resouce Managenentservicethatis usedto managethe
hostsandprocesesconfiguration.This includesaddingandremoving hostsfrom the DAMS
ervironmen, launchingprocesssandgettingstatusnformation.

DAMS providesa built-in Event Servicefor asyntironousevent notification basel on
a publisher/suscribermodel. This mechaism canbe usal to detectandreactto events
geneatedby the tarmgetapplication for example to reactto executionlevel excegions. This
mechaism canalsobe triggeredby the procesig of requestsmadeto the DAMS services
wheninvokedby a client tool, in orderto endle asyntironousinteractionsat the tool user
interfacelevel (e.g.,non-bloclng, event-driven semanticdor client requetsin a graphical
userinterface).

3.3. Tool Interaction. Supportfor conarrenttoolscanimprovetheexpresivenes of a
parallelsoftwareengineringervironmentby allowing theuserto exploit thecomplematary
rolesof distincttools,having accesto thesameargetapplication.Whenmultiple concurrent
tools have accesto the sametarget applicationthereis the problemof interferenceamong
tools. At thelevel of theDAMS architecturesomesugport for tool synchronizationis ensued
dueto the useof commonservicemodulesto accasthe sametarget-processe This corre-
spond to the so-cédled strudural conficts[27]. Additionally, it maybe ne@ssaryto ensire
congsteny amongmultiple concurenttoolsatalogical level. The eventmechaismcanbe
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FIG. 6. DAMS architectue

usedto helpthe coordinaion of suchconairrenttools. Eventsgeneratedby atargetapplica-
tion canbe disseninatedto the setof toolswhich areinterestedn obseving the application
evolution, sothosetoolscancoordinateheir actionsacordingly.

Additionally, toolsthemselescanexplicitly generatevents,allowing othertoolsto be
aware andadaptto sucheverts. For example,the usercanselectin onetool to obsere a
differentaspet of theapgication, thenothertoolscanfollow thatcharmge.

3.4. Concluson. DAMS basc architecturecanbe usedto develop spedfic service for
obsevationandcontrol. In generaljt is possble to developspedfic toolsandserviceqe.g.,
the onesbasedn Fiddle) in a stand-aloa fashion,i.e., without requiringary basc suppat.
However, we claim it is preferableto rely upona low-level infrastructureproviding a mini-
mal setof functionalitiesfor monitoringandcontrol. In suchanapproachthetool/service
developer can corcentrateon spedfic desgn issuesof eachfunctionality thus benefiting
from increagd softwaredevelopmentproductvity. Onthe otherhand by having acommon
underlyingplatform, it becomse easietto suppat multiple conairrenttoolsandmanageheir
interactions. In the following sectionswe first disciss the functionalitiesand architecture
of a complex delugging service(Fiddle), andthenwe discisshow it mapsinto the DAMS
framework.

4. Fiddle: a Tool for Distributed Debugdng. Someparalleldelhuggershave evolved
into commercialtools, e.g., TotalView [26], madeavailable throughparallel machineand
toolsvendors.The architecture®f suchparalleldetuggersusudly follow a monolithic ap-
proach,combininga delugging engne andthe use interfaceinto a single large program.
More flexible paralleldetuggersusea client/sener model,e.g.,p2d2[12], which separate
the userinterfacefrom the dehugging engne. This approab improvesthe ability to adapt
to differentrequirement@andernvironments andto customizethe userinterfaceto betterfit
a speific environment. Thegeneality of the paralleldetuggersalsouseconsideably small
anddumbagentsin eachmachinenode,to suppaet the distribution of the detuggng func-
tionalities,relying in a centralsenerto do all theprocesig.

Prior to describingFiddle, we will summarizeour previous work on distributeddelug-
ging andhow it motivatedthe designof this new system.

4.1. Previous Work on Distrib uted Debugging. Previouswork on DDBG [7] allowed
to experimentwith two tool integration scerarios con@rningthe distributed delhugging ac-
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tivity: integration of a GraphicalParallel Application Editor andthe Debugger [13]; and
integrationof TestingandDehbuggingtools[17].

We describehemaincharateristicsof eachca® study conceningtool interactionsaand
their coordinationthe mostrelevantlimi tationsthatwerefoundin the DDBG prototypeand
themajorimprovementgequired.

