
DecentralizingCompositeWebServices

MangalaGowri Nanda
IBM India ResearchLaboratory

mgowri@in.ibm.com

SatishChandra
IBM IndiaResearchLaboratory

satishchandra@in.ibm.com

VivekSarkar
IBM T. J.watsonResearchCenter

vsarkar@us.ibm.com

Abstract

Web servicesmake informationand software available
programmaticallyvia theInternetandmaybeusedasbuild-
ing blocksfor applications.A compositewebserviceis one
that is built usingmultiplecomponentwebservices.Com-
positewebservicesare emerging asa programmingmodel
of distributedcomputationapplicableto businessprocess.
Onceits specificationhas beendeveloped,the composite
servicemaybe orchestratedeither usinga centralizeden-
gine or in a decentralizedfashion. Decentralizedorches-
trationbringsperformancebenefits,andimprovesscalabil-
ity and concurrency. Decentralized orchestration is sim-
ilar to executionon multi-processors. However standard
techniquesfor automaticparallelizationcannotbeapplied
directly to decentralizing compositeservices.We propose
a novel algorithm for automaticparallelization and code
partitioning that is applicableto decentralizedorchestra-
tion of web services. We showhow to generate a decen-
tralizedwebservicespecificationgivena specificationfor
centralizedorchestration.

1 Intr oduction

Webservicesencapsulateinformation,softwareor other
resources,and make them available over the network via
standardinterfacesand protocols[7]. Complex web ser-
vicesmaybecreatedby aggregatingthe functionalitypro-
videdby simplerones. This is referredto asservicecom-
position. Typically a compositeserviceis definedby using
a specificationlanguagesuchasBusinessProcessExecu-
tion Language (BPEL)[3] and its executionis driven by a
centralizedenginethatinterpretsthespecification.

As an example, Figure 1(a) shows the centralizedor-
chestrationof a
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service which computesdriving di-
rections. The
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service sends a name,��2�56���

, to � �������7	�	��������
, and anothername,

��2�58���
, to

� �������7	�	���� ���
. The two addressesreturnedare thensent

to the
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servicewhich returnsthedriving direc-
tions from oneaddressto theother. Thus,the

���������9	�
4���
serviceactsasa centralizedcoordinatorfor all interactions
amongthecomponentservices.

In decentralizedorchestration, messagescanbesentdi-
rectly from a componentwhere the data is producedto
a componentwhere the data is consumed,without us-
ing the compositeservice as a centralizedcoordinator.
For example, the addressesgeneratedat � �������7	�	��������



and � ��������	�	���� ���
can be sent directly to
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,

as shown in Figure 1(b). The messagesendoperations
are assumedto be asynchronous(non-blocking),where as
invoke and receive operationsare assumedto be syn-
chronous(blocking). Doing so will increaseparallelism
(since � ��������	�	��������

and � ��������	�	���� ���
can be executed

concurrently)andalsoreducethemessageoverhead(since
fewer messagesaresent). Decentralizedorchestrationre-
quiresanengineor agentat eachcomponentsitethatgives
the componentthe capabilityof performingthe following
steps:

: Receive data/control messagesfrom previously-
invokedcomponent(s)

: Executeapplicationlogic

: Createa new invocationof a webservicecomponent

: Evaluateexit conditionsandsenddata/ control mes-
sagesto newly-invokedcomponent(s)

Theexamplein Figure1 waschosenfor thesakeof sim-
plicity. In practice,therearetwo domainswheredecentral-
izationof compositewebservicesis becomingincreasingly
important— businessprocessesandgrid applications[5].
Businessprocessesconsistsof activities that may be exe-
cutedby humansor by agents(computerprocesses).Onthe
otherhand,grid applicationsarecompositionsof subpro-
gramsthat are invoked using web serviceinterfaceswith
little or nohumaninteractions.In thiscase,bothincreasing
concurrency andreducingmessageoverheadscanresultin
very tangibleperformancebenefitsfor compositeweb ser-
vices.Ourprimaryinterestin decentralizationis targetedto
grid applicationsandotherapplicationswherewebservices
arecomposedwith little or no humaninteractions.

In this paperwe

: give a codepartitioningalgorithmthatpermitsdecen-
tralizedorchestrationof compositewebservices,and

: for theBPEL language,we show how to generatethe
decentralizedspecificationfrom a centralizedspecifi-
cation.

2 The Languageand its Graphical Represen-
tation

In this section,we outline the subsetof BPEL assumed
in this paperastheprogramminglanguagemodelfor com-
positionof webservicecomponents.

