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Chapter 1

Introduction

In this chapter the problems of stateful communication between two processes are discussed.
The purpose of the study is stated in Section 1.1, then a motivating example that functions as
a run through example throughout this work is introduced in Section 1.2, and finally, a short
overview of this work is given in Section 1.3.

1.1 Purpose of the Study

Many of today’s enterprises structure their IT in such a way that individual applications are
encapsulated as services. To connect these application means that these services have to be
connected. Building a system based on such an approach means to follow the Service Oriented
Architecture (SOA). An SOA can be described as a collection of loosely coupled services in a
distributed environment. Each service must provide a description of its implemented interfaces,
which enables its invocation by the other services. The description can be saved to a storage,
which is called a service repository. The process of adding a service (which consists of an
interface along with a corresponding implementation) to the repository is called publishing.

After a service is published, all other services have access to the provided interface descriptions.
Any service can query the repository for the services which implement the required interface,
and then invoke one of the selected services. This process is called service discovery.

One of the most popular realizations of the SOA is the Web Service approach. A web service
is defined by the W3 consortium as "a software system designed to support interoperable
machine-to-machine interaction over a network" [W3G]. The interoperability between web
services is gained through a set of XML-based open standards, such as WSDL, SOAP, and
UDDI [WCL*05].

While Web Service technology enables services interoperability and reusability in general,
there are new issues related to the service discovery. For instance,

1. How can a partner be found which can communicate with the given process?
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2. Is there a guarantee that the selected partner service really does what it is expected to
do?

3. How can the ambiguity and misunderstanding between partner services be avoided?

To be able to answer the first question, the discovery requirements should be specified first.
There are services which implement one or several independent operations. Each of the
operations of such a service can be invoked at any time, independent of the conversation
which has happened before. Thus, a communication with such a service does not have any
state and therefore is called stateless. For such a service the syntactical matching of the
interface, i.e. the corresponding inputs and outputs of their operations is sufficient for a
successful partner discovery and compatible service composition. Such compatibility is called
the syntactical compatibility.

On the other hand, there are services which require certain operations to be invoked in certain
order. This means that the conversation with such a service depends on the current state
and therefore is called stateful. To describe the order in which the operations of the service
should be used (thus the message exchange pattern for this service), the service provides
the corresponding communication protocol. If the communication protocol of such a service
is violated by the partner process, the communication can end in a deadlock. A deadlock
occurs when one (or both) of the processes waits for a communication that will never happen.
Therefore, the syntactical compatibility alone is not sufficient to guarantee the successful
communication with a web service which has a communication protocol. The absence of
dead- and livelocks is also a necessary criterion for the communication and is called behavioral
compatibility. The message exchange protocols which satisfy this property are called behavior
compatible [MMGFO06].

To answer the last two questions, the semantics of both, provided and required interfaces,
need to be specified. The semantic description should be specified on two levels: the semantics
of interface functionality and the semantics of the interface inputs and outputs. Using the
semantics of each input (output), the matching partner output (input) can be found. This
matching on semantic level can be considered as an improvement to the syntactical compat-
ibility and is called structural compatibility. If the provided functional interface semantics
conforms to the required interface semantics, and the interfaces are structural compatible on
the semantic level, then these interfaces are called semantic compatible.

This work presents an approach for discovering a structural, behavioral and semantical com-
patible partner for the given interface description. Such a partner will be called communication
compatible. For this purpose the following points are addressed:

1. What kind of information is important for the communication?

2. How can this information be derived from an arbitrary process (in this case a business
process), and how its communication protocol can be determined?

3. How can it be represented in the repository?

4. How can a business process use such information to find a communication compatible
partner?



1.2 Motivating Example

The first question is discussed in Chapter 4, Chapter 5 gives an answer to the second one. The
third question is addressed in Chapter 6 and the fourth question is considered in Chapter 7.

1.2 Motivating Example

Consider the service S depicted in Figure 1.1a. It contains a switch with two case-branches,
where only one of them has an invoke activity. This service would publish its interface with
three operations: ReceiveRequest, GetAdditionallnfo and Reply. Consider two possible partner
processes Prand P, of this service depicted in Figure 1.1b and Figure 1.1c. Each of them
sends a message containing variable a and then each of them waits for reply. Assume that
these services are semantically compatible. Without considering the data dependency, these
services would be equal due to the communication behavior. But actually P; will not be able
to communicate with the server S while the process P, will. Such data dependent differences
in communication scenarios are often ignored by matching algorithms and will be one of the
main points of this work.

J
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Figure 1.1: Server S and its partners P, and P»

Note, that the service S does not have the exact same interface as required by P,. If P, would
query the repository for the services which implement the interface only with the inputs and
outputs from the operations Receive a and Reply, the query result would not contain S. Thus, a
full structural compatibility is not necessary for the communication compatibility.

Reconsider the service S from Figure 1.1a. The GetAdditionallnfo operation will only be
executed if the corresponding case-condition (in this case a > 10) evaluates to true. This
information could be stored in the repository together with the inputs and outputs of the
operation and later used by requesters.
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On the other hand, the requesters P; and P, have some knowledge in their process models
which can be helpful for discovery of a compatible partner. In this case such knowledge can be
derived from the assign activities. For example P; knows that when the message containing a
is sent, a is equal to 20. This fact can be added to the required interface description to enable
a more precise service discovery.

1.3 Overview

The rest of this work is organized as follows: Chapter 2 gives a short introduction to the
technologies and concepts used in this work. Chapter 3 discusses the existing approaches
and their disadvantages for solving the stated problem and then Chapter 4 gives a short
description of this work approach. Chapter 5 addresses the question how the communication
relevant information can be derived from a process model and presents a technique for
this. In Chapter 6 the role of semantic annotations is discussed and a repository model
for this approach is presented. Chapter 7 introduces a technique for the communication
verification based on the first-order logical representation of the process model. Chapter 8
gives an overview over the implementation of the introduced approach. Finally, Chapter 9
concludes the work with a summary and provides an outlook on possible uses of the introduced
approach.



Chapter 2

Background

This chapter gives a short introduction to the technologies used in this work. Altogether
four different technology fields are considered. Section 2.1 gives an introduction to a BPEL
language used in the field of workflow and business processes, Section 2.2 shortly describes
the CSSA representation used in the compiler building and data flow analysis. Section 2.3
describes the technologies from the Semantic Web, and finally Section 2.4 concerns the
problems in the first-order logic field and gives an introduction to an SMT solver Yices.

2.1 BPEL

Business Process Execution Language (BPEL, also WS-BPEL) is a language for specifying business
processes behavior based on Web Services. The origins of BPEL can be traced to WSFL
(IBM, [Ley01]) and XLANG (Microsoft, [Tha01]). BPEL is serialized in XML and is the de-facto
standard for modeling business processes.

This work uses the currently latest version of BPEL, which is BPEL 2.0

A BPEL process is modeled using BPEL activities. There are two kinds of BPEL activities:
basic and structured activities. The structured activities are used to express synchronization
dependencies between its children, which in turn can be structured or basic activities, while
basic activities are used to perform certain actions. For more details see [OASO07].

Basic Activities

e receive — waits for a specified message to arrive.

e reply — sends a message to the specified partner.

e invoke — used to invoke a one-way or request-response operation offered by a partner.
e assign — used to update the values of variables with new data.

e exit — used to immediately end a business process instance which contains the exit
activity.
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wait — used to wait for a given time period or until a certain point in time has been
reached.

empty — an empty activity, can be useful for synchronization.

validate — used to validate the values of variables against their associated XML and
WSDL data definition.

extensionActivity — used to extend WS-BPEL by introducing a new activity type.
throw — used to generate a fault from inside the business process.

compensate — used to start compensation on all inner scopes that have already completed
successfully in default order.

compensateScope — used to start compensation on a specified inner scope that has
already completed successfully.

rethrow — used to rethrow the fault that was originally caught by the immediately
enclosing fault handler.

Structured activities

sequence — used to define a collection of activities to be performed sequentially in listed
order.

if (in this work also called switch for the readability) — used to select at most one
activity for execution from a set of choices.

while — used to repeat the child activity as long as the specified condition is ¢true.

repeatUntil — used to repeat the child activity until the specified condition becomes
true.

forEach — iterates its child scope activity the given number of times. Can be executed
sequential or in parallel.

pick — used to wait for one of several possible messages to arrive or for a time-out to
occur.

flow — used to specify one or more activities to be performed concurrently.

scope — used to define a nested activity with its own associated parameter values.

The communication behavior of a BPEL process is modeled through the interaction activities
receive, reply, invoke and pick. Furthermore, the exit activity influences the communica-
tion, because no activity will be executed after the exit activity has been executed. Also the
assign activities are important as the example from Section 1.2 shows.

For the purposes of this work, the activities validate and empty are not of interest, because
they do not have an impact on the communication behavior of the process.

10
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The wait activity will eventually complete and the exact time is neglected in this work. The
reason is that during the asynchronous communication, the exact time between send and
receive actions is also not known.

The extensionActivity can be anything the user has defined and is not considered in this
work. Also the activities throw, compensate, scope, compensateScope and rethrow, which
are used for fault, compensation, event and termination handlers, are beyond the scope of this
work

A BPEL process is a Web Service itself and it may also invoke an arbitrary number of other Web
Services, which are called communication partners. The communication with the partners is
modeled through the interaction activities. Each interaction activity has a partnerLink at-
tribute, which specifies the communication partner this interaction refers to. The combination
of all interaction activities for the same partner (same value of the partnerLink attribute)
with the synchronization dependencies between them, defines the communication protocol of
the current process for this partner.

2.2 SSA/CSSA

In modern day compilers, the Static Single Assignmentform (SSA) is an intermediate repre-
sentation that is used to facilitate program analysis and optimization. It can be used for
optimizing tasks like constant propagation, sparse conditional constant propagation, dead
code elimination and partial redundancy elimination, to name just a few. SSA was developed
by Ron Cytron, Jeanne Ferrante,Barry Rosen, Mark Wegman, and Ken Zadeck, researchers at
IBM in the 1980s [CFRT91]. The SSA form can be characterized through the following two
properties.

First, the SSA form imposes a strict discipline on the namespace used to represent values in
the computation. Each reference to a name corresponds to the value produced at precisely
one definition point. This is the single assignment property. Second, it identifies the points
in the computation where values from different control-flow paths merge. At a merge point,
several different SSA names, corresponding to different definitions of the same original name,
can flow together. To ensure the single-assignment property, the construction inserts a new
definition at the merge point; its right hand side is a pseudo-function called a ¢-function that
represents the merge of multiple SSA names.

While SSA form is suitable for the representation of sequential program execution, it cannot
deal with the parallel constructs. To analyze the parallel execution, an extension to the SSA
form, called Concurrent Static Single Assignment (CSSA) is used [ALSU06, LMP97].

The basic idea of the CSSA form is that it summarizes the interleaving information for
conflicting variables in an explicitly parallel program by using n-functions. The values of all
conflicting variables are well defined by the w-function at the point where the n-function is
placed. Like the SSA form, CSSA form has the property that all uses of a variable are reached
by exactly one assignment to the variable.

11
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2.3 Semantic Web

The Semantic Web stands for a vision in which computers (software) and people can find,
read understand and use data and functionality over the web to accomplish useful goals for
user [BLHLO1]. This vision originates from W3C director Tim Berners-Lee [FHLWO03].

The Semantic Web is about two things. It is about common formats for integration and combi-
nation of data drawn from diverse sources, where on the original Web mainly concentrated on
the interchange of documents. It is also about language for recording how the data relates
to real world objects. That allows a person, or a machine, to start off in one database, and
then move through an infinite set of databases which are connected not by wires but by being
about the same thing [SW001].