4.1.1. Visual Proggamming and Graphical Debugging In a parallel software engi-
neeringervironment,a graphicaleditorfor avisualprogrammindanguagecanhelptheuser
in thedesgn of a parallelor distributedapplication.In suchanernvironment,the userdevel-
opsthedistributedapplicationby specifyinggraphicé high-level entitiesandtheir compos
tion. A graphicalprogram,conssting of suchgraphich entities,for example,representing
procesesand communicéion chamels,will thenbe automaticallycompiledinto a textual
sourcecodewhich may be amenale to a parallelexecuion. The usageof a classcal dis-
tributeddelugger opeaatingwith theautomaticallygeneatedcode provideslittl e helpto the
userin theunderstanishg of the (graphical)programbehaior.

To overcomethesedifficulties the detuggershauld allow the use to work mainly with
the graphicalprogramcongructsandthe abstractionshatwere usel during applicationde-
velopmem. Thisrequiresfor example to highlighttheentitiesin thegraphicarepresentation
andtheir correspadinglinesof (thegeneratefsouce codein thetextual programrepresen-
tation,andto allow theuserto stepthroughboththegraphicalentitiesor the sourcecode.

Within the SEPP/HPCTI6] Europearprojects,a suc@ssfulexperimentinvolving the
integrationof theGRED [13] graphicheditorandDDBG wasachiered[13]. In thisprototype,
GRED andDDBG could establisha two-way interaction,correspadingto the invocationof
the DDBG delugging methodsby GRED, andits repliesreportingthe change in the target
applicationstate.However, in orderto endle asyrchronoususerinteractionat the graphical
editorlevel, it wasnecesaryto extendthe GRED/DDBG interactionwith anad-hocschene
for deferreddelivery of therepliesfrom thedehuggerto thegraphicalervironmert.

4.1.2. Integrating Testingand Debugging. A distributeddehuggermay contritute to
thedetedtion, localizationandcorrectionof bugsin anapplication but still stronglydepeads
uponthe use interpretationof programcorrectness The useof an interactie testingtool,
which partially automaestheidentificationandlocalizationof suspet programregions,can
improve theproces®f developingcorrectprograms.

STEPS [15] is atestingtool developedat Techrical Universityof GdanskPoland within
the SEPP/HPCT[6] Europearprojectsandis ableto identify potentialcritical programflow
pathsin a C/PVM program. Whenintegrating sucha tool with a distributeddetugger, one
mustensurehatthe progranmwill behae aspredictedby thetestingtool.

Within the abore mentionedprojects,anothe succssful expaimentinvolving the inte-
grationof STEPS andDDBG wasachiered [17]. In this prototype,the compodion of the
testingandthe detuggingtoolsallows thefollowing iterative steps

1. STEPS generatespedfic testingscenaos;

2. An intermediatetool, Deipa, readsa scenao andbuilds a sematic tree with its
contents

3. By interactingwith Deipa, the usermay selet oneof the pointsin the scenao (a
global brealpoint) for testing;

4. Deipa [17] geneatesa setof dehugging commaunls, which are sentto DDBG, to
enforceeachtarget-processo follow a spedfic pathuntil the global breakpointis
reachd;

5. DDBG drivestheexecutionof thetarget-processsaccordingo Deipa directives;

6. At that global breakpint (a susgect programlocation), the usermay use DDBG



8 V. DUARTE, J. LOURENCOAND J.C. CUNHA

to enteran interactve deluggng sesion, to inspectand fine cortrol the target-
proceses;
7. Finally, thetestingmayberesumedy seleting anotherpoint (step3).

In this case thereis a one-way interactionbetweenSTEPS andDDBG, throughanin-
termediatdile which containsthe testingscenarios. This experimentillustratedthe needto
includeanintermediateéool to manageheinteractionbetweerthetestingandthedekuggng
tools, andthe needof this tool to coexist with other (lowerlevel, in this cag) deluggng
interfaces.

4.1.3. Major Impr ovemerts Required. The above expeaiencessuggetedthe needto
provide suppat for:

¢ Asyndironousinteractionsbetwea the detugger andthe othertools, sugportedby
everts;

e Theinclusionof new tools,to provide complemataryfunctionalitiesfor application
devdlopmentandpossbly actasintermediariebetwea the deluggerandthe other
tools;

e Synchionizationof theclienttoolssharingthe acessto thetargetapplication.