BPEL processesuse containers to exchangedata be-
tween tasks. The type of eachcontaineris specifiedas
a messagetype in the Web ServicesDefinition Language
(WSDL) [7]. A messagetypedeclarationincludesa setof
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<assign w=0/>
<flow>
  <sequence>
    <a1/>
    <a2>
      <source link="L1"/>

    <a3/>
    <a4/>

    </a2>

    <a5>
      <target link="L2"/>
    </a5>
    <a6>
      <target link="L3"/>
    </a6>
  </sequence>
  <sequence>
    <b1 if() then b1’ else b1"/>
    <b2>
      <target link="L2"/>
    </b2>
    <b3>
      <target link="L1"/>
    </b3>
    <b4>
      <source link="L3"/>
    </b4>
    <b5/>
  </sequence>
</flow>
<assign y=z+x/>
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Figure 2. Program Representation

namesparts, whichareanalogousto fieldsin structuredec-
larations.A process consistsof a setof activities:

: The sequence, switch, and while constructs
specify sequential,conditional, and iterative control
flow amongactivities respectively.

: The pick constructspecifiesnondeterministicchoice
basedonexternalevents.

: Theflow constructspecifiesconcurrency amongac-
tivities, analogousto the cobegin-coendand parallel
sectionsconstructs.

: Thelink constructspecifiesadditionalsynchroniza-
tion betweentwo concurrentactivities in a flow con-
struct,analogousto wait/notify synchronizations.The
synchronizationensuresthat the source activity of a
link completesbeforethetargetactivity of thelink.



: An invoke activity invokes an operation on
a partner by sendingdata specifiedby an in-
putContainer and receiving a responsein an
outputContainer. An invoke may be asyn-
chronous,requiringno responseand for convenience
we termsuchinvoke activitiessend.

: A receive activity acceptsdatafrom a partner
into aspecifiedcontainer.

: A reply activity sendsdatato a partner from a
specifiedcontainer.

: Standardassignmentand arithmetic expressionsare
alsorepresentedasactivities.

Thequasi-BPELspecificationfor theFindRoute ser-
vice is shown in Figure31.

Input Program Representation The input BPEL spec-
ification can be representedby a programrepresentation
that representsexplicit parallel control flow, such as the
ThreadedControl Flow Graph (TCFG) [8]. Eachnodein
the TCFG representsan activity in the BPEL process
andtheedgesrepresentflow of control.Controlflow gener-
atedby sequence, switch andwhile are similar to
any imperative language. Control flow generatedby the
flow constructis similar to the cobegin-coend con-
struct of parallel programs. The TCFG extendsthe stan-
dardCFGrepresentationof sequentialprogramsby includ-
ing two specialnodes<flow> and</flow> to represent
thestartandendof parallelsections.Theparallelsections
arerepresentedby wholeCFGs,whichareembeddedin the
surroundingTCFG. The TCFG for the BPEL programin
Figure3 is shown in Figure4.

Intermediate Program Representation— The Program
DependenceGraph Ourapproachfor decentralizationof
compositewebservicesis basedon theuseof theprogram
dependencegraph(PDG) [11], or moregenerally, the par-
allel programgraph(PPG)[14, 17]. ThePDGconsistsof a
ControlDependenceGraph(CDG)andaDataDependence
Graph(DDG) superimposedonthesamesetof nodeswhich
denotestatementsandpredicateexpressionsof theTCFG,

SinceBPEL is a structuredprogramrepresentation,the
CDGcanbecomputedasatreein asyntax-directedmanner.
All nodeswithin awhile looparecontroldependentonthe
loopheader. Thesemanticsof aBPELswitch is identical
to the standardif-then-else construct. Nodesin the
then blockarecontroldependenton theif(expr) node
andthecontroldependenceedgesarelabeledT, andnodes
in theelse blockarecontroldependentontheif(expr)
nodebut the control dependenceedgesare labeledF. A

1Thesyntaxhasbeencompresseddueto spacerestrictions.

sequence of nodesis controldependenton theenclosing
control nodewhich may be a while, if or Entry. For
parallelsectionsgeneratedby a flow constructwe deter-
minecontroldependenceasfollows: let ;7< bethenodeon
whichtheflow nodeis controldependent,theneverynode
in eachparallelsectionof theflow, is control dependent
on ;7< asshown in Figure2.

Datadependencesarecomputedbasedon read/writeac-
cessesto datain containers. Standardtechniques[9]
for analyzingparallel programsmay be usedto compute
thedatadependenceedges.Sincemostaccessesto contain-
ersareby direct (unaliased)names,computingdatadepen-
dencesfor BPELprogramsis aneasiertaskthancomputing
dependencesfor arrayandpointerdataaccesseswith poten-
tial aliasing.In addition,thetarget activity of alink is
consideredto have a specialsynchronizationdatadepen-
denceon asource activity of thesamelink.