Semantic Web is based on the Resource Description Framework, which is described in Sec-
tion 2.3.2

2.3.1 Ontology

In the context of computer and information sciences, an Ontology defines a set of repre-
sentational primitives with which to model a domain of knowledge or discourse. The
representational primitives are typically classes (or sets), attributes (or properties), and
relationships (or relations among class members). The definitions of the representational
primitives include information about their meaning and constraints on their logically consistent
application [Gru08].

A key feature of ontologies is that, through formal, real-world semantics and consensual
terminologies, they interweave human and machine understanding. This important property
of ontologies facilitates the sharing and reuse of ontologies among humans, as well as among
machines [SRBT06, LLAT03].

2.3.2 RDF and RDFS

Resource Description Framework (RDF) is a framework for describing resources on the web.
RDF is based on the idea of identifying things using Web identifiers (called Uniform Resource
Identifiers, or URIs), and describing resources in terms of simple properties and property
values. An RDF model uses triples (S, P, O) to say that the property P of the subject S has value
O. Such triples can be represented in a graph, where resources are the nodes and properties
are the directed edges from the subject to the object of the property. Figure 2.1 shows the
graph representation of the triple (S, P, O).

The combination of such triples forms a Knowledge Base (KB). Thereby all of the triples are
considered as the truth statements.

RDF Schema (RDFS) is a lightweight ontology language for defining vocabularies for RDF. It
provides mechanisms for describing groups of related resources and the relationships between

12
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Figure 2.1: Graphical representation of the RDF triple (S, P, O)

these resources. These resources are used to determine characteristics of other resources,
such as the domains and ranges of properties. For more information on RDF and RDFS
see [RDF04a, RDF04b, RDF04c].

2.3.3 Reasoner

A Knowledge Base contains some explicit defined statements, but also implicit statements,
which can be inferred using inference rules. The inference rules are commonly specified by
means of an ontology language. For example, if the model defines the class A as a subclass of
the class B, then knowing that / is an instance of A, it can be inferred that 7 is also an instance
of B. A piece of software that is able to infer implicit knowledge from a set of asserted facts or
axioms is called a reasoner or an inference engine.

Jena inference engine is one implementation of a reasoner [JENa]. Jena supports three
kinds of inference modes: forward, backward and hybrid. The statements inferred in the
forward chaining mode can in turn be used to fire other rules, which is not the case for the
backward chaining mode. The hybrid mode is sometimes useful to increase the efficiency of
the reasoning. For more information on different reasoning modes see the Jena inference
support [JEND]. For the purposes of this work only the forward chaining mode is of interest.

In addition to the rules implied by the ontology model, some additional rules can be defined
for the Jena reasoner. A user-defined forward rule in Jena has the form:

term, ...term — hterm,...hterm

Here term stands for a fact in the KB and hterm can be either a term or a backward rule.
Basically, a forward rule says that if all terms on the left side exist in the KB, then the terms
on the right side can be inferred and so should be added to the KB. For other rule extensions
see [JENDb]. How the reasoner can be used to solve the stated communication problem, is
discussed in Chapter 7.

2.4 Yices: an SMT Solver

Satisfiability (SAT) is the problem in logic of determining if the Boolean variables of a given
Boolean formula can be assigned in such a way as to make the formula evaluate to true. A
Sat Modulo Theories (SMT) instance is a generalization of a Boolean SAT instance in which
some of the binary variables are replaced by predicates from a variety of underlying theories.

13
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A predicate is basically a binary-valued function of non-binary variables. For instance, the
theory of linear arithmetic includes the linear inequalities predicates, which are evaluated
according to the rules of this theory. By using such theories, SMT formulas provide a much
richer modeling language than is possible with Boolean SAT formulas.

Yices [YICa] is an SMT solver developed at Stanford Research Institute capable of handling
theories including uninterpreted functions, integer and real arithmetics, lambda expressions,
(extensional) arrays, bitvectors, tuples, records and recursive datatypes (e.g. lists). It was
extended to deal with quantified expressions.

It comes with its own input language which permits to declare types, constants and functions,
to assert formulae and to check their (un)satisfiability (in a particular context). For more
information on Yices input language see [YICb].

The output language of Yices sat (satisfiable), unsat (unsatisfiable), unsat with unsatisfiable
core (the minimum set of formulae that are unsatisfiable) and unknown (because Yices is
incomplete when quantifiers are used).

Chapter 7 shows how Yices with the underlying theory of linear arithmetic can be used to
verify the behavioral compatibility of two partner processes.

14



Chapter 3

Related Work

This chapter considers the existing approaches for behavioral (Section 3.1) and semantical
(Section 3.2) communication verification and discusses their disadvantages and possible
improvements.

3.1 Behavioral Compatibility

Two main techniques for verifying behavior compatibility are considered in this section - the
Petri net technique and the model checking technique.

3.1.1 Petri Net Approaches

One of the possible formal representations of the BPEL process model is the Petri net repre-
sentation. It was shown in [VAO5, LMSWO08, Sta05, HSSO5] that Petri nets are well suited to
model the behavior of BPEL processes.

A Petri net consists of places, transitions, and directed arcs that connect them. Places may
contain any number of tokens. A distribution of tokens over the places of a net is called a
marking and corresponds to a state of the Petri net. Transitions are active components. They
model activities which can occur (the transition fires), thus changing the state of the system.
When the transition fires, it removes tokens from its input places and adds some at all of its
output places. For more information on Petri nets please refer to [Pet80, Pet73]

This section presents two Petri net based approaches for verifying the behavioral compatibility
of two partner processes.

WOMBAT

WOMBAT is a BPEL process model verification tool developed at IBM [MMGF06, MMG™'07,
MMHMO06].

15



3 Related Work

For communication verification, each of the communicating processes is first transformed to
the corresponding Petri net representation. Therefore the Petri net places model the states
of the process, and transitions model the changes between these states. The communication
activities are modeled using the external places, called communication places, for the incoming
and outgoing information (or partner invocation). The simplified Petri net representation of a
send activity A; is shown in Figure 3.1a, thereby M denotes the message produced by this
activity. The Petri net representation of the partner receive activity A, is shown in Figure 3.1b.
Here M denotes the expected message. If the expected message of the receive activity is
syntactical compatible with the message produced by the sent activity, then the corresponding
communication places can be merged as shown in Figure 3.1c.

@7 i

Al A2

(a) send activity (b) receive activity (c) merged Petri net

Figure 3.1: Petri net representations of a send activity A;(a), receive activity A,(b) and
merging of these representations to a single Petri net (c)

After all of the matching places have been merged, i.e. a composite model of the two processes
has been build, the resulting Petri net can be verified for absence of deadlocks. The absence
of the deadlocks in the merged Petri net assures the behavioral compatibility of the modeled
partner process.

Using this technique, the following properties can be verified with the WOMBAT (all of these
properties are based on the soundness property of a Petri net, see [VAO5, Aal98]).

e Correctness. The requirement which have to be satisfied for this property is the proper
termination of a service in a well defined state. This could mean for example the clean
termination of a process without left-over messages.

e Controllability (or Usability). A stateful web service A is controllable if there exists at
least one web service B such that the composition of them A @ B yields a correct web
service.

e Compatibility. A set of web services S7...S,, is compatible iff the composition S; @ ... ® S,
yields a controllable web service. The compatibility in WOMBAT means both syntactical

16



3.1 Behavioral Compatibility

and behavioral compatibility. Note that the syntactical compatibility is a necessary
prerequisite for the behavioral compatibility.

e Consistency. A service S is consistent to the service Ss iff each web service S,, that is
compatible to S is also compatible to .Ss.

One of the disadvantages of this approach is the absence of the semantical compatibility
between partner processes. For merging of two corresponding places, WOMBAT uses only the
syntactical compatibility. That means that there is no notion of semantic behind the exchange
data. Also the interface semantics of both partners are ignored by WOMBAT.

The other problem concerns the data dependent decisions made by Petri net control flow during
the process execution. Consider the example introduced in Section 1.2. The switch construct
from the process S has the Petri net representation as shown in Figure 3.2a. If this repre-
sentation is used, the branch choice of the switch activity will be made non-deterministically.
Therefore neither P, nor P, (see Figure 1.1 on page 7) will be compatible to S, because in
case the left switch branch is taken, the communication will end in a deadlock.

(a) switch activity (b) switch activity improved

Figure 3.2: Petri net representation of a switch activity (a) and its possible improvement using
data places(b)

Figure 3.2b shows a possible improvement of the switch representation from Figure 3.2a. Here
two additional data places are added to the switch construct. Such data place should only get
a token iff the corresponding condition evaluates to ¢rue or all conditions are unknown. This
would solve the problem for the considered example if the additional process information of
Py, and P, from assign statements is provided. In general, there are some cases, where such
conditions cannot be statically evaluated. In such cases both of the data places should get
tokens and thereby the switch branch will be chosen non-deterministically.

Operating Guidelines

Another Petri net based approach was proposed in [MRSO05]. In this approach the directly
description of the set of all strategies for the given Petri net (i.e. the behavior of all properly
interacting Petri nets) is constructed. Such description is called operating guideline (OG) and
can be represented as a tree. The nodes in this tree represent the states of the process and
the arcs are labeled with the send and receive messages. Note that the of this tree growth

17
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exponentially in the number of parallel communication activities. For more information on
operating guidelines see [Loh07, MRS05, MWO06]. Using operating guidelines, the discovery
of the communication compatible partner is done as follows. For a given process P with its
operating guideline OGp, the matching requester can be found as follows. For a requester R
its behavior By is computed using the Petri net representation of R. Then if By is isomorphic
to a subtree of OGp, then R is a behavior compatible partner for P.

The operating guidelines approach is based on the Petri net representation and therefore has
the same disadvantages as the WOMBAT.

3.1.2 Model Checking with SPIN

SPIN is a tool for verifying software systems. It accepts programs written in the process meta
language (Promela). For a given Promela programm, a property specified in linear temporal
logic (LTL) can be verified. For more information on model checking and SPIN see [Hol03].

A wide variety of software systems have been expressed in Promela and many interesting
properties can be captured in LTL. In order to exploit SPIN to verify BPEL processes, one has to
translate BPEL into Promela. There are a number of research works in this field, for instance
consider [FBS04a, FBSO5, BSF06].

In order to verify the interacting BPEL processes, each process is equipped with a FIFO queue
to store incoming messages. When a message is sent by a process, it is recorded by a virtual
watcher. The sequence of messages recorded by the watcher is called a conversation. This
conversation can be verified by specifying the corresponding properties in LTL.

Analog to the presented Petri net approaches, the SPIN approach does not contain any notion
of semantic. Furthermore, the data manipulation is very complex in SPIN and requires a lot
of memory space [FBS04b]. Therefore only small value domains can be verified with this
technique.

3.2 Semantical Compatibility

M. Paolucci, T. Kawamura, TR. Payne and K. Sycara have introduced a semantic matchmaking
algorithm in [PKPS02]. It is based on different degrees of semantical compatibility, which are
determined by the minimal distance between concepts in the ontology (see Subsection 2.3.1).
If outR corresponds to the semantic concept of the requester output and outA corresponds
to the semantic Concept of the output of the advertisement, then the matching degrees are
defined as follows:

e exact - If outR=outA or if outR is subclass of outA

e plug-in - If outA is a set that includes outR (outA subsumes outR), or, in other words,
outA could be plugged in place of outR.
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3.2 Semantical Compatibility

e subsumes - If outR subsumes outA, which means that the provider does not completely
fulfill the request.

e fail - Failure occurs when no subsumption relation between advertisement and request is
identified.

By matching of all outputs and inputs of requester and each of the providers and keeping the
track of the matching degrees, the best provider can be found.