4.2. Overview of Fiddle. Theexperimentsdescibed abore have motivatedthe design
of a more advenceddehugging tool: Fiddle. Its software architecturewas designe to be
ableto fulfill the major improvementsidentified above and being functionally backvards
compatiblewith DDBG, it couldreplacethelatterin thoseexperimentswith bendits.

Themainfunctionalitiesof Fiddle are(the entriesmarkedwith (1) arenew to Fiddle):

¢ Delugging of multipletargetapplicationprocesgs executingin thelocal or remote
machines

¢ (1) Dehugging of multi-threadedprocesegs if suchfunctionalityis supmrtedby the
nodedehuggersbeingusedby Fiddle to actuponthetarget-processs;

e Simultaneouacces bymultipleclienttoolsto thesamearmetapplicdion processes;

¢ (1) Supprt for multi-threadedclient tools, to easethe control of the asynchronos
interactiondbetweerthe detuggerandthoseclients;

¢ (1) Deferredrefiesto thesenicesrequestedy clienttools,bagdonanevent/call-
backmecharsm, for improved supprt for asyntironousnteractions;

¢ (1) Eventnotification providing basicsupportfor tool interoperabilityandtool co-
ordinationservices;

¢ (1) Tool syrchronizationevents, to suprt shaedviews of thetargetapplicationby
themultiple clienttools.

Fiddle softwarearchitecturemprovementgover DDBG) include:

¢ A layered softwae architectue, to provide limited detugging functionalitieswith
reducedverhead

e A many-clients/many-sers mode] with the clientsactingasglobaldehugging in-
terfacesandthe smartlocal senerson eat nodehaving full local dehuggingcapa-
biliti es;

e Thecenta sewer is usedonly to supportmultiple clients simultaneouy andto
provide someglobaldeluggingfunctionalities.

In its currentversion,a languagedepenéntlibrary providesaccesto Fiddle methods
Thesemethodsarecatgyarizedas:

¢ Managememn methodsObsene and/orchameFiddle internalstate;
¢ Inspetion methodsObsene but do notchangethetargetapplicationstate;
e Control methodsChangehetargetapplicationdataand/orexecutionstates.

A Fiddle clienttool is a possiblymulti-threade program,thatwaslinked to the Fiddle

library, andusesFiddle to interactwith the tamget application. A Fiddle methodinvocation
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followsaremde proceduie call (RPC)sematics, blockingthecallingthreaduntil theservice
is exeauted.

Fiddle manage multiple client tool connetions simultaneouy, allowing themto act
uponthe sametamget apgication. The conairrenttools may provide distinct views of the
target applicationandwill, typically, explore complemetary appoachego the deluggng
activity, suchasa souice codegrapthical delugging interfaceanda 3D datavisudizer.

4.3. Fiddle Software Ar chitecture. Fiddle is structuredasa hierarchyof 5 functional
layers,whichimplementanincrementaketof functionalities,assummarizedn Tah 1.

LayerOs | LayerOm Layer 1y Layer 2m Layer 3m
Multiple target-processes Yes Yes Yes Yes Yes
Multi-thr eadel target-processes Yes Yes Yes Yes Yes
Multi-thr eade clients No Yes Yes Yes Yes
Number of nodes 1 1 Any Any Any
Number of clients 1 1 1 Any Any
Eventsand call-back No No No No Yes
TABLE 1

Fiddle layersandtheir functionalties

Theinterfaceprovided by eat layer £; is usedby thelayerimmediatelyabose £Li 1, in
orderto implementhigherlevel functionalities.A clienttool canalsodirectly useary layer
£;, butthisusages exclusive with theusageof theupperlayersLj(j>i) , theIowerIayerst(k<i)
areusedimplicitly by £;.

e LayerOs. The software architectureof LayerOs is presentd in Fig. 7. It providesa
function-basd interfaceto acces a setof nhodedehiggers.A nodedehuggermaybeatext-
orientedsequetial detugger suchasthe GNU GDB or DBX, or ary otherlibrary with delug-
ging capaldit ies,suchasDynlnst [3].

