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Basics on Basics on ee--ServicesServices

�� ee--Service is Service is interactive interactive programprogram
typically delivered over the Internettypically delivered over the Internet

�� �� thatthat exportsexports its behaviorits behavior ��
i.e., its processi.e., its process

�� �� in terms of an in terms of an abstract descriptionabstract description
e.g., state chart, UML statee.g., state chart, UML state--transition diagram, FSMtransition diagram, FSM

�� AA client selects and interactsclient selects and interacts with it according to the with it according to the 
description exporteddescription exported
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Community of Community of ee--ServicesServices

•• A A community community of of ee--Services isServices is

–– a a setset of of ee--Services Services ……

–– …… that share implicitly a that share implicitly a common understandingcommon understanding on a on a common set common set 
of actions of actions ……

–– …… and export their and export their behaviorbehavior using this using this common set of common set of actionsactions

•• A A clientclient specifies needs as especifies needs as e--Service behavior using the Service behavior using the common set of common set of 
actions actions of the communityof the community
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ee--Service exports its behavior �Service exports its behavior �

Many possible ways.   Many possible ways.   In this talk�In this talk�

�� Behavior modeled by a Behavior modeled by a finite state machinesfinite state machines
core of state chart, UML statecore of state chart, UML state--transition diagram, etc.transition diagram, etc.

�� In fact using a FSM we compactly describe all possible In fact using a FSM we compactly describe all possible 
sequences of sequences of deterministic deterministic (atomic) (atomic) actionsactions: tree of all : tree of all 
possible sequences of actions possible sequences of actions 

�� DataData produced by actions produced by actions not explicitly not explicitly modeledmodeled
data are used by the client to choose next actiondata are used by the client to choose next action
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ee--Service as execution treeService as execution tree

S0
a b

r r

a b a b

r r r r

...... ... ...

b
r

S0

a

Execution tree 
(obtained by FSM unfolding)

Required behavior represented as a FSM 
(a Moore machine)

a: “search by author (and select)”
b: “search by title (and select)”
r: “listen (the selected song)”
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ee--Service as execution treeService as execution tree

S0
a b

r r

a b a b

r r r r

...... ... ...
Execution tree 
(obtained by FSM unfolding)�� Nodes:Nodes: historyhistory (sequence) of actions (sequence) of actions 

executed so farexecuted so far

�� Root:Root: no action yet performedno action yet performed

�� Successor node x·a of x:Successor node x·a of x: action a action a can be can be 
executedexecuted after the sequence of action xafter the sequence of action x

�� Final nodes:Final nodes: the ethe e--Service Service can terminatecan terminate

a: “search by author (and select)”
b: “search by title (and select)”
r: “listen (the selected song)”
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ee--Service compositionService composition

�� Added value of the community� Added value of the community� 

�when a client request cannot be satisfied by any available e�when a client request cannot be satisfied by any available e--Service, it Service, it 
may still be possible to satisfy it by combining �may still be possible to satisfy it by combining �piecespieces� of e� of e--Services in the Services in the 
communitycommunity

�� Two issues arise:Two issues arise:
�� support for support for synthesizing compositionsynthesizing composition: : 

�� automatic synthesis of a automatic synthesis of a coordinating programcoordinating program ((compositioncomposition) �) �
�� � that realizes the � that realizes the target etarget e--ServiceService (client request) �(client request) �
�� � by suitably � by suitably coordinatingcoordinating available eavailable e--ServicesServices

addressed hereaddressed here

�� support for support for orchestrationorchestration: execution of the coordinating program : execution of the coordinating program 
not addressed herenot addressed here
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Formalizing Formalizing ee--Service compositionService composition

Composition: Composition: 
�� coordinating program �coordinating program �
�� � that realizes the target e� that realizes the target e--Service �Service �
�� � by suitably coordinating available e� by suitably coordinating available e--ServicesServices

⇒⇒ Composition can be Composition can be formalizedformalized as:as:
�� a a labeling of the execution treelabeling of the execution tree of the target of the target ee--Service Service 

such that such that ��
�� �� each each actionaction in the execution tree is labeled by the in the execution tree is labeled by the 

community community ee--Service that executes it Service that executes it ��
�� �� and each possible sequence of actions on the target and each possible sequence of actions on the target ee--

Service execution tree corresponds to possible sequences Service execution tree corresponds to possible sequences 
of actions on the community of actions on the community ee--Service execution trees, Service execution trees, 
suitably interleavedsuitably interleaved..
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Example of compositionExample of composition

�� Community Community ee--Services Services (expressed as (expressed as FSMsFSMs))

b

r
S2

a

r
S1

��Target Target ee--Service Service (again expressed as FSM)(again expressed as FSM)

b
r

S0

a
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))

b
r

S0

a

r

a b

r r

a b a b

r r r

...... ... ...

a

r
S1

b

r
S2
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))a
b

S0 a b
r

a

r
S1

b

r
S2

r

b

r

r r

a b a

r r

...... ......