The matching algorithm from [PKPS02] requires that all the outputs of the requester are
matched by the outputs of the provider, and all the inputs of the provided are matched by
the inputs of the requester. According to [PKPS02], this criteria guarantees that the matched
service satisfies the needs of the requester, and that the requester provides to the matched
service all the inputs that it needs to operate correctly. In general, it is not the case. Consider
the example introduced in Section 1.2. The above criterion is not satisfied for either of P; and
P, (see Figure 1.1 on page 7). But P, and S are the valid communication partners. As one
can see, the above criterion does not necessary have to be satisfied. An improvement for this
algorithm is presented in Chapter 6.
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Chapter 4

Proposed Approach

The purpose of this work is for a given BPEL process to find a communicational compat-
ible partner. Recall that communicational compatibility means structural, semantical and
behavioral compatibility.

There are two communication models: synchronous and asynchronous. The difference
between them is as follows. In the synchronous model send and receive actions must occur
at the same time, while in the asynchronous model, a receive action can occur at any time
after a send action has occurred. This work considers only the asynchronous communication
model.

To be able to find a communicational compatible partner, all important information about
the partner communication behaviors has to be provided. To answer the question what
information is important for the communication, a BPEL process model is considered.

As mentioned in Section 2.1, the communication behavior of the BPEL process is modeled
through the communication activities. These activities have synchronization dependencies
between them, which are modeled with the BPEL structured activities or through explicit
control links. If an activity A has synchronization dependency on activity B, then A has to wait
until B has been completed before it can be executed. Thus, the synchronization dependencies
between interaction activities are crucial for the communication behavior of the process and
have to be provided by both partners.

On the other hand, the synchronization dependency does not imply the execution dependency.
In other words, if B will be skipped, it does not necessarily mean that A will also be skipped.
And vice versa, if B will be executed, it does not mean that A will be executed. The actual
execution of an activity depends on whether the control flow reaches this activity. A number
of decisions have impact on the control flow. For example the evaluation of the switch branch
condition decides whether this branch will be taken or skipped. Consequently, only the
activities on the chosen branch will be executed. The combination of all decisions which have
impact on the execution of the activity can be considered as the weakest precondition for
activity execution. In this work such a weakest precondition is called the execution condition
(EC) of an activity. The evaluation of execution conditions of the interaction activities
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influences the communication behavior of the process, therefore the ECs of the interaction
activities also have to be provided by both partners.

Furthermore, as discussed in Section 1.2, the information which can be derived from the assign
activities of the process can be important for the communication verification. The knowledge
that can be derived from assign activities is called process context. This information can be
useful and should be provided by partner processes.

In summary: to describe the process communication behavior of a process, the information
about its interaction activities, synchronization dependencies between them, their execution
conditions and the process context have to be provided.

Each process can implement and use an arbitrary number of interfaces. Each interface
description should contain all of the described information except for the process context. The
process context is derived from the assign statements and therefore is the same for all process
interfaces.

Synchronization dependencies, execution conditions and process context can be automatically
derived from a BPEL process model as described in the next chapter. On the other hand, the
process semantics, or more precise the process communication semantics for each interface, is
not explicitly stated in the process model and needs to be added manually. Process communi-
cation protocols and their semantics will then be stored in a repository to enable the discovery
of a semantically and behaviorally compatible partner.

Figure 4.1 shows the first part of this approach, which is the publishing of the process
descriptions.

E— 1. Derive process information -
\ 4 \ 4 ..
] , — | Interface Descriptions
Process Context
A 4 . . . .
Interface Descriptions 2. Annotate interfaces with semantic
Process Context

— T
\ — 3
3. Publish to a repository @

Interface Des{tions

Process Context J
\ /

Figure 4.1: Publishing of the process information
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At first all described information is derived from the BPEL process model for each of the
process interfaces. Note that there are two kinds of interfaces: the interfaces which this
process implements (or the description of how this process can be used), and the interfaces
which this process uses to communicate with the partner processes.

The difference and relation between used and implemented interfaces can be visualized as
shown in Figure 4.2. In this figure the same color corresponds to the compatible semantics and
the matching shape corresponds to the compatible behavior. Process P; has one implemented
interface I, and two used interfaces Uy, , Uzp,

Pl _l_l P2

Implemen
U; Py Uses Ip

1
Uses Implements
L |

I Py Us Py UsesI ljpg

Implements
I Ip3

Figure 4.2: Relation between used and implemented interfaces

(72]

The interface Uy, has a semantically compatible implemented interface Ip,, but they have
incompatible communication protocols (the shapes do not match), whereas Ip, is both seman-
tically and behavioral compatible to Us,, .

Publishing refers primarily to the implemented interfaces (although the publishing of the used
interfaces can be useful for the automatic service composition, see Section 9.2).

After interface information for each of the process interfaces has been derived, the interface
functional semantics and the semantics of the exchange data have to be added to the interface
descriptions. Then this information is published to the repository. As the repository, an
ontology is used (see Section 6.2). That means that the process information is stored as RDF
triples and hence forms the Knowledge Base (see Section 2.3.2). If a process is published,
then the RDF statements which describe this process information are added to the Knowledge
Base.

Figure 4.3 shows the second part of this approach, which is the discovery of the communication
compatible partner. Given an interface description and interface semantics of a required
interface, all semantic compatible implemented interfaces are found first (see Chapter 6). After
that, each pair of possible behavior compatible interfaces is transformed into the corresponding
logical representation (see Chapter 7.3).The logical representation of partner interfaces
together with the contexts of the corresponding processes is called the matching context of
these interfaces. In this context the satisfiability and the validity of the communication goals
can be verified. If it is valid, then both of the processes will always reach their goals. How it
can be done and how the goals can be specified, is discussed in Chapter 7.
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Semantic

Partner Interface
Description
Process Context

1. Find semantically compatible partner
[ >

2. Semantically
compatible partner

Implemented Interface J

3. Logical

representation Process Context

4. Verify / 3. Logical representation

Matching
Context

Figure 4.3: Partner service discovery. Here the partner interface description is the description
of the used interface of the requester.
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Chapter 5

Deriving BPEL Communication
Semantic

This chapter describes how the communication important information can be derived from the
BPEL process model. Section 5.1 discusses the derivation of the synchronization dependencies
between activities; Section 5.2 defines and extracts the execution condition for each activity;
Section 5.3 shows how the process context can be obtained.

5.1 Deriving Synchronization Dependency

To derive the synchronization dependencies, the semantic behind BPEL structured activities
has to be examined. To explain the synchronization semantic of each structured activity, the
following activity states are used:

e initialized - an activity has been created

e ready - all activities, which the current activity has synchronization dependency on, have
been completed

e skippingStarted - the execution condition of the activity evaluates to false
e executionStarted - the execution condition of the activity evaluates to true
e skipped - all children of this activity have been skipped

e executed - all children of this activity have been completed. Note that the children can be
either executed or skipped.

e completed - the activity was either executed or skipped.

The corresponding state diagram is shown in Figure 5.1.
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5 Deriving BPEL Communication Semantic

children skipped

skippingStarted

children completed

dependencies completed

initialized

Figure 5.1: Activity state diagram for intra-process dependencies

5.1.1 General Rules

Each non-structured activity has no children, thus the states skippingStarted and skipped, as
well as executionStarted and executed can be merged. In other words, the following rules apply
for any non-structured activity A:

A.skippingStarted = A.skipped

A.executionStarted = A.executed
A.executed V A.skipped = A.completed

The correctness of the second rule needs to be explained for the receive activity. In general,
the receive activity cannot be immediately executed but has to wait until the corresponding
message has been sent. It can also be considered as the synchronization dependency of
the receive activity on the corresponding sending activity. Such dependency represents an
inter-process dependency and will be discussed later. At this point only the intra-process
dependencies are of interest and that is why the second rule can also be applied for the receive
activities.

The following rules model the data dependency and apply for each BPEL activity A:
A.ready N EC(A) = true = A.executionStarted

A.ready N EC(A) = false = A.skippingStarted
Here EC(A) denotes the execution condition of A.

Each structured activity S is completed as soon as all of its children activities Ay, ..., A, have
been completed. This is described with the following rules:

S.executionStarted AVi € [1,n] : Aj.completed = S.executed

S.skippingStarted AVi € [1,n] : A;.skipped = S.skipped
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5.1 Deriving Synchronization Dependency

5.1.2 Sequence

Ordinary sequential control flow between activities is provided by the sequence activity. At
this point it is assumed that no links exist, which cross the boundary of the sequence construct.
All children of this activity are serially executed. The first activity in a sequence is ready
to execute as soon as the incoming control flow reaches the sequence construct. The other
activities have to wait until its direct predecessor completes. As soon as the last activity in the
sequence completes, the whole sequence completes.

That means that to model the sequence S of activities A1, Ao, ..., A, the following rules should
be added to the above rules:
S.ready = Aj.ready

Vi € [2,n] : A;_1.completed = A;.ready
S.skippingStarted = Vi € [1,n] : A;.skippingStarted

As one can see, an activity in a sequence depends only on its direct predecessor. Such a
predecessor will be termed sequence predecessor of an activity. The first activity in the sequence
does not have any sequence predecessor and depends only on synchronization dependencies
of its parent.

5.1.3 Switch

The switch activity can have an arbitrary number of ordered conditional branches as well
as an optional otherwise branch. Each conditional branch contains a case-condition and an
activity to execute when the corresponding condition evaluates to true, As soon as the control
flow reaches the switch activity, the case-conditions will be evaluated in a predefined order.
The first branch with a satisfied condition gains the control. If no condition evaluates to true
and if no otherwise branch exists, then the switch activity completes immediately.

To model this synchronization dependency for the switch S with branches By, ..., B,, the
following rule is used in addition to the general rules:

S.ready = Vi € [1,n] : B;.ready

S.skippingStarted = Vi € [1,n] : B;.skippingStarted

Each branch in the switch activity has synchronization dependency only on the dependencies
of the switch activity itself. That means that as soon as the switch activity gains the control,
all of its direct children (switch branches) are ready to execute. In other words, each
children activity of the switch construct has synchronization dependency only on its parent
synchronization dependencies. The evaluation of the branch conditions decides which of the
branches will actually be executed (this is where the process context plays its role).
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5.1.4 Flow

Concurrency and additional synchronization between activities is provided by the flow con-
struct. Each activity in a flow can have an arbitrary number (including zero) of incoming and
outgoing links. Each link has exactly one source and one target activity and expresses the
synchronization dependency between them. Thus, if a link has the source A and the target B,
then B has to wait until A has completed. Each activity in a flow can be skipped if its join
condition evaluates to false. The more exact semantic of the link and join condition will be
discussed in the next chapter. At this point only the synchronization dependencies between
activities are of interest.

Such dependencies can be expressed with the following rules:
Let

F be a flow with activities Ay, ..., 4,,

A;.targets denote the set of all incoming links of the activity A;,
L.source denote the source activity of the link L,

then the following rules model the flow synchronization semantic
F.executionStarted = Vi € [1,n] : (Aj.targets = ) = A;.ready)

F.executionStarted AYi € [1,n] :
(Aj.targets = {L, ..., Ly} NVj € [1,k] : Lj.source.completed = A;.ready)
F.skippingStarted AYi € [1,n] :
(Aj.targets = {L1, ..., Ly} AVj € [1,k] : Lj.source.completed = A;.skippingStarted)

The first rule says that as soon as the parent f1low activity gains the control, all of its children
without incoming links (i.e. those having a no join condition) are started.

The second rule says that as soon as all activities, which are sources of the incoming links,
have completed, the activity is ready to execute. The actual execution of the activity depends
on its join condition.