Node Debugger | Target Process:

=

1
| Client Process

&

Node Debugger | Target Processi
1

Layer—0s Library

=

FIG. 7. TheLayer O architectue

Thislayermanageonly onesingle-threadedlient, butis ableto controlmultiple (single-
or multi-threadejitarget-processrunningin thelocalmachine It allowsthestartingof new
instance of the nodedelugger asneeed, to geneate the command for the nodedelug-
gersin the appropriatdormat, andto collect, parseandextract the relevant datafrom their
responses.

SinceLayer Os clientsaresingle-threadegrogramsthe invocation of a methodblocks
theclientuntil its completion.

e LayerOp. This layer extendsLayer0s to supportmulti-threaced client tools (Fig. 8).
Methodinvocationat Layer O, alsoblocksthe calling threadbut, astheremainingthreadsn
theclient stayactive, it maystill interactwith the useror with Fiddle.
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In this way, concurent requess to distinct target-processeare procesedin parallel,
while concurentrequess to the samearget-processeareserializedandperformedoneafter
another

e Layer1y. ThislayerextendsLayerOn, sothatthetamget-processscanalsoexecue in
remotemachins, andnot only in the local machine(Fig. 9). The softwarearchitecturefor
Layer 1, containsin ead node,aninstanceof Layer0 ,, andadaemor(LOy, sener) whichis
alayerOm client.

Layer Im

Node Debugger | Target Process

LOm Server

Node Debugger | Target Process |

Client Process

! ggg Layer—Om Library !
! . ’ LOm Server Node Debugger | Target Process
dm Library : !

Layer—:

i Layer-0s Library
! Layer-0m Library

FIG. 9. TheLayer 1, architectue

e Layer2,. This layer extendsLayer 11, to sugport multiple simultaneos client tools
(Fig. 10). Thesetools may be conarrently issuingdetugging commauls to the sameset
of target-processs. The software architecturefor Layer 2, containsan instanceof Layer
1, anda daemon(L1y, sewver) which is a Layerlp, client. Besidesthe implicit structural
coordinationwhich resultsfrom the sharingof thesameseners(L0, severandL 1y, sener)
whenaccesingthe sametarget-processs, this layer doesnot provide ary othersuppat for
the coordinatioramongclienttools.

e Layer 3y, This layeraddsevert-basedTool-FHddle—Target-processesnteractionsand
call-backcapaliities to Layer2,. In contras to the previous layers,the invocationof a
methodin this layer doesnot block the calling threadand immediatelyreturnsa request
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identifier. Uponcompletionof therequesta previously spedfied handler(call-bad) will be
triggeredby Fiddle andinvokedto procesghereply. Therequestidentifieris alsopasedto
the handleron its activation, allowing a singlehandlerto be usedto proces differentkinds
of everts.

5. Tool interaction in Fiddle. In this sedion we first discusgool interoperabilityas-
pectscorcerningFiddle, andthenwe relatethemto severaltool integrationscenaos.

5.1. Interaction eventsin Fiddle. As Fiddle accets multiple clients simultaneasly,
eachproviding a possiblydifferentinterface/viev to the target application,theremay exist
thefollowing classes of interactioneverts:

¢ Method invocation eventsareas®ciatedwith Fiddle methodinvocation. This cor
respondto aclienttool callingaFiddle methodwhichmayactor notuponatarmget-
proces;

e Method reply events are as®ciatedwith the repliesand/orsucessstatusof the
methodexecuion, whichis reportedo theclienttools;

¢ targetapplication eventsareasso@mtedwith changsin thedataor executionstate
of atarget-process.

Eachtool cansulscribeto certainclassef eventsin which the tool is interested py
spedfying anhandlerto processhoseeverts. An hander in aclienttool T, maybeactivated
in oneof thefollowing situations:

e Whenary tool 7 invokesa method;

¢ Whentheprocesig of amethodinvokedby atool 7T is terminated;

e Whenoneof thetamget-processechangesits internaldatastate(e.g.,datavalue);
e Whenoneof thetarget-processechangesits execuion state(e.g.,stops.