In the PDG, if all nodesthat arecontrol dependenton
a node ; < are arrangedin a lexical postdominanceorder
from left to right, thenall datadependenceedges(otherthan
loop-carrieddependences)will alsobefrom left to right in
the PDG (by definition of datadependence).This condi-
tion, however, may be violated if thereareexplicit “link”
induceddatadependencesasshown in Figure2(c). In Fig-
ure2(c) thedependenceedgefrom =?> to

2�@
is in thereverse

direction. To resolve this, we re-arrangethe nodesin the
PDG to ensurethat all datadependencesare from left to
right. For theexamplewe needto move =?> to theleft of

23@
.

However sincethereis an implicit sequencingfrom =BA to
= > , we alsoneedto move =BA asshown in Figure2(d). Then
wecheckif all new dependencesarein thecorrectdirection.
Figure2(e)showsthefinal stepin thereorderingof theedge
=DCFE 23G

. Thisreorderingis alwayspossiblesolongasthere
is nocircularsetof dependences.For example,if therewas
alink from = @ to

2 A thenreorderingthenodeswouldreverse
thedirectionof theedge

2 > EH=?I indicatingthatthereis an
implicit deadlock[17].

3 CodePartitioning

As mentionedearlier, a taskmaybea webserviceinvo-
cationor it maybea pieceof businesslogic. Thewebser-
vice invocationmustbeperformedataspecificsitewhereas
thebusinesslogic maybeperformedatany convenientsite.
We refer to tasksthat must be performedat a fixed loca-
tion asfixed tasksand the remainingtasksare referred
to asportable tasks. Tasksthat mustbe performedat
the compositeservicesite (for examplefor accessto a lo-
cal databaseor to gatheruserinput througha GUI) arealso
markedasfixed tasks(usinguserannotation).
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Figure 6. Code par titions for the FindRoute Service

3.1 CostFunction

In the TCFG shown in Figure4 andthe corresponding
PDGin Figure5, thefixed tasksareshown in rectangles
andtheportable tasksareshown in roundedboxes.The
sitesarenumberedandwe refer to the componentsitesas
;JA , ; > and ;7I and to the compositeservicesite as ;�K .
We needto determinewhere the portable tasksneed
to be executed. Figure6(a) givesa solutionwhereall the
portable tasksareexecutedat ; K (this is equivalentto
centralizedexecution). Note that in this casetherearesix
inter-nodemessages.The numberof inter-nodemessages
in Figure6(b) and(c) is five. However, in Figure6(b), the
entireaddrResponse dataincludingphone etc.aresent
from ;JA to ;7I andfrom ; > to ;�I , whereasin Figure6(c),
thedataon thewire hasalsobeenminimized.

Further, considertheprogramin Figure7 andits possible
partitions.It mayappearthatpartition(d) wouldgivebetter
performancethanthepartitions(b) or (c), sincethecritical
pathhasa length of 1, whereasin (b) and (c) the critical
pathhasa lengthof two. However, preliminaryexperimen-
tal results(discussedin detail in Section5) in Figure 11
shows thatpartition (c) actuallygivesbetterresponsetime
whenthesizeof themessagesis smalldueto thelowersyn-
chronizationoverheads.Partition(d) with its higherlevel of
concurrency bringsbetterperformancewhenthecomputa-
tion time at thenodesbecomessignificantcomparedto the
synchronizationoverheads.

Determiningthe partition which will give the bestper-
formanceis neitherobviousnor trivial, andascanbeseen
from Figure11, the differencebetweentwo solutionscan
be of the order of seconds. In general,it is not possible
to determinewhich partitionwill give thebestperformance
without applying a cost function to evaluatethe different
topographs. However, determininga cost function for a
LAN environment is difficult and more complex still for
a WAN environmentwhereadditionalfactorssuchasge-
ographicaldistanceandbandwidthplay an importantrole.
Basedon our limited experience,we proposea cost func-
tion for theLAN environmentasfollows: With everynode,
;�L , we associatea computationcost MNL . For every data
messagetransferredbetweentwo componentswith asso-

ciatea datatransmissioncost OPL andfor a nodewith more
thanoneincomingedgeweassociateasynchronizationcostQ LSR �T�VUXWBYJZ[���V\ Q < , where

�VUXWBY
is thenumberof in-

comingedgesand
Q < is a synchronizationcost. Thenthe

costof a subgraphin a partition is calculatedfor eachpath
from the root of the subgraphto a leaf nodeas the sum-
mationof thetotal computation,transmissionandsynchro-
nizationcostalongthat path. The costof the subgraphis
themaximumcostalongany pathin thesubgraph.