The third rule says that if the parent flow is skipped, all its children activities will also be
skipped, but before they have to wait for all activities they have dependencies on. This rule
is essential for the boundary-crossing links as shown in Figure 5.2. If the join condition of
activity flow evaluates to false, it will be skipped. Furthermore the activity C' will also be
skipped but only after the activity B has finished its execution. After that the activity D is
ready to execute and its join condition will be evaluated.

In summary: each activity in the f1low with at least one incoming link has a synchronization
dependency on the source of each incoming link. In addition, each activity in the f1ow depends
on its parent. That means it is not ready to start until its parent has started and all source
activities of the incoming links have completed.
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Figure 5.2: Boundary-crossing link

5.1.5 Pick

Nondeterministic choice based on external events is provided by the pick activity. The pick
activity contains a set of branches, with each containing an event-activity pair. The events can
be of two types: the onMessage event waits for a specified message to arrive and onAlarm is a
timer event. Each pick activity must include at least one onMessage event.

Pick waits for the first event to arrive and passes the control to the activity defined for this
event.

Let P be the pick activity and Ey, ..., E, be the pick events with the corresponding Ay, ..., A,
activities. An activity will be executed only if the corresponding event is fired, otherwise it
will be skipped. The following rule in addition to the general rules complete the modeling of
synchronization dependencies:

Pready = Vi € [1,n] : Aj.ready

Vi € [1,n] : E;.fired = A;.executionStarted
Vi € [1,n] : —E;. fired = A;.skippingStarted
P.skippingStarted = Vi € [1,n] : A;.skippingStarted

The decision about which one of the events will be fired is modeled through the execution
conditions of the event activities and will be discussed in Section 5.2.2

The event activities in the pick have synchronization dependencies on the pick itself and, in
case it is an onMessage event, on the partner activity which sends the corresponding message.
The latter case describes an inter-process dependency and will be discussed in Chapter 7.3.
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5.1.6 Loop Problems

So far for all activities the following properties are satisfied:

e The state of an activity cannot go back in time. That means, if at some point the state of
an activity is set to executed, then it cannot become ready or executionStarted again. This
can also be seen in the state diagram, which contains no cycles.

e The synchronization dependencies do not contain any cyclic dependencies. That means,
if an activity A has synchronization dependency on the activity B, then B cannot have
synchronization dependency on A.

Both properties are violated for any of the BPEL loop constructs.

To resolve the dependency cycles for the loop construct, the loop can be unfolded for several
initial iterations. That means that the loop body is repeated a limited, predefined number of
times and hence can be represented as the sequence of the loop bodies. The problem with this
approach is that the limit has to be set for the number of created loop body instances, which
should correspond to the maximum number of the loop iterations. In general, it cannot be
guaranteed that the actual number of loop executions will not exceed the set limit.

Because of the described issues, the BPEL loop constructs while, repeatUntil and forEach
are not considered further in this work.

Note that if no communication between partners in a loop occurs, the only problem the while
construct introduces is the loop termination, or in other words if the loop condition will
eventually evaluate to false. Again, this property may depend on the communication data. But
in this case the exit from the loop can be assured during process modeling by checking the
communication data. This is possible because no communication happens in the loop body, so
all relevant data is known and can be checked before the first loop entry. Again, the problems
can occur if the loop condition uses a variable which can be written by parallel activities
having concurrent access. This topic is too complex and will not be discussed in this work.

If a loop contains at least one communication activity, say a receive activity, the partner process
would have to execute the matching activity, in this case send activity, at least as many times
(or exactly as many times) as the loop with the receive activity. For the purposes of this work
it is assumed that if one of the given processes has a loop, then the loop body contains no
communication activities and the exit condition is statically verified.

5.1.7 Elimination of Non-Communication Activities

So far each BPEL structured activity was considered separately. In general, each of the
structured activities can have any other structured activity as a child. Thus all possible
synchronization dependencies should be considered for each activity. There are three of
them:

e Dependency on the activity sequence predecessor
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e Dependency on the activity parent
e Dependency on the incoming links targets

The primary goal of this work is to decide if two partners can communicate with each other in
a compatible way. The important information for this goal is the communication activities and
dependencies between them. That means that other activities can be eliminated as long as the
synchronization dependencies between interaction activities are preserved.

Before removing the non-communication activities, the dependencies of communication
activities should first be reduced to the dependencies on other communication activities.
Consider the example process in Figure 5.3. First, all synchronization dependencies will be

[
2@ 4o
T| Flow;
@ Swiitch
= &l4q
Case Case
@Az
®] A1 @42 ~
B9 ) Flowsy

& Ag =8, -

Figure 5.3: Process example for demonstrating the synchronization dependencies between
activities

derived as described in the previous chapter. After that the activites have the synchronization

dependencies as shown in table 5.1.7. Note that activity A5 has synchronization dependency
on By, Bs and Ag, where B4 and B3 are non-communication activities.
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Activity Sequence Predecessor Parent Incoming Links Sources

AO - - -

Aq - Switch -

Ao - Switch -

A3 - Flow1 -

A4 - Fl0w1 -

A5 - Flow1 Bg, B4, A6
Ag - Flowy, -

A7 - Flowy -

Ag Al Switch -

Ag FlO'LUl - -

B As Switch -

By - Flow, As

Bg - Flow1 BQ, A3
By - Flowy  Switch
Switch - Flow; -
Flowsy - Flow; -
Flow; Ap - -

To reduce all dependencies to the dependencies on communication activities only, the algo-
rithm 5.1 is used.

To eliminate the dependencies on any non-communication activity for each activity A, each
dependency branch is traversed until a communication activity defined for the same partner
as A is found. Each activity has one dependency branch which starts with its sequence
predecessor, one dependency branch which starts with its parent and an arbitrary number of
dependency branches which start with the source activities of the incoming links.

Each of the dependency branches is traversed back untill either a communication activity for
the same partner is found or the root activity of the process is reached.

If a structured activity is found in a dependency branch, it has to be resolved. Because a
structured activity completes when all of its children complete, any activity which depends
on the structured activity, also depends on its children. Consider the switch activity from
Figure 5.3. The activity A5 depends on activity By, which is not a communication activity,
so this branch will be traversed further and the switch activity will be found. Although the
switch activity is not a communication activity itself, it contains communication activities
A1, Ay and Ag. These activities will be added to the Dependencies list of activity A; with the
ResolveParentContent procedure. The ResolveParentContent procedure extracts all children
of the given structured activity (also the ones, nested in other children structured activities),
which are the communication activities for the same partner.

After this algorithm runs through all activities in the above example, the communication
activities are organized into a Dependencies list as shown in the table 5.1.7 (second column).
Note that only communication activities are left.
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Algorithm 5.1 Reduce Dependencies to the Dependencies on Communication Activities

procedure REDUCEDEPENDENCIES (Activity activity, boolean resolvePartner)
// if the root is reached
if activity == null then
return
end if
// if a communication activity for the same partner is found
if (activity is CommunicationActivity) A(activity.partner = currentPartner) then
Dependencies := Dependencies U{ activity }
return
end if
// traverse incoming links
for all Link from Activity.incomingLinks do
REDUCEDEPENDENCIES (Link.Source, true)
end for
// if the activity is a structured activity, it has to wait for all children communication
activities to complete
if resolveParent then
RESOLVEPARENTCONTENT (activity)
end if
// add parent dependencies
REDUCEDEPENDENCIES (activity.parent, false)
// add sequence predecessor dependencies
REDUCEDEPENDENCIES (activity.SequencePredecessor, true)
end procedure

Activity Communication Dependencies Direct Communication Dependencies

Ay 0 0

Ay Ap Ao

Ao A A

A3 Ag Ao

Ay Ao Ao

As Ag, Ay, Az, Az, Ay, Ag, A Ay, Az, Ay, Ag, Ag
Ag Ag Ao

A7 Ao A

Ag Ay Ay

Ay Ag, A1, A, Az, Ay, As, Ag, A7, As - As, Ag

The found dependencies set of activity A5 is a superset of the direct dependencies set, which is
{As, A3, Ay, Ag, Ag}. The direct dependencies set can be extracted with the algorithm 5.2:
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Algorithm 5.2 Optimize Dependencies

procedure OPTIMIZEDEPENDENCIES (Activity)
DirectDependencies = Activity.Dependencies;
for all A; from Activity.Dependencies do
for all A; from A;.Dependencies do
if A; € DirectDependencies then
DirectDependencies = DirectDependencies \{A4;}
end if
end for
end for
end procedure

At the end each activity has the corresponding set of direct synchronization dependencies. The
synchronization dependencies of the above process can be graphically represented as shown
in Figure 5.4.

# Ao
& A1 & Ao & Az & Aq é Ag & A7
& As

9 As

& Ag

Figure 5.4: Reduced dependencies

Chapter 7 describes how these dependencies can be modeled through the logical assertions and
how the modeled assertions can be used for the communication verification. The next section
considers the execution condition for each activity and discusses how it can be extracted from
the process model.

5.2 Extracting Execution Condition

Synchronization dependencies assure that an activity will not gain the control before all of its
synchronization-predecessors have completed and the parent activity has started. However,
if an activity gets control, it does not necessarily mean, that it will be executed. Besides
synchronization dependencies, the execution of each activity depends on the current data
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values and thus has data dependencies. This section will discuss what this means and how such
data dependencies can be used to check if two processes have compatible communication
scenarios.

Reconsider the example introduced in Section 1.2. The activity GetAdditionalln fo will
be executed iff (« > 10). That means that (¢ > 10) is the execution condition of the
Get AdditionalIn fo activity. Certainly this is a very simple example to demonstrate the idea.
In general, to derive the execution condition (EC) of an activity, the structure of the BPEL
process will be traversed to accumulate data dependent control flow decisions from switch
activities, link transition conditions and join conditions.

5.2.1 Parent Influence

If a structured activity is skipped, then all of its children are also skipped. An activity will
only be skipped if its Execution Condition evaluates to false. That means if the execution
condition of a structured activity is added to the execution conditions of its children, then the
skip-semantic will be implicitly modeled through execution conditions.

Consider parent P with the Execution Condition C' and children Ay, ..., A,, with the Execution
Conditions C1, ..., C), respectively. Then the parent activity can be removed and the execution
conditions of each child becomes C; A C,Vi € [1,n].

5.2.2 Switch

A switch activity contains multiple cases, including an optional otherwise case. Each case
has its own condition (the otherwise case does not have an explicit condition but it can be
constructed as a negation of the disjunction of the other case conditions). The semantic of the
switch construct in BPEL is as follows:

1. The case-conditions are evaluated from the left to the right

2. The first branch with the condition which evaluates to true is taken

3. If no condition evaluates to ¢true and no otherwise branch exists, the switch activity
immediately completes.

To reflect this semantic, the EC for each branch within the switch is modeled as follows:

Consider a switch with n conditional branches and an Otherwise-branch. Each conditional
branch has its corresponding condition Ci, ...,C,,. Then the execution condition for each
branch can be defined as:

Vi € [1,77,] : EC(brcmchi) ==C1AN..N=Ci_1 NC;

EC (otherwise) = ~C1 A ... N =Cy,
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This way it cannot happen that the execution condition of the branch j evaluates to true
although a branch i exists with ¢ < j and EC(branch;) = true, which corresponds to the
described switch semantic.

5.2.3 Flow

The activities in a f1ow can be synchronized with the links. Each link has an explicit or implicit
transition condition, which is only evaluated if the source activity was successfully executed.
The explicit transition condition can be an arbitrary XPath expression of return type Boolean.
If the transition condition was not defined, the link gets an implicit transition condition true.
Each link has its status which can be one of the unknown, negative or positive. A link status can
become positive only if its source activity was successfully executed and its transition condition
evaluates to true. If the source activity was not executed (its join condition evaluated to false),
then the link status becomes negative without evaluating its transition condition. This is called
dead path elimination (DPE). BPEL supports the DPE if the parameter suppressJoinFailure is
set to yes. Otherwise, an exception will be thrown if the join condition of an activity evaluates
to false. Note that if neither DPE would take place, nor exception would be thrown, the link
status would not be evaluated at all and the link target activity would wait forever. For more
information on DPE see [OAS07, BKO5].