In this way, a Fiddle's methodinvocation may originatedifferenttypesof events. For
example whenaclienttool 7; callsthe“continue()’ methodthefollowing everts aregeneated
by Fiddle andsentto all clienttools 7; which have subscibedto thatclassof everts (maybe
including 7 itself):

1. A methodinvocaion eventto inform abaut the servicerequeted, namelywho in-
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vokedwhich method andwhichis thetarget-process;

2. A methodreply eventwith the reply from Fiddle, in this casejust reportingif the
servicerequeted wasaccetedor not by thenodedehugger;

3. A target applicationeventreportinga charge from <stopped> t0 <running> execu-
tion state;

4. Anothertarget application event event will evertually be geneated, reportinga
chamgefrom <running> to <stopped> executionstate.

5.2. Suppating Fiddle sewvicesover DAMS. In orderto develop adistributedapplica-
tion, cooperationamongmultiple distincttoolsis needé. Suchtools mustbe ableto acess
the stateof the target-processsaswell asactaccordingto their evolution. Typicd toolsin
asoftwareengineeing ervironmert canactasobserersor controllersof theapplication so
their coexistene requiresthe coordinationof theirinteractions.

DAMS providesbasicmechanismallowing multiple toolsto connet to commonService
Moduleinstancesthusenablingtheir accesto the sametamget-processs. The statecharges
of thoseprocesescanalsobe obsenedby thetoolsthroughthe DAMS eventmechaism.

N

R hostA . o ﬁ ‘.ﬂ
: f : Layers \
: : 3 0s/0m

local services

Layer 3m

: o :

Layers : i :
im’/ 2m 0 c :

N

global services

: : o Layers \
: K ; 0s/0m
tools . monltor local services
"""""""""""""""""" infrastructure : .
S N >

FIG. 11. Fiddle asa DAMS service

Oneof thegoalsof ourwork is to evduatehow DAMS canbe usedto supporttheinclu-
sionof Fiddle functionalitiesasDAMS services This promoteghecoexisterceof Fiddle with
otherserviceswhich may suppat complematary developmentools, otherthandehugging.
It alsoexploitsthe DAMS mechanimsto easgheimplementatiorof someof Fiddle concets
andhelpthe manadng of theinteractionsestablishéd amongtools. In this setion we shav
how Fiddle architecturecanbe mappecdntothe DAMS framawork.

As shownin Fig. 11bothLayer 05 andLayer 0, aremappedntoa DAMS nodedehugging
senice. As DAMS by default accepts mary clientsfor eachservicesupmrted,Layer1 ,, and
Layer2y, are collapse into just one ServiceModule which becoms a global distributed
dehugging sewice Layer3y, is alsomappel to a servicewhoseimplementations strongly
simplified, asit canmale extensive useof DAMS eventdisseminatiorcapdiliti es,needng
only to concentratein their applicationto the distributeddehuggingservice.

5.3. CaseStudies. Fiddle-DAMS is beingexperimentallyevduatedthroughthreecas
studies,cone@rningdistinct scerarios of the dehugging actiity in a parallelsoftware engi-
neeringervironment.

1. Integrationof GraphicalApplicationDesignandDelugging
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2. Integrationof TestingandDehugging;
3. Integrationof Execuion VisualizationandDehugging.
Although eachcasestudywasdevelopedsemratelyfrom the others they all aim atim-

proving the supprt for devdloping correctparallelanddistributedapplicationsasillustrated
by the globalpicturein Fig. 12.
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FiG. 12. Casestudies

Previoudy, we have developedprototypedor thefirst two scensios, basel on theearly
prototypesof the DDBG/PDBG deluggers[8, 13]. This pastexpaimentationhasshown the
bendits of tool compgition [6], but it alsoshovn the needof developingmorerobustand
flexible prototypes.

In thefollowing, we briefly summarizénhow Fiddle andDAMS mayimprove tool interop-
erability supportfor eat ca® study whencompaedto previous work.

5.3.1. Visual Programming and Graphical Debuggng. Fiddle-DAMS functionalities
canhelpdevelofing a bettertool integrationthanthe previously developed prototypebasel
onDDBG/PDBG delugeer:

e Threadsupprtin theclienttoolseaseshe controlof theasyntironousinteractions
with thegraphich use interface;

e Suppot for tool managemet allows a clearcontrol of the concurrenctionsof the
graphicaluse editoranddehigginginterfacesandatext-orientedconle, whenit
is necasaryto inspet the applicaion behaior at the level of the geneatedsouce
code

¢ Tool syndironizationeverts ea® the managmentof consistat views andtheir up-
datesatthegraphich use interfacelevel, acordingto thedehuggeractionsandthe
applicationexecuion statetransitions.