AAll ell e--Services start from their starting stateServices start from their starting state
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))

b
S0

a

a b
r

a

r
S1

b

r
S2

r

b

r

r r

a b a

r r

...... ......

EEach action of the targetach action of the target ee--Service is executed by at least oneService is executed by at least one of the component eof the component e--ServicesServices
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))a
b

S0 a b
r

a

r
S1

b

r
S2

r

b

r

a b a

r r

r r

...... ......

WWhen the target ehen the target e--Service can be left, thenService can be left, then all component eall component e--Services must be in a final Services must be in a final statestate
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))a
b

S0

a

r
S1

b

r
S2

r

b

r

a b
r

r r

a b a

r r

...... ......
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Example of compositionExample of composition

coordinating programcoordinating program ((compositioncomposition))a
b

S0

a

r
S1

b

r
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a b
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r r

a b a

r r

...... ......
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ObservationObservation

�� This labeled execution tree has a finite representation as a This labeled execution tree has a finite representation as a 
FSM, FSM, a Mealy machinea Mealy machine

a,1

r,1

b,2

r,2

Is this always the case when we deal with eIs this always the case when we deal with e--Services expressible as Services expressible as 
FSMsFSMs?  See later�?  See later�
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ObservationObservation

a b

r r

a b a b

r r r r

...... ... ...
Execution tree of  S0

(obtained by FSM unfolding)

b
r

S0

a

Note: we cannot label the FSM directly �Note: we cannot label the FSM directly �

� we need to label the execution tree� we need to label the execution tree
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QuestionsQuestions

Assume Assume ee--Services of community and target Services of community and target ee--Service are Service are 
FSMsFSMs

�� Can we always check composition existence?Can we always check composition existence?

�� If a composition exists there exists one which is a If a composition exists there exists one which is a 
Mealy machine (i.e., finite state)?Mealy machine (i.e., finite state)?

�� If yes, how can a Mealy machine composition by If yes, how can a Mealy machine composition by 
computed?computed?

To answer we exploit DPDL (a wellTo answer we exploit DPDL (a well--known modal logic for known modal logic for 
reasoning on program schemas)reasoning on program schemas)
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AnswersAnswers

Reduce Reduce ee--Service composition synthesis to Service composition synthesis to satisfabilitysatisfability in in 
DPDLDPDL

�� Can we always check composition existence?Can we always check composition existence?
Yes, SAT in DPDL is decidable in EXPTIMEYes, SAT in DPDL is decidable in EXPTIME

�� If a composition exists there exists one which is a If a composition exists there exists one which is a 
Mealy machine (i.e., finite state)?Mealy machine (i.e., finite state)?

Yes, by the small model property of DPDLYes, by the small model property of DPDL
�� How can a Mealy machine composition by How can a Mealy machine composition by 

computed?computed?
From a (small) model of  the corresponding DPDL From a (small) model of  the corresponding DPDL 

formulaformula
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DPDL encodingDPDL encoding

ΦΦ = = InitInit ∧∧ (([u][u]ΦΦ0 0 ∧∧ ii=1,…,n=1,…,n [u][u]ΦΦii ∧∧ [u][u]ΦΦauxaux ))

DPDL encoding is polinomial in the size of the eDPDL encoding is polinomial in the size of the e--Service FSMsService FSMs

Initial states of all Initial states of all 
ee--ServicesServices

DPDL encoding of DPDL encoding of 
target target ee--ServiceService

DPDL encoding of DPDL encoding of 
ii--thth component component ee--
ServiceService

DPDL additional DPDL additional 
domaindomain--
independent independent 
conditionsconditions
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DPDL encodingDPDL encoding

�� Target Target ee--Service Service SS0 0 = (= (ΣΣ, S, S00, s, s00
00, , δδ00, F, F00))

in DPDL we define in DPDL we define ΦΦ00 as the conjuction of:as the conjuction of:

�� s s →→ ¬¬ s'                     s'                     for all pairs of distinct states in Sfor all pairs of distinct states in S00
ee--Service states are pairService states are pair--wise disjointwise disjoint

�� s s →→ <a> T <a> T ∧∧ [a]s'      [a]s'      for each s'=for each s'=δδ00(s,a)(s,a)
target etarget e--Service can do an aService can do an a--transition going to state s�transition going to state s�

�� s s →→ [a] [a] ⊥⊥ for each for each δδ00(s,a) undef.(s,a) undef.

target etarget e--Service cannot do an aService cannot do an a--transitiontransition