This work considers only the case when the BPEL process parameter suppressJoinFailure is
set to yes, which activates the dead path elimination. If the source activity was successfully
executed but the transition condition of the link evaluates to false, the link status also becomes
negative.

Each activity in a f1low has an explicit or implicit join condition. An explicit join condition is a
Boolean function of statuses of the incoming links. An implicit join condition is a disjunction
of all incoming link statuses. Note, that all incoming link statuses have to be known before the
join condition of the activity can be evaluated.

The execution condition for an activity in a flow can be extracted as follows:

Let

1. A be an activity with L, ..., L,, incoming links (or in other words A is the target of
le EEE) Ln)

. JC(A) denote the join condition of the A

. L;.tc denote the transition condition of the link L;, Vi € [1, n]
. L;.source denote the source activity of the link L;, Vi € [1, n]
. S(L;) denote the status of the link L;, Vi € [1,n]

. F(...) denote an arbitrary Boolean function of the given parameters

N O o A WN

. A.parent denote the parent activity of the activity A.
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Then the execution condition (EC) of each activity can be recursively constructed as follows:
EC(A) = EC(A.parent) N LC(A)

JC(A) = F(S(L1),...,S(Ly))
Vi e [1,n]: S(L;) = Li.tc N EC(L;.source)

Note that the status of the link becomes negative if the EC of its source evaluates to false
which corresponds to the DPE semantic.

5.2.4 Pick

The pick activity waits for the first event to occur and executes the activity associated with
this event. The following race conditions may occur:

1. If at least one onAlarm event exists (and at least one onMessage event per definition),
it cannot be determined in general which of this events will happen first. But the
pick activity will definitely complete after some time. The partner should be able to
communicate when either a timeout event is fired if a message received.

2. If more than one onMessage event is defined for different messages from the same partner
and the partner produces more than one of these messages, it cannot be predicted which
of the messages will arrive first. In this case all possibilities should be considered.

3. If the pick activity has at least two onMessage events defined for different partners,
in general it is not possible to verify the communication without any information
about the third party. Such a problem can only be solved by considering more than
two communicating partners (multi-partner interaction, see Section 9.2) and is not
considered in this work.

To express all described possibilities, each of the events gets a Boolean attribute fired.
Assuming that this attribute can only be set to true iff the corresponding event is fired, the
execution condition of each event activity can be expressed as follows:

Vi € [1,n] : EC(4;) = EC(P) A E;.fired

Section 7.3.2 describes how the relation between fired attributes of all pick events can be
modeled to reflect the pick semantic.

5.2.5 Exit

The execution of an exit activity forces the process to terminate. In particular, that means
that no messages can be sent or received after the exit activity has been executed. Recall that
an activity can only be executed if its execution condition evaluates to ¢rue and all activities
from the synchronization dependencies have been completed.
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5 Deriving BPEL Communication Semantic

Let E be an exit activity and Ay, ..., A, the activities, which have synchronization dependency
on E. Let ECy(A;) denote the execution condition of A4;,Vi € [1,n], which was derived as
described above (without considering any exit activities). If the control flow reaches A;
(4;.ready = true), this in particular means that F is completed. The evaluation of EC(E)
decides if E is executed or skipped. A; should only be executed if £ was skipped, which is
modeled as follows:

Apart from the activities which are synchronized on FE, the execution of the parallel activities,
which are executed in parallel to F, can be influenced. Let By, ..., Br be such activities.
Because the execution order of parallel activities is non-deterministic, the execution conditions
of Bi, ..., By, should be modeled as follows:

This assertion expresses the non-determinisms: if (EC(B;) = ECy(B;)) is satisfied, then B;
is executed (or skipped) before Eand so is independent from FE, if (EC(B;) = ECy(B;) A
-~FEC(F)) is satisfied, then the execution of B; depends on the execution of E.

5.2.6 Exclusive Execution

If the EC of an activity A and the EC of an activity B are known, then it can be analyzed if both
of them can be executed. For this purpose both Execution Conditions should be joined with an
AND operator and the result should be verified. If the constructed formula is unsatisfiable, then
the activities A and B will never be executed both.

For example consider the servise S from figure 1.1 on page 7 EC(GetAdditionallnfo) =
(a > 10) and EC(MakeDecision) = (a < 10). The conjunction of both execution conditions
is (a > 10) A (a < 10) , which is always false. Knowing this is enough to state that only one of
these activities can be executed.

5.3 Deriving Process Context

Let take another look at the example from Section 1.2. So far the execution condition for
each activity was derived, so now the process S can publish its inputs and outputs with
the corresponding execution conditions. But the process context of the processes P; and
P, was not extracted yet. As a reminder: process context is the knowledge about process
variables which can be extracted from the assign statements. Such knowledge can enhance
the evaluation of the activities execution conditions, as the example from Section 1.2 shows.

To be able to evaluate an execution condition, it should be known which values the contained
variables can take to the time point of the evaluation. Because there can be more than one
assignment to each variable, it is not enough to just extract all assignments. Each use of the
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variable should contain the set of all possible writers to this variable to the time point of its
use. To be able to do this, data flow analysis of the process model is required.

There are some research works considering data flow analysis for the BPEL, for instance
see [God06, KKLO7]. But these works do not take the execution conditions of the assign
activities into account. Therefore only a superset of the actual possible writers can be defined
with their techniques. This work introduces a new technique for the data flow analysis of
a BPEL process, which not only defines all possible writers, but also defines the priorities
for these writers. In combination with the execution conditions of the assign activities, the
exact writer (or in case of parallel execution and therefore introduced non-determinism,
a set of writers) can be determined. To explain this technique, the CSSA representation
(Section 2.2, [God06]) of a BPEL process with its disadvantages is considered.

Although the CSSA representation defines all possible writers for each variable use (see
Section 2.2), the semantic of 7- and ¢-functions is not defined precise enough. It just states
that one of the arguments of these functions will be used as the value for the current variable,
but it does not define any rules for the actual choice. In general, the choice depends on the
execution conditions of the assign activities. For example consider a switch construct with two
branches shown in Figure 5.5a

Al sz = 1

Cq —C1 N Co
\i)S'A'ith

A2 Hag = 2 -C1 —Cy A3 Sxg = 3
C1 c2
= =2 = x:=3
= zy = ¢(x1, 2, T3)
= y:=x+1
A4 =y = x4 + 1
(a) (b)

Figure 5.5: Switch construct (a) and its representation in CSSA form (b)

The corresponding CSSA representation is shown in Figure 5.5a (the execution conditions of
the activities are not the part of the CSSA form and are added to help to understand the data
flow). A4 reads the variable x4, which is modeled as a ¢-function. The actual semantic behind
this ¢-function is the following:

1. If Cq evaluates to true, then the value of x5 should be used for z4.

2. If C evaluates to false and C5 evaluates to true, then the value of z3 should be used for
Zq.

3. If both branch conditions evaluate to false, then the value of z; is valid for z4.
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5 Deriving BPEL Communication Semantic

The CSSA form determines all possible writers for each variable use, but it does not consider
the execution conditions of the assign activities, so that the derived set is in reality a superset
of actual possible writers. This work presents a technique for modeling data dependencies
with respect to the corresponding execution conditions. Furthermore, because the execution
conditions of the activities implicitly contain the information about possible parallel execution,
there is no need to distinguish between 7- and ¢-functions. Therefore all merge points of
the control flow are modeled through the same function, which is called ¢-function (see
Section 7.3.5). To demonstrate the correctness of this statement, all kinds of executions are
considered first.

There are three kinds of execution: sequential, exclusive and parallel. The corresponding
constructs in BPEL are sequence, switch or pick, and flow(in case the activities are not
synchronized with the links).

According to the CSSA representation, each occurrence of the variable on the left side of an
assignment gets an unique index. All variables with the same name but different indexes are
treated as different variables, which corresponds to the “single assignment” property of the
CSSA form. If the indexed variables x; ...z, refer to the same variable z, then they said to have
the same plain variable x.

5.3.1 Sequence

An example of the sequential execution is shown in Figure 5.6a. Figure 5.6b shows the same
sequence with the indexed variables, which is already the CSSA form for a normal sequential
execution (without boundary-crossing links).

In general, the sequence can be a child activity in a flow and therefore each activity inside
the sequence can have incoming links and define the join condition. That means that each
single activity in a sequence can be skipped. Figure 5.6¢ shows the corresponding CSSA
representation. Here the value of x; is visible to activity As if A is skipped.

Al =z1 = 1

Aq Bz:=1 Aq Sz =1
l l As —zg =z +1
AQ :w::w-l—l A2 :x:g::z:1+1
A3 :y::m—i—l A3 =1 = x99 + 1

Azl =y1 =20 + 1

(a) (b) (©

Figure 5.6: Assignments in a sequence (a) and the corresponding CSSA representa-
tions (b) and (c)
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The semantic of the inserted ¢-function is the following:
EC(%‘Q) = ¢($1, .TQ) = X9

—\EC(l'Q) = (25(1'1,.%'2) =2

To be able to model this semantic, the rewrites dependencies between variables (or the
corresponding writing activities) have to be known. Let RWW,, be the set of all indexed
variables, which the activity A; rewrites. That means, that if v; € RW},,, then A; writes to the
variable, which has the same plain variable as v;, and A; is executed after the activity which
writes to vj. Thus if, A; is executed, then all variables from RW,, are not valid anymore. For
this example the Rewrites sets are the following: RWy4, = 0, RWa, = {z1}, RWy, = 0.

5.3.2 Switch

Without loss of generality a switch with two branches is examined. Consider the switch
activity S from Figure 5.5 on page 39. As described above, there are three possible scenarios,
which can be expressed with the following rules:

1. EC(AQ) = gb(xl,xg,xg) =r9o=>yr=x9+1=3
2. EC(A3) = ¢(x1,29,23) =23 =>y1 =ax3+1=14
3. _\EC(AQ) A ﬂEC(A;),) = ¢(x1,x2,x3) =xr1=>y1=x1+1=2

Note that the value of the variable x; will only reach A, iff both case conditions evaluate to
false. To be able to model that behavior, apart from R4, sets for each activity, the information
about concurrent activities is needed. Let P4, be the set of all activities, which do not have
any synchronization dependencies with A; and so may be executed in parallel with A;. In this
case Py, = {A3} and Py, = {A2}.

Note that these activities will actually never be executed both due to the switch semantic.
This property is implicitly modeled with the exclusive execution conditions of As and As. In
general, each flow construct can simulate any switch activity by defining the corresponding
transition conditions on the links. That means that even if the flow is defined as a parallel
construct, this does not necessary mean that the activities in the f1ow will actually be executed
in parallel. Therefore there is no need to distinguish between switch and flow constructs if
the execution conditions of their child activities are provided.

5.3.3 Flow

The activities in a f1low can be executed in parallel if they are not synchronized with a link
(and do not have the exclusive execution conditions). Because of the concurrent access to the
same variables, partial non-determinism is introduced in this case. In particular concurrent
assignments with read-write access to the same variable are of interest.

During parallel execution of assign activities, the following race conditions can occur:
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5 Deriving BPEL Communication Semantic

1. If two parallel assigns write to the same variable (concurrent write access), then the
end result can be either the value of the first or of the second assign.