3.2 Partitioning Algorithm

In general,thereis anexponentialnumberof waysto dis-
tribute theportable codeamongstthe processors.The
aim of the codepartitioningalgorithmis to determinethe
bestsite at which eachportable taskmustbe executed
in orderto optimizetheperformance.

The intuitive rationale for the code partitioning algo-
rithm is asfollows: If thereis a def-usechainin the PDG
that startsat a fixed node, ;�L andterminatesat another
fixed node ;�] , we canmove all the interveningportable
codeto either ; L or ; ] andgenerateacommunicationedge
from ; L to ; ] . For example,in Figure5, thereis a def-use
chain ; A E rReq.city1=aRes1.city E^; I . The
interveningcodebetween; A and ; I canbemovedto ; A
(Figure6(c))or to ; I (Figure6(b)). Oneof theoptionswill
bechosenon thebasisof whichonereducesthedataon the
wire which in this exampleturnsout to becase(c).

However, merging along def-usechainsis not always
possiblebecause(1) def-usechainsdonotencapsulatecon-
trol dependenceconditions,and(2) def-usechainsmayin-
tersectasin Figure7 giving risetomultiplepartitionoptions
thatneedto beevaluatedbasedon thecostfunction.

Nevertheless,merging along def-useedgesis very ap-
pealingas it thins out the spaceof all possiblemergings
andon that basiswe develop our codepartition algorithm
asfollows: Startingat thebottomof theCDGtreewe iden-
tify sibling nodesthat have the samecontrol dependence
conditionandperformamergeon thesenodes.Two sibling
nodesin the PDG that have the samecontrol dependence
conditionmay be mergedif thereis a def-usedependence
relationshipbetweenthem,subjectto theconditionthatthe



<message name=request>
<part name="name1" type="xsd:string"/>
<part name="name2" type="xsd:string"/>

</message>
<message name=addrReq>

<part name="name" type="xsd:string"/>
</message>
<message name="addrResp">

<part name="street" type="xsd:string"/>
<part name="city" type="xsd:string"/>
<part name="zip" type="xsd:string"/>
<part name="phone" type="xsd:string"/>

</message>
<message name="routeReq">

<part name="city1" type="xsd:string"/>
<part name="zip1" type="xsd:string"/>
<part name="city2" type="xsd:string"/>
<part name="zip2" type="xsd:string"/>

</message>
<message name="routeResp">

<part name="directions" type="xsd:string"/>
</message>
<container name="request" msgType="request"/>
<container name="aReq1" msgType="addrReq"/>
<container name="aRes1" msgType="addrResp"/>
<container name="aReq2" msgType="addrReq"/>
<container name="aRes2" msgType="addrResp"/>
<container name="rReq" msgType="routeReq"/>
<container name="rRes" msgType="routeResp"/>
<sequence>

<receive partner="caller" container="request"/>
<flow>

<sequence>
<copy from="request.name1" to="aReq1.name"/>
<invoke partner="addrBook1"

operation="getAddress"
inputContainer="aReq1"
outputContainer="aRes1"/>

</sequence>
<sequence>
<copy from="request.name2" to="aReq2.name"/>
<invoke partner="addrBook2"

operation="getAddress"
inputContainer="aReq2"
outputContainer="aRes2"/>

</sequence>
</flow>
<copy from="aRes1.city" to="rReq.city1/>
<copy from="aRes1.zip" to="rReq.zip1/>
<copy from="aRes2.city" to="rReq.city2/>
<copy from="aRes2.zip" to="rReq.zip2/>
<invoke partner="roadRoute"

operation="getDirections"
inputContainer="rReq"
outputContainer="rRes"/>

<reply partner="caller" container="rRes"/>
</sequence>

Figure 3. BPEL specification for the Find-
Route service
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3 invoke(rReq, rRes)
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Figure 4. The TCFG for the FindRoute Ser-
vice along with the definitions and uses at each
task.
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Figure 5. The PDG for the FindRoute Service
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reorderingalongthedef-useedgedoesnotviolateany other
dependences.We exhaustively evaluateall possiblemerges
alongdef-useedgesandcomputea localminimumfor each
subgraph.Oncea subgraphhasbeenevaluatedthe parent
nodemaybemergedwith its siblings.

Merging Portable Code In this sectionwe show how to
mergewithin a subgraphof theCDG.

1. Locate a control node, _�< in the CDG whosechild
nodesareall leafnodesin theCDG.For all nodesthat
have thesamecontroldependenceconditionon _ < re-
peatsteps2 through6.