�� FF00 ≡≡ ∨∨ s s ∈∈ F0F0 ss
denotes target edenotes target e--Service final statesService final states

�� ��
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DPDL encoding (cont.d)DPDL encoding (cont.d)

�� Community Community ee--Services Services SSi i = (= (ΣΣ, S, Sii, s, s00
ii, , δδii, F, Fii))

in DPDL we define in DPDL we define ΦΦii as the conjuction of:as the conjuction of:

�� s s →→ ¬¬ s'                               s'                               for all pairs of distinct states in for all pairs of distinct states in SSii

ee--Service states are pairService states are pair--wise disjointwise disjoint

�� s s →→ [a]([a](movedmovedii ∧∧ s's' ∨∨ ¬¬ movedmovedii ∧∧ ss)     )     for each s'=for each s'=δδii(s,a)(s,a)
if eif e--Service moved then new state, otherwise old stateService moved then new state, otherwise old state

�� s s →→ [a]([a](¬¬ movedmovedii ∧∧ s s )) for each for each δδii(s,a) undef.  (s,a) undef.  
if eif e--Service cannot do a, and a is performed then it did not moveService cannot do a, and a is performed then it did not move

�� FFii ≡≡ ∨∨ ss ∈∈ FiFi ss
denotes community edenotes community e--Service final statesService final states

�� ��
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DPDL encoding (cont.d)DPDL encoding (cont.d)

�� Additional assertions Additional assertions ΦΦauxaux

�� <a>T <a>T →→ [a] [a] ∨∨ ii=1,…,n=1,…,n movedmovedii for each action afor each action a
at least one of the community eat least one of the community e--Services must move at each stepServices must move at each step

�� FF00 →→ ∧∧ i=1,…,ni=1,…,n FFii
when target ewhen target e--Service  is final all comm. eService  is final all comm. e--Services are finalServices are final

�� Init Init ≡≡ ss00
00 ∧∧ i=1....ni=1....n ss00

ii
Initially all eInitially all e--Services are in their initial stateServices are in their initial state

DPDL encoding: DPDL encoding: ΦΦ = = InitInit ∧∧ [u]([u](ΦΦ00 ∧∧ i=1,…,ni=1,…,n ΦΦii ∧∧ ΦΦauxaux ))
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ResultsResults

ThmThm: : Composition exists    Composition exists    iff   iff   DPDL formula DPDL formula ΦΦ SATSAT
From composition labeling of the target eFrom composition labeling of the target e--Service one can build a Service one can build a 

tree modeltree model of the DPDL formula and of the DPDL formula and viceversa viceversa 

Information on the labeling is encoded in predicates Information on the labeling is encoded in predicates movedmovedii

⇒⇒ Composition existence of Composition existence of ee--Services expressible as Services expressible as FSMsFSMs
is decidable in EXPTIMEis decidable in EXPTIME
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Results on Mealy compositionResults on Mealy composition

ThmThm: : If composition exists then Mealy composition exists.    If composition exists then Mealy composition exists.    
From a From a small modelsmall model of  the DPDL formula of  the DPDL formula ΦΦ, , 

one can build a Mealy machineone can build a Mealy machine

Information on the output function of the machine is encoded in Information on the output function of the machine is encoded in 
predicates predicates movedmovedii

⇒⇒ MealyMealy composition existence of composition existence of ee--Services expressible as Services expressible as 
FSMsFSMs is decidable in EXPTIMEis decidable in EXPTIME
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ExampleExample

a

r
S1

b

r
S2

b
r

S0

a
Target Target ee--ServiceService

……
……
……

s0
0 ∧ s1

0 ∧ s2
0

<a> T → [a] (moved1 ∨moved2)

<b> T → [b] (moved1 ∨moved2)

<r> T → [r] (moved1 ∨moved2)

F0 → F1 ∧ F2

DPDLDPDL

Community Community ee--ServicesServices
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ExampleExample

Target Target ee--ServiceService s0
0 → ¬ s0

1

s0
0 → <a> T ∧ [a] s0

1

s0
0 → <b> T ∧ [b] s0

1

s0
1 → <r> T ∧ [r] s0

0

s0
0 → [r] ⊥ ∧ [r] s0

0

s0
1 → [a] ⊥

s0
1 → [b] ⊥

F0≡ s0
0

……
……
…

b
r

S0

a

…
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ExampleExample
……
ss11

00 →→ ¬¬ ss11
11

ss11
00 →→ [a] ([a] (movedmoved11 ∧∧ ss11

11 ∨∨ ¬¬ movedmoved11 ∧∧ ss11
00 ) ) 

ss11
00 →→ [r][r]¬¬ movedmoved11 ∧∧ ss11

00

ss11
00 →→ [b][b]¬¬ movedmoved1 1 ∧∧ ss11

00

ss11
11 →→ [a][a]¬¬ movedmoved11 ∧∧ ss11

11

ss11
11 →→ [b][b]¬¬ movedmoved1 1 ∧∧ ss11

11

ss11
11 →→ [r] ([r] (movedmoved11 ∧∧ ss11

00 ∨∨ ¬¬ movedmoved11 ∧∧ ss11
00 ))