2. If two parallel assigns A; and As read from and write to the same variable (concur-
rent read-write access), then the end value can more than two possible values (see
Figure 5.7a)

L | ParallelActivities

L Ag

ey = e + 3L
| =

zg = ¢(x1, x4, 25)

Ay =1 =2+ 1

@ (b)

Figure 5.7: Parallel assignments (a) and the corresponding CSSA representation (b)

As an example consider the activities depicted in Figure 5.7a. There are four execution
scenarios for these activities, which are:

1. As.read = As.write = Asz.read = As.write results in z = 12
2. As.read = Az.write = As.read = As.write results in x = 6

3. As.read = Asz.read = As.write = Asz.write results in x = 3
4.

As.read = As.read = As.write = Ag.write results in x = 4

To express the concurrent access to the variables, the w-function is used in CSSA representation.
The arguments of the 7-function are all of the possible concurrent assignments to the used
variable. For the above example two m-nodes are added to the CSSA representation to model
the concurrency of A, and As (see Figure 5.7b).

To be able to detect the race conditions between assigns, the set of read and written variables
of each activity is needed. Without loss of generality assume that each assign activity writes to
only one variable (otherwise split the assignment and create a new artificial activity for each
variable). Let W4, denote the indexed variable, which is written in A4;. Let VV° denote the set
of all plain variables of the process and V® be the set of all indexed variables of the process.
Let v7 denote the plain variable of the indexed variable v;. Then R}, = {v € V° | A; reads v}
denotes the set of all plain variables, which are read in A;. For the above example Wy, =
xa, g =x,R°4, = {x} and Wy, = 5,28 =z, R4, = {z}.

Knowing that, the read-write race condition between these activities can be determined (see
Section 7.3.5).
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The next section discusses how the described sets can be derived from the given process model
and Section 7.3.5 shows how this information can be used to model the process context with
the ¢-functions.

5.3.4 Deriving Data Dependency

The algorithm for deriving the synchronization dependencies between interaction activities
introduced in Subsection 5.1.7 can also be used to derive the synchronization dependencies
between assign activities. Assume that such dependencies were obtained. They contain only
direct dependencies between activities. To be able to define the Rewrite set RW 4, for each
assign activity A;, all synchronization dependencies between activities are needed. They are
obtained as follows.

For assign activities A;...A,, let N = {A;..A,,} denote the set of corresponding nodes,
E = {(u,v) | u,v € N} denote the set of directed edges. Then G = (N, E) defines the
dependency graph for activities A;...A,, iff F satisfies the following property: (u,v) € E < v
has synchronization dependency on w.

Let G* = (N, E*) be the transitive closure of G. Then A; has the transitive synchronization
dependency on A; iff (A;, A;) € E*\E.
For each activity A; the following sets are defined:

e The DirectDependency set D4, = {A; | (4;, A;) € E} contains all activities, on which A4;
has a direct synchronization dependency.

e The AllDependency set D7y = {A; | (4;,A;) € E*}, which means that 4; is executed
after Aj,VA; € D},

e The Reads set R}, = {v | v € V°, A; reads v} contains all plain variables used on the
right side of the assign activity A;.

e The Rewrites set RW 4, = {x; | Wa, rewrites x;}. If the variable W, was written, any
variable from RW,, becomes invisible. Alternatively the Rewrites set can be defined
as RWy, = {z; | 34y € D}, : (Wa, = zj Azj = W} )}, which means it contains all
indexed variables which have the same plain variable as W4, and which are always
written before Wy,.

e The RewrittenBy set RW 4, = {Wa, | Wa, € RWa,}

o The Parallel set Pa, = {A; | A; ¢ D} A A; ¢ D7 }. Contains all activities which do not
have any synchronization dependencies with A;.

How these sets can be derived from the BPEL process model is explained on the example
depicted in Figure 5.8.

To derive the process context information from the assign activities depicted in Figure 5.8,
each variable on the left side gets an identical index first. The variables on the right side
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T | Parallelactivities

A4 = xi=x+3 A5 = xi=x*10

o
A6 = yi=x+1

Figure 5.8: A part of the process with the assign activities partially synchronized through the
links

(the used variables) remain the plain variables. After this the activities have the following
write-variables:

Wa, =21, Wa, =22, Wa, =23, Wa, =24, Wa, =5, Was =11

Then the algorithm for deriving the synchronization dependency from Subsection 5.1.7 for
assign activities instead of for interaction activities is used to derive the direct synchronization
dependencies between assign activities.

1. The DirectDependency set D4, = {A; | (A;, A;) € E} contains all dependencies, which
were derived with this algorithm for activity A;.

Then the dependency graph is constructed and its transitive closure is computed. Figure 5.9
shows the transitive closure G* of the dependency graph G. The black edges denote the
common edges of G* and G, (or the edges from E* N E) and the red edges are the transitive
edges and therefore belong to E*\ E.

Now all of the defined sets can be derived from this graph as follows:

1. The AllDependency sets D% = {A; | (A, A;) € E*} can be derived as follows. For each
activity A; traverse all incoming arcs in G* and add the source of the arc to the Dy,,. For
above example the activities have the following AllDependency sets:

Dzl ZQ?DZQ ZQ’DZ3 :wﬂ

D;k44 == {AlvAQ}aDz5 — {A27A3}7Dj<46 - {A17A27A37A47A5}
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Ay =—wy :=zg + 3 As | =25 := a7 * 10

A S st

Figure 5.9: The nodes with the black edges form the dependency graph G, the nodes with all

edges form G*

. The Reads sets Ry, = {v | v € V°, A; reads v} include all plain variables used on the
right side of the corresponding assignment. For this example the activities have the
following Reads sets:

R?41 = ®’ R1042 = ®’ R?43 = @7 ROA4 = {ﬂj}, R?45 = {ZE}, R?46 = {I’}

. The Rewrites sets RWy, = {z; | 34 € D}, : (Wa, = z; Az = W3 )} are constructed
as follows. Assume the activity A; writes to the plain variable x. Then it rewrites all old
values of x, thus all values which were assigned by activities, A; has direct or transitive
synchronization dependency on. For instance the activity A4 rewrites the variables x4, x5.
For this example the Rewrites sets are the following:

RWA1 = ijWAQ = ®7RWA3 = ®7RWA4 - {xlva}aRWAg) — {x2ax3}7RWAi == @

. The RewrittenBy sets RW 4, = {Wa, | Wa, € RWy4,} can be easily constructed if all
Rewrites sets are known. In this case they are:

RW 4, ={x4}, RW 4, = {xg, 25}, RW 2, = {25} RW 4, =0, RW 4, =0, RW 4, = 0

. The Parallel sets Py, = {4; | A; ¢ D} N A; ¢ D}, } are constructed using the derived
AllDependency sets and are the following for this example:

Pa, = {A2, A3, A5}, Pa, = {A1, Az}, Pag, = {A1, Az, A4},

Py, = {As, A5}, Pa, = {A1, As}, Pag, =10

Note that if the above sets are known, then to obtain the CSSA representation, the ¢- and
m-nodes can be added to G* as follows. For each plain variable used in assignment A; (thus, it
occurs on the right side), two sets are defined:
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Yo € Ry, : ®ya, ={Wa, | Aj € D), ANW3, = v}
HU,Ai = {WA]' | Aj S PU,Ai N WZZ‘ = ’U}

The II,, 4, set contains all variables, which can be read in A; as the value of v, and which are
written in parallel. If this set is non-empty, then a concurrency is provided and therefore a
m-node should be inserted and the value of the w-function should be used as v. Otherwise the
¢-function is used:

Hv,Ai =0=v= (b((I)U,Ai)
I, 4, #0 = v=m(Py 4, UL, 4,)
After this rules are applied to the above example and the corresponding - and ¢-nodes are

added to G*, the resulting graph looks like shown in Figure 5.10.

A =2z =1 Ao §m2::2 Az Sy =

EC(As)

As) !

As)
As

—~EC(Ay) —~EC(A5)

A4 :m4 = xg + 3

— = 1
TE z7 * 10

AG :yl = xg + 1

Figure 5.10: CSSA representation of the activities from Figure 5.8

The red arcs are the transitive arcs and show the data flow in case an activity is skipped.

The purpose of this work is not to obtain a CSSA form of a BPEL process model, but to model
its process context. How it can be done using the derived sets is discussed in Section 7.3.5.

5.3.5 Adjusting Execution Condition

The evaluation of the activities execution conditions depends on the current values of the
process variables, used in this condition. Therefore all possible writers for each variable used
in the execution condition have to be determined. Recall that the execution condition is a
composition of the switch branch conditions, pick event conditions, link transition conditions
and join conditions (see Section 5.2).
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Pick event conditions do not use any of the process variables, so they do not need an additional
analysis.

For each of the other conditions an artificial assign activity can be inserted at the point where
this condition is evaluated. For example the switch branch conditions are evaluated as soon
as the control flow reaches the switch construct. Therefore the branch conditions of a switch
can be represented through the artificial assign activities which are inserted directly before
the corresponding switch construct (see Figure 5.11). Thereby each of the conditions is
named with an unique Boolean variable (in this case C; and Cs ), which stores the value of
this condition.

& switch Apranchy == C1=(z > (a+1b))

1

Abranchg —— Ca = (= < (a+ b))

[ —]

Ay =y =x+1 Ag| = yi=x*2 Ng

X>a+b x<a+bhb

— Al :y1:m+1 A2 :;/221*2
(a) switch (b) switch branch conditions representation

Figure 5.11: Modeling the switch branch conditions as assign activities

The evaluation of a join condition in a flow construct can be modeled in a similar way. Consider
the flow example depicted in Figure 5.12. Assume that activity As has an OR -join condition,
which means that this join condition evaluates to true if at least one of the incoming links has
status positive. Recall that the link status depends on evaluation of its transition condition and
on the execution of the source activity (see Subsection 5.2.3).

Z| flow
Al Hxi=x+2 A2 = xi=x*2
z <10
z >0 OR z <0
A3 Sxi=x+1 A4 =y

S x:=x+2

Figure 5.12: Links transition conditions and activities join conditions in a flow

The join condition with resolved link statuses can be assigned to a new variable in a new
assign activity as shown in Figure 5.13.
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—lrq =z 4 2 —lrg 1= o *x 2
Al B Az Heo
A3JC’ s——JC,, = (EC(A) A (2 > 0)) V(EC(As) A (= < 0)) A4JC’ ——JC., = (EC(A)) A (¢ < 10)
v v
As —zgz == +1 Ayl EHza=2+2

Figure 5.13: Modeling the join condition and transition condition as assign activities

Such artificial assign activities can then be handled as the normal assign activities. Therefore
all sets described in Subsection 5.3.4 can be derived for these activities.

The next chapter describes how the derived sets can be stored in the repository. Note that
the sets D% , RWa,, RW 4,, P4, can be derived from the sets D ,, R if the indexed variables
W, are known. That means, that there is no need to store the sets D% , RWa,, RW 4,, P4, in
the repository.
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Chapter 6

Semantical Compatibility Verification

The process information derived in Chapter 5 needs to be stored in a repository to enable
the behavioral compatible partner discovery. Furthermore, the published information should
be enhanced with semantics to enable the semantically compatible partner discovery (see
Section 1.1.

Section 6.1 discusses the advantages of semantic annotations, Section 6.2 presents an ontology
model for the BPEL process, which is capable to store all this information, and Section 6.3
introduces an algorithm for semantically compatible partner discovery.

6.1 Why Semantic?

As was mentioned before (Section 4), a communication is considered to be successful only if
both partners get what they expect. But how it can be determined what a process really does?
For example, if a process publishes an interface with the name of an article as an input and
the price as an output (see Figure 6.1), it is not clear what service this process provides.