2. For eachportable task,
� L identify all siblingsthat

it is datadependenton aswell asall siblingsthat are
datadependenton

� L . Exhaustively try merging
� L with
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Figure 9. Merging Sibling Tasks



eachsuchsibling. Deleteonecontroldependenceedge
from themergednodes.

3. A portable task that gets merged with a
fixed task becomes part of the fixed task.
When a portable task gets merged with another
portable taskthe combinedtaskis alsomarkedas
aportable task.

4. Whenno moreportabletaskscanbe merged,all the
remainingportable tasksaremergedwith thepar-
ent.At this point, theparenthaseitherno childrenleft
or only fixed tasksfor children. Theparentnodeis
now markeda leaf node. The costof this local parti-
tion cannow becomputedasthemaximumcostof any
pathfrom _�< to a leafnodein thepartition.

5. Whena nodeis mergedwith a sibling that is not its
lexical neighbor, weneedto ensurethatnodatadepen-
denceconditionsareviolated. To determinewhether
themergemayviolatea dependencecondition,we re-
order tasksin the sameway as we did to fix “link”
edgesin the parallelsectionsandcheckif all the de-
pendencesarestill in the left-to-right directionin the
new ordering.If this is not possible,thenthemergeis
not performed.

6. Onceasubgraphof theCDGhasbeenmerged,wetreat
thewholesubgraphasasinglenodefor thepurposeof
mergingatthenext higherlevel. Thedatadependences
of themergeis a unionof all dependencesin thechild
nodesaswell astheparentnode.

Example: Considertheexamplein Figure8. Thealgorithm
startsby analyzingthe subtreerootedat the tasklabeled

�
(we refer theshorthand_�L to refer to tasks).Thetasks_�I ,
_4C , `B`B`?_�a havethesamecontroldependenceconditionsand
will be mergedfirst. We show the detailsof the different
mergesolutionsin Figure9(a). ( _ I is omittedfrom thepic-
ture as it hasno dependencerelationshipwith any of the
siblingsandhencedoesnot participatein any merge).

Observe that _�b may merge along the edges
� C , � I or� > , while _ G

may merge along the edges
� I and

� > . We
exhaustively try every combination. In the first case, _�b
mergesalong

� C , so _"b and _ a mergeinto afixedtask.Then
_ G

mergesalongthe edge
� I to generatethe mergedfixed

task c_ G
, _ b , _�aFd .

Merging _�b with _ C alongtheedge
� A , causes

� > to point
right-to-left in the sequence.So we reorderthe tasks,as
shown andthenapplythemerge.

Therearea total of five possiblemerge solutions. The
cost computedfor the first option is maximumof O CJe
M C�e � Ife Q�g

and O @ e M @ e � > e Q�g
, where O C and

O @
is the costof datatransmissionfrom _ > to _4C and _ @

respectively. The cost for eachof the othersolutionscan

be computedin a similar manner. Note, that the costof a
mergesolutioncanbecomputedonly aftertheentireblock
hasbeenmerged since the cost dependsnot only on the
inter-componentedgesbut also the incomimg edgecount
at acomponent.

Figure9(b) givesthe mergeoptionsfor the setof tasks
_VAhK6`B`i`4_VA�C . In this case _�A�I can merge along the edges� @

,
� C and

� > . Theedges
� @

and
� C representdependences

betweenlexical neighborsandhencearefeasible.However,
it is not possibleto merge _VA�I with _VA�K asthedependence
conditionsrequirethat _VA > mustprecede_VA�I (edge

� C ) and
succeed_VA�K (edge

� A ) which is not possibleif _VA�I merges
with _ AhK . Thusalthoughthe total numberof edgesin the
graphhasincreasedthe actualmerge possibilitieshasnot
increased.

At theendof themerging exerciseoneof themergeso-
lutions is chosenbasedon costcomputedandasshown in
Figure8(c). Now thetasks_�I and _�j which have not been
mergedwith fixed tasksaremergedwith theparentnode
_ > , _ > cannow bemarkeda “leaf” nodeandthealgorithm
will continuethe merging processfor the tasks_VA , _ > and
_ A @ . A possiblesolutionis shown in Figure8(d).

Notes At theendof theanalysis,any portable taskthat
hasnotbeenmergedwith afixed taskis performedat the
compositenode ;kK .

Whenmerging alongdatadependenceedges,we do not
considerloop-carrieddatadependences.This is because,
a merge is alwaysperformedonly betweentwo nodesthat
have the samecontrol dependenceconditions. A node

� L
thatis loop-carrieddatadependentonanode

� ] maybelex-
ically controldependenceon thesamenode

� < but they are
actuallydependenton different instancesof

� < andhence
cannotbemerged.