FF11≡≡ ss11
00

ss22
00 →→ ¬¬ ss22

11

ss22
00 →→ [b] ([b] (movedmoved22 ∧∧ ss22

11 ∨∨ ¬¬ movedmoved22 ∧∧ ss22
00 ))

ss22
00 →→ [r][r]¬¬ movedmoved22 ∧∧ ss22

00

ss22
00 →→ [a][a]¬¬ movedmoved2 2 ∧∧ ss22

00

ss22
11 →→ [b][b]¬¬ movedmoved22 ∧∧ ss22

11

ss22
11 →→ [a][a]¬¬ movedmoved22 ∧∧ ss22

11

ss22
11 →→ [r] ([r] (movedmoved22 ∧∧ ss22

00 ∨∨ ¬¬ movedmoved22 ∧∧ ss22
00 ))

FF22≡≡ ss22
00

…

Community Community ee--ServicesServices

a

r
S1

b

r
S2

…
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ExampleExample

Check: run SAT on DPDL formula Check: run SAT on DPDL formula ΦΦ
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ExampleExample

Check: run SAT on DPDL formula Check: run SAT on DPDL formula ΦΦ
Yes Yes ⇒⇒ ((small) model a b

r
b a

ss00
00, , ss00

11, , ss00
22, , 

FF00, , FF11, , FF22, , 
InitInit

small) model ss11
00, , ss11

11, , ss00
22, , 

FF22, , movedmoved1

ss11
00, , ss00

11, , ss11
22, , 

FF11,, movedmoved21 2

ra b

ss00
00, , ss00

11, , ss00
22, , 

FF00, , FF11, , FF22, , 
movedmoved1

ss00
00, , ss00

11, , ss00
22, , 

FF00, , FF11, , FF22, , 
movedmoved2

1
2
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ExampleExample

Check: run SAT on DPDL formula Check: run SAT on DPDL formula ΦΦ
Yes  Yes  ⇒⇒ (small) model(small) model

⇒⇒ extract Mealy machine

a,1 b,2

a,1b,2

extract Mealy machine

a,1 b,2r,2r,1



BerardiBerardi et al.et al. Automatic composition of eAutomatic composition of e--services services 3232

ExampleExample

Check: run SAT on DPDL formula Check: run SAT on DPDL formula ΦΦ
Yes  Yes  ⇒⇒ (small) model(small) model

⇒⇒ extract Mealy machineextract Mealy machine

⇒⇒ minimize Mealy machine

r,1 r,2
a,1 b,2

minimize Mealy machine
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The The ee--Service Composition SystemService Composition System

Synthesis EngineSynthesis Engine

(DPDL SAT + (DPDL SAT + 
FSM minimizer) FSM minimizer) 

Abstraction Abstraction 
ModuleModule

ee--Service FSMsService FSMs FSM of FSM of 
composition composition 

RealizationRealization
ModuleModule

WSDL + behavioral WSDL + behavioral 
descriptions of descriptions of ee--Services Services 
of the community 

WSDL + behavioral WSDL + behavioral 
descriptions of the descriptions of the 
target target ee--Service

BPEL4WS specification BPEL4WS specification 
of the composite of the composite ee--
Service to be enacted Service to be enacted 
by the Orchestrator

of the community Service
by the Orchestrator
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Future workFuture work

We have only scratched the surface We have only scratched the surface ��

�� Implementation?       Implementation?       We are working on it, using DPDL/DLWe are working on it, using DPDL/DL--systemssystems
based on tableaux based on tableaux 

�� Hardness of FSM Hardness of FSM ee--Service composition? Service composition? 
��at least PSPACEat least PSPACE--hard! EXPTIMEhard! EXPTIME--hard? hard? 

�� Loose specification of target eLoose specification of target e--Service?     Service?     
�� target target ee--Service Service ��underunder--specifiedspecified�� Note: angelicNote: angelic nondeterminismnondeterminism

ongoing workongoing work

�� Incomplete specification of eIncomplete specification of e--Services of the community?Services of the community?
−− ee--Services export partial description of their behavior to the Services export partial description of their behavior to the 

communitycommunity
Note: synthesis with diabolicNote: synthesis with diabolic nondeterminismnondeterminism

very hard!very hard!
�� Data? Data? ��
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