Avrticle

Figure 6.1: A published process interface description

For instance, this process could provide following services:

e selling the article

e buying the article

49



6 Semantical Compatibility Verification

e assess the value of the article

To resolve this ambiguity, the process needs to provide its functional semantics, or in other
words the semantics of the provided capability. Furthermore, a partner should understand
this semantics. The solution is provided by ontologies (see Section 2.3). Assume that an
ontology is given, which models the process operating domain. That means it contains all
concepts and relationships between them, which are important to describe the semantics of the
process. For example, if a process sells some kinds of media, it should use an ontology which
defines the concepts like “Book”, “CD”, but also like “SellingMedia” and “MediaSold”. Then
the functional semantics of the process can be provided through referencing the corresponding
semantic concepts. This is only one of possibilities for the modeling an operating domain.
Another possibility could be to model the operational semantics using properties instead of
using classes. For more information on ontology development see [SEAT02].

The functional semantics of a process can be different for different interfaces, therefore each
interface should be annotated with its own semantics. As was mentioned in Section 4, there
are two kinds of the interfaces - the implemented and the used interfaces. The functional
semantics of an implemented interface should say which service capability will be provided if
this interface is used. An example for such capability would be the “SellingMedia” capability,
where “SellingMedia” is the ontology concept from the process operational domain. On the
other hand, the semantics of a used interface should say which capability this process expects
from the partner if it uses this interface.

Furthermore, each interface can provide multiple effects, depending on the process execution
path. For instance the “SelingMedia” interface can have a “NotInStock”, “UknownMedia”
and “MediaSold” effects. Different effects can be specified through the inputs, which have
to be received and outputs which have to be accepted by the partner process in order to
reach this effect. These are the effect requirements. Note that if a process does not care if an
output is accepted by the partner process, this output should not be included into the effect
requirements. For example to reach the Effect “MediaSold”, a partner has to provide the inputs
“MediaName” and “CreditCardNb”, and it has to accept the “Confirmation” output.

In summary, an effect description for an implemented interface should contain the provided
semantics and the effect requirements. The effect requirements consist of the inputs, which
have to be provided by the partner process, and the outputs, which have to be accepted by the
partner process in order to achieve this effect.

The interface and effect semantics of each interface does not resolve all possible ambiguity.
As long as the exchange data does not have any semantic behind it, it can be misunderstood
by the partner process. Consider the output price from the above example. The syntactical
matching of the partner input, which is also called price can have the following problems:

e the input price can have different currency as the output price
e one of them can include taxes while the other does not

e they can have different meanings, like “cost”, “fee” or “consequence”
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To avoid such misunderstandings, apart from the functional semantics, each process has to
provide the exchange data semantics. This can also be done by referencing the corresponding
ontology concepts.

Note that in contrast to synchronization dependencies between activities, their execution
conditions and process context, which can be derived automatically from a BPEL process as
shown in Chapter 5, the semantics of the process exchange data, process interfaces and their
effects have to be added manually by referencing the corresponding ontology concepts.

6.2 Ontology Model for this Approach

There are some web service ontologies for storing web service information, such as OWL-S
and WSMO [MPM™'04, SRBT06], but they do not contain all of the concepts necessary to
save all information for this approach. For example, OWL-S does not distinguish between the
implemented and the used interfaces. That is why a new ontology was developed to store
all relevant information. Thereby the RDF and RDFS were used to model this ontology (see
Subsection 2.3.2).

After a process was annotated, the process information has to be stored in a repository. The
process information consists of:

e Implemented interfaces and their descriptions
e Used interfaces and their descriptions

e Process context
An implemented interface description consists of:

e Provided functional semantics (or provided capability)
e Provided effects with their semantics and requirements

e Interface inputs and outputs with their semantics, execution conditions and dependencies
between them

A used interface description consists of:

e Required functional semantics (or required capability)
e Required effects with their semantics and requirements

¢ Interface inputs and outputs with their semantics, execution conditions and dependencies
between them
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Figure 6.2: Ontology model for the approach of this work

A repository has to provide the containers for storing all this information. In the ontology the
role of such containers is played by ontology classes. The interplay between ontology classes

is modeled through ontology properties.

Figure 6.2 shows the ontology model used in this work for storing the process description.

The ontology for this approach contains the following classes and properties:

e Service — is the center piece of the ontology and corresponds to the process itself. It has

following properties:

arbitrary number of used interfaces.

instance must have at least one implemented interface.

hasGrounding — is the URI of the process model.

instance can be connected with an arbitrary number of context instances.
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hasContext — points to a process context information of this process. Each service
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- hasVariable — points to an indexed variable, used in this process. Each service
instance can have an arbitrary number of indexed variables.

e Interface — describes the operations and communication protocol of a process interface.
It has following properties:

- hasSemantic — is the URI of the semantic concept, which describes the functional
semantics of this Interface.

- hasEffect — points to an effect description, which this interface provides (for the
implemented interfaces) or requires (for used interfaces). In case the current
interface is an implemented interface, it provides this effect. In case the current
interface is a used interface, it requires the partner to have this interface. Each
interface must have at least one effect.

- hasInput - points to an input of the current interface. Implemented interfaces must
have at least one input (the first one to start the process). Used interfaces can have
an arbitrary number of inputs.

— hasOutput — points to the outputs of the current interface. Used interfaces must
have at least one output (the first one to start the partner process). Implemented
interfaces can have an arbitrary number of outputs.

— hasPick - points to a pick instance (information about a pick activity) of the current
interface. Each interface can have an arbitrary number of picks instances.

e ExchangeData — models the interface exchange data. This class is an abstract class and is
used to model the common properties of the Input and Output classes. It has following
properties:

- hasSemantic — the URI of the semantic concept, which describes the semantics of
the exchange data.

- executionCondition — an XPath expression, which is the execution condition of the
interaction activity which provides/requires this exchange data.

— containsVariable — the name of the process indexed variable, which is used in the
exchange data (will be sent or received).

— dependsOn - the name of all inputs and outputs, the current input/output has
synchronization dependencies on. That means for the current input/output to be
received/sent, all inputs/outputs from the dependencies list have to be completed.

e Output — the container for the interface outputs. Is a sub-class of the ExchangeData class
and hence inherits all properties from its parent class.

e Input - the container to store the interface inputs. Is a sub-class of the ExchangeData
class and hence inherits all properties from its parent class

— hasPickVar - in case this input is one of the onMessage inputs in a pick activity, its
execution depends on the pick choice. This is modeled with an additional Boolean
pick variable, the name of which is stored under this property.
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e Pick — the pick choices of the current interface. each pick activity has to know all
concurrent receive choices to be able to decide between them.

- onMessageEvent — points to an onMsgEvent.

— onAlarmVar - the name of the variable, used in the execution conditions to model
the dependency on onAlarm event. (see Section 5.2.4)

e OnMsgEvent — models an onMessage event of a pick activity

— waitsFor — points to an input, which has to be provided in order for this event to
fire. The decision depends on the status of the corresponding outputs. Only an
already sent output can be received.

- onMsgVar — the name of the variable, used in the execution conditions to model
the dependency on this onMessage event. (see Section 5.2.4)

e Effect — the interface effects

- hasSemantic — the URI of a semantic concept, which describes the semantics of this
effect.

- inputToFill — the name of an interface input, which has to be filled in order to
provide the described effect semantics. Each effect can have an arbitrary number of
required inputs.

— outputToAccept — the name of an interface output, which has to be accepted in
order to provide the described effect semantics. Each effect can have an arbitrary
number of required outputs.

e Variable — the process plain variables used for the exchange data and process context.
— hasName - the name of this plain variable
— hasType - the type of this plain variable
e IndexedVariable — a container to store all indexed variables of the process
- hasPlainVar - the plain variable of this indexed variable (see Section 5.3)
e Context — corresponds to an assign statement of the process (see Section 5.3)
- hasFact - the knowledge, which is derived from this assign activity.
- hasPrecondition — the execution condition of this assign activity.

- Reads - points to a plain variable which is used in this assignment on the right side.
Each assignment can read an arbitrary number of plain variables.

— Writes — the indexed variable, which is written in this assignment.

- executedAfter — points to an assignment, the current assignment has synchroniza-
tion dependency on. Each assignment can depend on an arbitrary number of other
assignments.
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A repository with this ontology model can store all important information about the process
semantics and process communication behavior. Now a semantic compatible partner can be
found. The next chapter discusses a way to do this.

6.3 semanticsally Compatible Partner Discovery

Def: two instances are called semantic compatible if their semantics descriptions belong to the
same or equivalent ontology concepts. They are semantic semi-compatible, if their semantics
concepts are in sub or super class relationship.

Using the ontology model from the previous section, the discovery problem can be reduced to
the following: For a given process with the description of its used interface and the desired
effect, a partner process which satisfies the following requirements has to be found.

e The required interface semantics should be (semi)compatible with the partner imple-
mented interface semantics

e The required effect semantics should be (semi)compatible with the provided effect
semantics

e The effect outputs have to be accepted, so the corresponding (semi)compatible inputs
have to be expected on the partner side.

e The effect inputs have to be received, so the corresponding (semi)compatible outputs
have to be provided on the partner side.

These are the search criteria for the compatible partner discovery and they can be found in the
description of the used interface.

The depth of sub/super class relationship for two concepts to be semi-compatible can be
specified by the search criteria.

Algorithm

Let P be the process which wants to find a compatible communication partner for the used
interface Ip to reach the effect E. Let S denote the set of all selected interfaces. At the
beginning applies: S = ().

1. Select all implemented interfaces which have the (semi)compatible functional semantics
with the semantics of Ip

2. From all selected interfaces select those which provide an effect, which is semantic
compatible to the desired effect E:

Vs e S: (Ve € s.ef fects : =(e.semantics ~ E.semantics) = S := 5\ {s})
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3. For all left interfaces check if the corresponding outputs for all inputs of F are provided:
Vs € S: (Ji € E.inputsToFill : (Yo € s.hasOutput : =(i.semantics ~ o.semantics))
= 5:=5\{s})
4. For all interfaces from S check if the corresponding inputs for all outputs from E exist
Vs € S: (Jo € E.outputsToAccept : (Vi € s.hasInput : —~(i.semantics ~ o.semantics))
= §:= 5\ {s})

5. Let s, denote the effect of the interface s, which is semantic compatible to E. Then for
all inputs and outputs of s, the following rules, analogous to (3) and (4), apply:

Vs € S : (i € es.inputsToFill : Yo € Ip.hasOutput : =(i.semantics ~ o.semantics))

=5 :=5\{s}
Vs € S : (i € es.outputsToAccept : Vi € Ip.hasInput : =(i.semantics ~ o.semantics))
=5 :=5\{s}

At the end the set S contains only semantic compatible implemented interfaces. Moreover all
interfaces from S provide the inputs and outputs required by F, and vice versa, the inputs and
outputs, required by effects of interfaces from S, are provided by Ip.

The above algorithm has the following restrictions:

e The different inputs and outputs cannot have the compatible semantics. In particular,
each semantic concept can only be used once for all inputs and outputs of each interface.

e The above restrictions imply that the same input/output cannot be sent/received more
than once in the same process for the same interface.

Let define for each pair of matched interfaces (s, Ip), s € S the sets Inputss = s.hasInput U
S.hasInput and Outputss = s.hasOutput U S.hasOutput

Let M, be the matching between s and S
Vs € S : Mg = {(i,0)|i.semantics ~ o.semantics,i € Inputss,o € Outputss}

For the processes to be able to communicate with each other, the following should be satis-
fied:

Vi € Inputs : ((i,0) € My — (i.executionCondition — o.executionCondition))

Which means that each time an input is expected, the corresponding output should be provided.
Also, for all outputs from the interface effects the following should be satisfied:

Vi € es.outputsToAccept U E.outputsToAccept : (i,0) € M
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= (o0.executionCondition — i.executionCondition)

Furthermore, the execution conditions of all inputs and outputs from the effects should be
satisfied:

Yo € es.outputsToAccept U E.outputsToAccept : (o.executionCondition = true)

Vi € es.inputsToFill U E.inputsToFill : (i.executionCondition = true)

The assertions (1) - (3) should be satisfied for all selected interfaces in the matching context of
the processes. The matching context consists of the matching rules for inputs and outputs:

Y(i,0) € My : (i.matchingOutput = o) A (i.var = o.var)

And process context, which can be read from the repository.