This algorithmgeneratesthe PDG of Figure6(c) when
appliedto thecompositeserviceof Figure5.

4 CodeGeneration

Oncethecodehasbeenpartitioned,wegenerateaParal-
lel ProgramGraph(PPG)[14] which is essentiallythepar-
titionedPDGfrom which we removeredundantcontrolde-
pendenceedges.Oncethisgraphis generated,controlflows
alongthe edgesof the PPG.On the basisof the PPG,we
generatecodefor “local” segments(the partitionedboxes
in Figure8(d) andfinally we handleexternalincomingand
outgoingedgesat eachcomponent.This requires“global
concurrency” analysiswhich hasbeendescribedin anear-
lier paper[10] andwhich we briefly summarizein the ap-
pendixfor completeness.



4.1 The Parallel Program Graph

The implication of a control dependenceedgefrom ;7L
to ;f] is that ;�L mustcompleteexecutionbefore ;�] may
execute.A datadependencehasthesameimplication. If a
node; L is controldependentonanode;7< anddatadepen-
dentonanode; ] suchthat ; ] is asiblingof ; L in thePDG
(i.e., it hasthesamecontroldependenceconditionas ; L ) or
; L is datadependenton a descendantof ; ] , thenthecon-
trol dependenceedgefrom ; < to ;�L canberemoved. The
reasonis simple- since;f] is alsocontroldependenton ; <
(and its descendantsare transitively control dependenton
; < ), it is clearthat ;f] (or its descendants)cannotexecute
before ; < . Hencethedatadependenceedgesubsumesthe
controldependenceedge.

Local Code Generation Local code is generatedfor a
component,;7L , by traversingthesubsetof thePPGthathas
beenassignedto ;�L andoutputtingcorrespondingcode.An
edge

� L E � ] for atask
� L in ; L andatask

� ] in ; ] generates
a<send/> at

� L anda<receive/> at
� ] .

Global Code Generation Global code generationre-
quiresconcurrency andsynchronizationanalysisof the in-
tercomponentmessages[10]. This hasbeencoveredin an
earlierpaper, but for completeness,we includea brief de-
scriptionin theappendix.Thebasicissueis explainedwith
anexamplebelow.

ConsiderthePPGin Figure10. Therearetwo incoming
edges;PAlEm;�I and ; > Em;�I at ;7I . This form of concur-
rency is labeledn concurrency andthewaysin which data
synchronizationmaybeachievedareenumeratedbelow

: DirectDeposit: ;JA and ; > senddatadirectly to ;7I .
: RequestResponse:; A and ;�> inform ; I whendata

is readyand ; I pulls thedatawhenit is ready.

: CombinedDirectDepositandRequestResponse(CD-
DRR): ;JA sendsdatato ; > , ; > sendsdatato ;�I and
;�I pulls datafrom ;JA . This possiblesincethereis a
pathin thePPGfrom ;JA to ; > .

: Pipeline: ;JA pipesdatato ;�I through ; > .
Thereareperformancetradeoffs in the differentorchestra-
tionsbasedonwhichoneof theorchestrationsmustbecho-
sen. The correspondingcodefragmentsarealsoshown in
Figure10.

n4> concurrency bringsin new complications.The data
generatedat ; A maygetkilled alongsomepathto ; I and
hencedatafrom ; A cannotbe forwardedto ; I until ;7>
hasexecuted. This is not an issuein local codegenera-
tion, sincein local codeeachtaskhasaccessto all thelocal
containersthatarebeingupdatedandmessagingpassingis
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Figure 11. Performance of Partition (c) and (d)
of Figure 7.

not requiredto transferdatafrom onetask to another. In
n > concurrency, additionalcodeis requiredat ; > to inform
;JA of thevalueof theconditionalevaluated. ;JA waits for
a messagefrom ; > andforwardsdatato ;�I if the condi-
tion evaluatedto false,elseit discardsthedata.At ; I , two
messagesareexpected,so ;7> sendsa dummymessageif
the conditionevaluatesto true to completethe count. The
receiving container shouldbea unionof datathatmay
comealongany edgealongwith anidentifierindicatingthe
sourceof thedatasothat ; I knowshow to processthedata.

The codegeneratedfor a Direct Depositorchestration
of n4> concurrency is shown in Figure10. Thepossibleor-
chestrationsfor all forms of concurrency are given in the
appendix.