5.3.2. Integrating Testingand Debugging. Thereis ongoingwork in improving this
prototypeby usingFiddle-DAMS insteadof theDDBG. Thenew prototypefacilitatestheinte-
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grationof Deipa asanew DAMS servicewhichinteractsvith STEPS andFiddle. It alsoease
thecoordinatiorbetweerthe globalviews andthe actionsperformedby Deipa andFiddle.

5.3.3. Integrating Execution Visualization and Debugging. Programvisualizersare
commonlyusedto help undestandingthe betavior of a distributed appication. Most of
thesevisualizersdisplay (at least)the statusand communicéion everts of the application
proceses. Pajé [14], developedat ID-I MAG, France is a threadvisualizerfor the Atha-
pas@an [4] programminglanguag. Athapasan is baseé on a distributed memory model
conssting of multiple programnodes which communicte usingmessge-pastg, eachnode
conssting of multiple threads

Reseechis unde way to coordinde the on-line obsevation of adistributedapplication,
asprovidedby Pajé, andthe dehugging actionsof Fiddle. Both tools werepreviously inde-
pendatly developedsothey mustnow beadaptecasDAMS servicesaandtheir userinterfaces
mustbemmeDAMS clients. Thiswill enableo exploit theDAMS functionalitiesandservice
(seeSec.3).

Tool coordinatiorwill bebasednthe Target-process Tool andTool / Tool interactions,
sothatbothtoolsmaybeawareof thetamgetappication stateandof eachotheractions.Also,
coordinatiorof their individual actionsmustbe ensuedasthey referto the samesharedis-
tributedapplication.For example wheneer aprocessinde detuggng reactesabreakpoint
andstopsthensud astatetransitionmustbeaccordinglyupdatedy Pajé andreflectecnits
on-linevisualization.Ontheotherhand,f Pajé shavsthatagivenprocesis blockedwaiting
for amessge,we maybeinterestedn seleting the proces andhaving Fiddle automatically
stoppingthe proces, andselectingthe sourcdine containingthe mesgsgereceptioncode

Themaindimension®f this ongoingprojectareasfollows:

e ThePajé tool is beingadaptedo suppat on-linemonitoringandvisualizationof an
Athapasanprogram;

¢ Dueto its multi-threadandmulti-processuppat, Fiddle canbeusedasadehugger
for the Athapasanmulti-threadd distributedmodel,

e Tool syrchronizatiorrequiresconsistehupdate®f Pajé displayswith respetto the
Fiddle actionsandthe executionevents.

5.3.4. Conclusion. Overall, thesethreeprojectsareillustrating the feasibility of devel-
opingcomple functionalitiesfor programdevelopmentthroughthe compaition of sefarate
tools. They arealsoshaving the flexibility of a monitoringinfrastructurelike the DAMS,
for supprting distincttypesof servicesandallowing the coadinationof multiple concurrent
coopeatingtools.

6. Implementation Status. TheFiddle developmentfollowedtwo distinctapproabes.
First, a Fiddle prototypewas developal asa stand-aloneool, i.e., without relying on ary
indeperentmonitoringandcontrollayer. This allowedtheindepenénttestingof all Fiddle
layersfrom 0O to 2, which arenow fully operationalin the currentprototype.Eventnotifica-
tion, providedby Layer 3y, is currentlyunde development.

The seond approa&h, is basedon implementingFiddle asa setof servicesover a new
prototypeof DAMS, currentlyunderdevelopment. This new DAMS prototypeprovidesaclean
definitionandsupportfor ServiceModulesonary hostfrom theDAMS ernvironment, andalso
afully working eventdissemintion mechanim.

7. Conclusionsand Ongoing Work. We discusedsolutionsfor the developmentof
flexible toolsfor on-line obseretion andcontrolof parallelanddistributedappications. This
work is a continuationof our previous work on the developmentof the DAMS monitoring
architectureandthe DDBG/PDBG dehuggers.As discusedin the pape, our currentfocusis
ontheimprovementof DAMS for suppating tool interoperabilityandcoordinationservices
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This work hasbeenguidedby experimentationwith casestudiesinvolving real software
developmenttools. We have shavn how DAMS canincludea nen complec service,sud as
the multiple Fiddle layers. The Fiddle tool addresesseveral requirementsor thedetuggng
of multi-thread/multi-procesdistributedapplicationslts suitability is evduatedthroughthe
developmentof new prototypedor thedesribedtool casestudies.