5 Preliminary Results

We have implementeda workflow agentfor decentral-
izedcompositeserviceexecution.Eachnodehasonesuch
agent,capableof receiving andsendingasynchronousmes-
sagesover HTTP. At runtimethe agentinterpretsa decen-



<receive(N1)/>
...
<send(N3)/>

<flow>
  <send(N2)/>
  <sequence>
    <receive(N3)/>
    <reply(N3)/>
  <sequence/>
</flow>

<flow>
  <send(N2)/>
  <sequence>
    <send(N3/>
    <receive(N3)/>
    <reply(N3)/>
  </sequence>
</flow>

<receive(N1)/>
<send(N3)/>
<receive(N3)/>
<reply(N3)/>

<flow>
  <receive(N1)/>
  <receive(N2)/>
</flow>
<flow>
  <invoke(N1)/>
  <invoke(N2)/>
</flow>

<receive(N2)/>
<invoke(N1)/>

<send(N2)/>

<receive(N1)/>
...
<send(N3)/>

<receive(N2)/>

E
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<flow>
  <send(N2)/>
  <send(N3)/>
</flow>

<flow>
  <receive(N1)/>
  <receive(N2)/>
</flow>

<receive(N1)/>
...
<send(N3)/>

β
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E
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N1

N2

N3

<receive(N1)/>
if (cond)

<flow>
<send(N3,true)/>
<send(N1,true)/>
<send(N2’)/>

</flow>
else

<flow>
<send(N1,false)/>
<send(N2")/>

</flow>

<send(N2)/>
<receive(N2)/>
if(false)
   <send(N3)/>

<flow>
  <receive(1)/>
  <receive(2)/>
</flow>

β

(b)Request response (c)Combined DD & RR (d)Pipeline

A=

N1
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N3

(e)Direct deposit(a)Direct deposit

Figure 10. Code generation for n concurrenc y and n > concurrenc y
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Figure 12. Sync hronous vs Async hronous
Loops

1000

2000

3000

4000

5000

6000

7000

8000

9000

2000 4000 6000 8000 10000 12000 14000 16000

A
ve

ra
ge

 r
es

po
ns

e 
tim

e 
in

 m
ill

i s
ec

on
ds

Message Size in Bytes

Synchronous Loops vs Asynchronous Loops

Asynch Loop, 1 second delay
Synch Loop, 1 second delay

Asynch Loop, No delay
Synch Loop, No delay

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

2000 4000 6000 8000 10000 12000 14000 16000

T
hr

ou
gh

pu
t

Message Size in Bytes

Synchronous Loops vs Asynchronous Loops

Synch Loop, No delay
Asynch Loop, No delay

Synch Loop, 1 second delay
Asynch Loop, 1 second delay

Figure 13. Experimental Anal ysis of Syn-
chronous vs Async hronous Loops

tralizedspecificationcodedin a subsetof BPEL.2 Requests
areinitiatedby clientsthatsenda synchronousHTTP mes-
sageto a compositeservice. The compositeserviceholds
theclient’s connectionandasynchronouslydispatchesdata
to the relevant componentservice(s).The last component
asynchronouslyreturnsaresponseto thecompositeservice,
which forwardsthe responseto the client over its pending
connection.We conductedexperimentsin a LAN environ-
mentwith 80concurrentclients.All thewebservicesrunon
standardIntel-basedmachinesrunningtomcat on Linux.

Delaysin the web serviceswereintroducedby making
it sleepfor a given amountof time, and the lengthof the
messageswasartificially enlargedby introducinggarbage
into thelegitimateresponse.

The responsetime wascalculatedat the compositeser-
vice asthe roundtrip from the time the compositeservice
receivesa requestto the time it receivestheresponse.The
throughputwascalculatedas the numberof requestspro-
cessedin a tenminuteinterval.

Figure11shows theaverageresponsetimeandthrough-
put for thepartitionslabeled(c) and(d) in Figure7. Parti-
tion (c) which hasa longercritical path, lessconcurrency
and lower synchronizationgives better (lower) response
timeand(higher)throughputthanpartition(d) whenthede-
lay is small. As thedelayincreases,thebenefitsof concur-
rency overcometheoverheadsof synchronizationandthen
partition(d) performsbetter.

Thereareother factorstoo that affect the performance.
A loop thatcontainsonly oneinvocationperformsbetterin
synchronousmode(Figure12(a))ratherthanasynchronous
mode (Figure 12(b)) when the data is less and the time
to processis small. As the datasize increasesthe asyn-
chronoussolutionovertakesthe synchronoussolution. As

2Althoughourcurrentimplementationis notstrictly BPEL,weusethe
termBPEL for convenience.Wearein theprocessof migratingto a com-
pleteBPELgrammar.



thetimeto computeincreasesthecross-overtakesplaceear-
lier - i.e., theasynchronoussolutionbecomesbetterat lower
datalengths.It is interestingto notethatat high dataloads,
theasynchronoussolutionwith high computationtime per-
forms betterthanthe synchronoussolutionwith low com-
putationtime.