Thetool integratingscenariosareallowing usto assestool interoperabilitywhenusing
theFiddle service andthis alsohelpsusimproving the DAMS eventnotificationmechaisms
andthe defirition of new servicedor tool coordination.Furtherwork is requiredto addres
still open issue concening low-level interferencedbetweenconairrenttools which acess
thesameapplicationstate.

Currentandfuture work focuson theimprovementof the DAMS mechaisms,the com-
pleteimplementatiorof the Fiddle versionasa DAMS service andthe full implementation
of the threetool integration prototypesbasel on Fiddle andDAMS. In eachtool integration
casestudythereareinterestingopenissues. Namely testinganddelugging canevolve to
provide someautomatedsupport in verifying if the behaior of anapplicationis congstent
with abelavior specifiationfile, andthenin activatinga setof Fiddle clientsto helptheuser
analyz theerroneousituation.

Acknowledgments. Thanksto the anaiymousreviewers for their commentsandsug-
gestiongo improve thepaper Thework reportedn this papewaspartially sugportedby the
PRAXIS XXI Programmd&SETNA Project),by the CITI (Centrefor InformaticsandInfor-
mationTecologyof FCT/UNL), andby the 19992000coopeationprotocollCCTI/Frent
Embasg in Portugal. Previous work was partially fundedby the SEPP/HPCTI Europea
CopernicuKIT projects.

REFERENES

[1] R. A. AyDT, SDDF: ThePablo Self-Describingddata Format tech.rep.,Departmenbf ComputerScience,
University of lllinois, Apr. 1994.
[2] S. BROWNE, J. DONGARRA, N. GARNER, G. HO, AND P. Muccl, A portable programminginterfacefor
performancesvaluationon modernprocessorsThe Internationallournalof High Performane Comput-
ing Applications,(2000),pp. 189-204.
[3] B.Buck AND J. K. HOLLINGSWORTH, An API for runtimecodepatching, Thelnternationalournalof High
Performanc&€omputingApplications,14 (2000),pp. 317-329.
[4] A. CARissiMI AND M. PasIN, Athapascan:An experienceon mixing MPl commmunicationand threads
in 5th EuroPVM/MPI, vol. 14970f LNCS, Springer1998,p. 137.
[5] J. C. CuNHA AND V. DUARTE, Monitoring PVM programs using the DAMS approad, in 5th Euro
PVM/MPI, vol. 1497 of LNCS, Springer 1998,pp. 273-280.
[6] J. C. CUNHA, P. KACSUK, AND S. WINTER, eds.,Parallel Program Developmenfor Cluster Computing:
MethodologyTools and Integrated Ervironment Nova SciencePublishers|nc., 2000.
[7] J. C. CuNHA, J. LOURENGO, AND T. ANTAO, An experimentin tool integration: the DDBG parallel and
distributeddehugger, Journalof SystemdArchitecture 45 (1999),pp. 897-907.Elsevier SciencePress.
[8] J. C. CUNHA, J. LOURENGO, J. VIEIRA, B. MOSCAO, AND D. PEREIRA, A frameavork to supportparallel
and distributed dehugging in Proc.of the InternationalConferace on High-Performanc&omputing
and Networking (HPQN'98), vol. 1401 of LNCS, Amsterdam,The NetherlandsApr. 1998, pp. 708—
717.
[9] G. A. GEIST, M. T. HEATH, B. W. PEYTON, AND P. H. WORLEY, A User’s guideto PICL, a Portable
InstrumentedCommunicatioriibrary, Oak RidgeNationalLab., Tennesse€],990.
[10] O. M. Groupr, TheCommorDbjectRequesBroker: Architectuie and Specificatior(v2.4) OMG, Inc.,2000.
[11] M. T.HEATH AND J. A. ETHERIDGE, ParaGraph: A tool for visualizing performanceof parall el programs
Univ. of lllinois andOakRidgeNationalLah., 1992.
[12] R.Hoop, Thep2d2project: Buildinga portabledistributeddehugger, in Procedingsof the2"d Symposiun
on ParallelandDistributed Tools (SPDT’96),PhiladelphiaPA, USA, 1996,ACM.
[13] P.KACSUK, J. C. CUNHA, G. DOzsA, J. LOURENGO, T. FADGYAS, AND T. ANTAO, A graphicaldevelop-
mentand detuggingervironmentfor parallel programs ParallelComputing,22 (1997),pp. 1747-1770.



16

[14]

(15]

[16]

(17]

(18]
[19]
(20]
[21]
[22]
(23]
[24]
(25]

[26]
(27]

(28]

V. DUARTE, J. LOURENCOAND J.C. CUNHA

J. C. KERGOMMEAUX AND B. O. STEIN, Pajé: An extensibleervironmentfor visualizing multi-threaded
programsexeaitions, in Proc.Euro-Rar2000,vol. 19000f LNCS, Springer 2000, pp. 133-140.

H. KRAWCZYK AND B. WISzNIEWSKI, Interactive testingtool for parallel programs in SoftwareEngi-
neeringfor ParallelandDistributed Systems). Jelly, I. Gorton,andP. Crolll, eds.,London, UK, 1996,
Chapmar& Hal, pp.98-109.

J. LOURENGO AND J. C. CUNHA, Flexible Interfacefor DistributedDelugging(Library and Engine): Ref-
erenceManual (V 0.3.1) Departamentale Informéaticada UniversidadeNova de Lisboa, Portugal Dec.
2000. Underdevelopment.

J. LOURENGO, J. C. CUNHA, H. KRAWCZYK, P. KUZORA, M. NEYMAN, AND B. WIszNIEWSK, An
integrated testingand detugging ervironmentfor parallel and distributedprograms in Procedingsof
the 239 EuromicroConferencd EUROMICRO'97), BudapesteHungary Sept.1997,IEEE Computer
SocietyPresspp.291-298.

T. LubwiG, R. WISMULLER, AND A. BODE, Interopeable tools basedon OMIS, in Proc.of the SIGMET
RICS Symposiunon ParallelandDistributed Tools (SPDT-98) ACM Press;1998,pp. 155-155.

T. LUDWING, R. WISMULLER, V. SUNDERAM, AND A. BODE, OMIS— On-linemonitoringinterfacespec-
ification, tech.report,LRR-TechnishUniversiatMiinchenandMCS-EmoryUniversity, 1997.

B. P. MILLER, J. K. HOLLINGSWORTH, AND M. D. CALLAGHAN, The Paradyn parallel performance
measuementtools IEEE Computey (1995), pp. 37—46. Specialissueon performancevaluationtools
for parallelanddistributed computersystems.

MPI FORUM, MPI-2: Extensiongo the MessageRassing Interface Univ. of Tennesse€,997.

D. M. Pasg, DynamicProbeClassLibrary (DPCL): Tutorial andrefelenceguide tech.report,IBM, 1998.

R. PRODAN AND J. M. KEWLEY, A framevork for an interopemble tool environment in Proc. Euro-Rar
2000,vol. 19000f LNCS, Springer 2000, pp. 65-69.

PTRWorkingGroupHomePage http:/Avww.ptools.og/projects/ptr/.

D. A. REED, R. A. AYDT, R. J. NOE, P. C. ROTH, K. A. SHIELDS, B. SCHWARTZ, AND L. F. TAVERA,
Scalableperformanceanalysis ThePablo performanceanalysisernvironmentin Proc.of the Scalable
Parallel LibrariesConferene, IEEE ComputerSociety 1993,pp. 104-113.

D. TooLWORKS, TotalView, Dolphin Interconnec8Solutiors, Inc., FraminghamMassachusett$)SA.

J. TRINITIS, V. SUNDERAM, T. LUDWIG, AND R. WISMULLER, Interopembility supportin distributedon-
line monitoring systemsin Proc.of the InternationalConferene on High-Performanc€omputingand
Networking (HPQN'2000), vol. 1823,Amsterdam;The Netherlands2000.

P. H. WORLEY, A new PICL tracefile format, Tech.ReportORNL/TM-12125,0ak RidgeNationalLabora-
tory, Tennesse€,992.