A cost function needsto take into accountsuchdetails
and,in general,this is a non-trivial exercise.

6 RelatedWork

Much work hasbeendoneon automaticparallelization
of sequentialprogramsbasedon PDGse.g.,[1, 4]. In con-
trast,the focuson this paperis on theuseof PDGsin par-
titioning of concurrentcompositewebserviceapplications.
Therearemany referencesin theliteraturethatarerelevant
to partitioning and clusteringalgorithmsfor parallel pro-
gramse.g., [16, 2, 12, 15, 13, 6, 18]. Thoughwe plan to
leveragetheresultsfrom pastwork onprogrampartitioning,
we observe that therearesomekey characteristicsthatdis-
tinguishesour problemstatementfrom the problemstate-
mentsconsideredin pastwork. Specifically, ourwork is fo-
cusedon decentralizationof compositewebservices.This
problemhassomeuniquefeaturescomparedto otherpar-
titioning problems,suchasthe presenceof fixed tasksand
portabletasks. In addition, most previous work on parti-
tioningwasfocusedonminimizingsomeobjectivefunction
(suchasexecutiontime) for a singleinstanceof a parallel
program.Thegoalof this work is insteadto maximizethe
throughputfor thecasewhenmultiple instancesof thepar-
allel program(compositewebservice)areexecuted.

7 Conclusion

In this paperwe havegivena novel codepartitioningal-
gorithmwhich is applicableto decentralizationof compos-
ite web services. We show how to generatecodefor the
decentralizedservicebasedon the codepartitionsandthe
concurrency analysisof theglobalgraph.We identify some
of thefactorsthatgo into developinga comprehensivecost
functionthatcanhelpgeneratebetterpartitions.
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Figure 14. Sync hronization protocols (d) for
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ated from sequential code .

A Concurrencyanalysis

Theclassificationschemeanalyzestwo incomingedges
;JAoEp;7I and ; > Eq;�I at a node ;�I . An r concurrency
is differentiatedfrom acorrespondingn concurrency by the
fact that in n concurrency thereis a pathin the PPGfrom
;JA to ; > andno suchpath in the caseof r concurrency.
Sequentialcodein a CFG generatesr and n concurrency,
andcodewith conditionals/ iterationgenerate

	
, r A , n A , rs>

and n> concurrency.
	

concurrency is a casewherethereis
actuallynoconcurrency sinceatruntimeeither ; A Et; I or
;�>oEm; I will betraversedandnot both. (

	
concurrency is

detectedby finding theclosestcommonancestorof ; > and
;�I in thePPG.If theancestoris aswitch/if nodethen
wehave

	
concurrency at ;7I .)

In ruA and n"A concurrency ;7I doesnot post-dominate
;JA in the CFG and in r > and n > concurrency, ;7I does
post-dominate;JA in the CFG, but the valuecomputedat
;JA may be killed along somepath to ;7I . Basedon this
classificationthereare different ways in which the nodes
maycommunicatewhich havebeengraphicallydepictedin
Figures14 and15.

S

1N

2N

3N N’3

S

1N

2N

3N N’3

S

1

2
S 1

3
2"

S

1

2
S 1

S

1

2
S 1

32’

2’

1 2
1

3

1 2 3

1 2
1

3

1

2
3

1 2 3 31

S

1

2
S 1

3

1

3
2" 2"

1 2
1

32’

S

1N

2N

3N

N’2 N’’2

1 2
1

3

2"

1 2
1

2’

3

3

1 2

1 2
1

3

1
3

2"2"

2" 3 31

1 2 32"

control dep
data dependence

3N

0N

1N 2N

10 3

0 2 3

S

3N

0N

S

1N 2N

S

1N

α1

N’3

2N

3N

S

3N

2N1N

N’3

S

1N

2N

3N

α2

N’2 N’’2

S

N’2

1N 2N

3N

N’’2

S

1N

2N

3N

β2

N’2 N’’2

S

1

2
S 1

3

1

2
3

S

1

2
S 1

3

if

β1

if

(d)

(r)

(d)

(d)

(r)

(c)

(p)

(r)

(d)

(d)

(r)

discard

discard

(c)

(r)

(p)

control flow
data dependence

data message

control message

discard

discard

if

ο
CFG PPG Orchestration

if

if

fork

if

A=

B=B=
A=

fork

A=

B=B=
A=

(r)

(d)

Figure 15. Sync hronization protocols (d) for
Direct Deposit, (r) for Request Response , (c)
for Combined Direct Deposit and Request Re-
sponse , and (p) for Pipeline , for PPGs gener-
ated from branc hed code .