If the assertions (1) - (3) are not satisfied in the matching context, the corresponding interface
s can be removed from S.
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Chapter 7

Behavioral Compatibility Verification

Chapter 5 described how the communication relevant information can be derived from a BPEL
process model, Chapter 6 showed how this information, enhanced with semantic annotations,
can be stored in a repository. Furthermore it described how a semantically compatible partner
process can be found using the information from the repository. This chapter introduces
an approach for the verification of the behavioral compatibility of the found semantically
compatible partner. Thereby the information stored in the repository from Chapter 6 is used.

Section 7.1 discusses possible solutions for the behavioral compatibility problem, Section 7.2
describes how this problem can be reduced to a SAT problem, Section 7.3 shows how the pro-
cess information can be modeled through logical assertions, and finally Section 7.4 shows how
these assertions can be used to solve the stated problem for the example from Section 1.2.

7.1 Possible Solutions

Consider the online shop process OS taken from [MRS05] and shown in Figure 7.1a. The
process receives a login and then waits in parallel for the terms and order input. After the
terms input is received, the output invoice is sent. After the order input is received, the output
confirm is sent.

Figures 7.1b and 7.1c show the semantically compatible partner processes OSp, and OSp,,
found in the repository as described in Chapter 6. The execution conditions of all activities in
all processes shown in Figure 7.1 are ¢true, which means that none of these activities can be
skipped. Especially that means that for all receive activities the corresponding input should be
provided by the partner process, otherwise a deadlock occurs. This criterion forces the full
structural compatibility of the processes, which means that all inputs of each of the processes
have to be provided by the partner process. If the full structural compatibility is provided and
the execution conditions of all interaction activities are true, then only the synchronization
dependencies between interaction activities play a role.

59



7 Behavioral Compatibility Verification
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Figure 7.1: Online shop process OP (a) with its partners O Pp, (b) and OPp,(c)

The repository model introduced in Section 6.2 contains all information about direct syn-
chronization dependencies between activities, so this information can be loaded from the
repository.

Let Gp = (Ap,Ep) be the dependency graph of all interaction activities of the pro-
cess P, where Ap is the set of all interaction activities of the process P and Ep =
{(As, Aj) | Ai, Aj € Ap, (A, dependsOn, A;.name) € Repository} is the set of the directed
edges. (A;, dependsOn, A;.name) is an RDF triple which describes the synchronization depen-
dency of A; on A;.

Figure 7.2 shows the dependency graphs for the processes from Figure 7.1.

2| login 2| login

& | login i i

| terms 42| terms
42| order & | confirm

| terms & | order i L
l l & | confirm 42| order
@ in-vuice @) cu;nﬁrm ¢ ¢
& | invoice & | invoice
(@ OS (b) OSp, () OSp,

Figure 7.2: Dependency graphs Gog (a),GOSP1 (b) and G05P2 (0)

The dependency graphs of the partner processes can be merged as follows.
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If Gp, = (Ap,, Ep,) and Gp, = (Ap,, Ep,) are the corresponding dependency graphs of the
processes P) and Py, then G§, p, = (A%, p,, BB, p,) is the merged graph iff AZ , = Ap, UAp,
and E%Pz = Ep, U Ep, U E}, p, where Ep, p = {(Ai, A5) | A; € Output N Aj € Input A
A;.semantic = Aj.semantic A ((AZ e P A Aj S PQ) \Y (Al e P A Aj € P1))} E%LPQ
contains the edges, which connect each process output with the corresponding (semantically
compatible) partner process input. Such edges represent the synchronization dependency
between corresponding send and receive activities (inter-process dependency), because each
receive activity can only be executed after the expected message was sent.

Figure 7.3 shows the merged dependency graphs Gg POPp, and GJ POPp, " The first graph

does not contain any cycles, while the second one does. That means that the communication
between OP and the second partner O Pp, will end in a deadlock.
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@ | terms & | order |€——— Q,jrder o | terms & | order & cjnﬁrm
) ! ¢ ' } !
& invoice @] confrm ——>| @ Cinﬁ”'" 2] invoice & confiom %2 | order
v
\ o | invoice \ & | invoice
@ G&s.0sp, (b) Gs.0sp,

Figure 7.3: Merged dependency graphs G sp, (@) and GSs.0 $p, ()

This technique is more efficient than the operating guidelines approach, in fact the graphs
construction requires O(n?) time and the verification of the absence of the cycles in the merged
graph O(n?) time, where n is the number of the nodes (which in this case are the interaction
activities). Recall that the worst case of the operating guideline approach is exponential (a lot
of parallel activities).

The disadvantage of this technique is that, as mentioned above, it can only be applied if
the full structural compatibility is provided and the execution conditions of all interaction
activities are true. If this technique would be applied to the example from the Section 1.2,
then P; and P, (see Figure 1.1 on page 7) would both have the same dependency graphs as
shown in Figure 7.4b. The dependency graph G of the service S is shown in Figure 7.4a,
and Figure 7.4c shows the merged graph Gg‘?, p = Gg p, for either of the partners. Clearly, the
dependency graph approach is not suitable for such cases. It does not contain any cycles, but
in this case it does not mean that the processes are behavior compatible (recall that P; is not
the valid communication partner for S, see Section 1.2).

To be able to handle such processes, the execution conditions of the interaction activities and
the process contexts need to be taken into account.
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Figure 7.4: Dependency graphs Gg(a) and Gp, = Gp,(b), and the merged graph (c)

Because the process information is stored in RDF triples, a reasoner approach comes in mind
as a possible solution for this problem (see Subsection 2.3.3). The presented ontology model
(see Section 6.2) can be extended with a State class, which contains the current state of an
input/output and the corresponding hasState property of the ExchangeData class (pointing
to the State class). Furthermore the reasoner needs to be extended with the arithmetic rules,
which enable the evaluation of the execution conditions on the basis of the existing triples.
For example if the KB contains a triple (x, equal, 5), where equal is an RDF property and x is
an instance of the class Variable, then the reasoner should be able to evaluate the execution
condition (z > 0) to true.

Furthermore, the synchronization dependencies rules can be added to the reasoner. An
example of such rules for the Jena reasoner would be:

1. (a, instanceOf, Output), (a, hasState, “ready”), (a, executionCondition, x), evaluate(x) —
drop(2), (a, hasState, “sent”)

2. (b, instanceOf, Input), (a, hasState, “waiting”), (a, matchingOutput, b), (b, hasState,
“sent”) — drop(2), (a, hasState, “received”)

The first rule says that if an output instance is ready to be sent and its execution condition
evaluates to true, it will be sent (its state is changed from “ready” to “sent”). Here evaluate is
a built-in function, which would apply the arithmetic rules to a given execution condition in
the current context and return true if the execution conditions evaluates to true. The drop(n)
built-in removes the triple from the KB which caused the »n’th body term of this rule to match.
In this case this is the (a, hasState, “ready”) triple, which should be removed because of the
state change. The second rule says that if an input instance is waiting for a message and the
corresponding message is sent, then the input can receive this message. The activity states are
described in detail in Section 7.3. For more information on Jena rules see [JENb].

After a semantically compatible partner is found, the information about matching input-output
pairs should be added to KB as triples textit(I, matchingOutput, O). This would enable the
firing of the second rule. Now all required process information is provided in the KB, and the
reasoner can be started. When the reasoner finishes its inference, the end states of the activities
can be read and on the basis of this information it can be decided if the communication goals

62



7.2 Reduction to an SMT Problem

are reached. Recall that the communication goals are specified through the effect requirements,
which contain the inputs which have to be received and the outputs which have to be accepted.
By comparing the obtained end-states of these inputs/outputs with the required ones, it can
be decided if this communication was successful.

The main disadvantage of the reasoner approach is the incapability of the Knowledge Base to
handle the OR - relation between facts. Each RDF triple in the KB is considered as the truth
statement. That means that if it can be decided if an execution condition ec is true or false, both
statements (ec evaluatesTo true) and (ec evaluatesTo false) cannot be added to the KB, because
it would cause a contradiction. That means that in this case the reasoning should be split up in
two branches. One of them should add the (ec evaluatesTo true triple to the KB, and the other
one the (ec evaluatesTo false) triple. Then both branches should independently continue the
inferencing under inserted assumptions. This increases the reasoning time exponentially.

Another problem with the reasoner approach is how to evaluate an execution condition, which
is an arbitrary Boolean condition with arithmetic expressions. Again, because it is not possible
to store the OR- relations, the handling of the Boolean expression is not trivial. The reasoner
has to be enhanced with the rules, which can deal with such expressions.

The second problem can be solved using an SMT solver (see section sec:yices). Note that it can
be solved only for linear arithmetic, because in general this problem is undecidable due to the
Goedel incompleteness theorem. Because the efficiency of SMT solvers has drastically increased
in the last few years, they promise to be the best solution for the posed problem. Moreover,
not only the verification of the execution conditions, but also the whole communication
can be modeled as a logical formula. The next chapter explains how the communication
verification can be reduced to an SMT problem and then the technique for modeling the
process information trough logical assertions is introduced.

7.2 Reduction to an SMT Problem

To answer the question if two BPEL processes can communicate with each other, the com-
munication semantic can be modeled as a set of logical assertions. Each of the assertions
represents a constraint, which has to be satisfied in order for the modeled communication
to be successful. The assertions express synchronization and data dependencies between
communication activities, but also the matching criteria and the goals of the processes. All of
these assertions, joined with an AND operator, form a logical formula. This formula describes
the reachability of the communication goal in the matching context of the modeled processes.
Such a formula can be verified for its satisfiability. If the formula is unsatisfiable, the processes
cannot communicate with each other. If it is satisfiable, it means there are some values for the
exchange data, which would lead to a successful communication.

For the given processes P; and P, let

A= (Ap i N..NAp n) N (Ap,1 A ... N Ap, ) be a conjunction of assertions which model
synchronization dependencies of P; and P,
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C=(CpiN..NCp ;i) N(Cpy1N..NCp,;)be aconjunction of assertions which model the
contexts of P; and P,

M = My A ... N My, be a conjunction of assertions which model the matching rules between P;
and P,

G=(GpiN..NGp ) N(Gp,1 A ... \NGp,p)be a conjunction of assertions which model the
communication goals of these processes.

Then the satisfiability of Fi:

F; = AANC A M A Gis a necessary criterion for the behavioral compatibility. If F} is satisfiable
then there is at least one assignment to the exchange data variables that leads to successful
communication of the given processes. These assignments can be read off the found model.

To find out whether the communication will always be successful, independent of the values
the variables can take, the following formula has to be checked for its satisfiability:

F,=ANCANMAN-G

If this formula is satisfiable, then it can happen that the goals defined by the processes will
not be reached. If this formula is unsatisfiable, then its negation is valid (always true). The
negation of Fj is:

—Fy==(ANCANMANG)=-(ANCANM)VG=ANCAM -G

The formula A A C AN M — G describes exactly the desired property: if the communication
runs as defined by A, the processes contexts assertions C' are satisfied and the processes
are matched as defined by M, then G is satisfied. Because A,C' and M model the actual
semantic of the process execution, they are satisfied for all possible execution scenarios.
This implies that the goal G will also be satisfied for al possible executions. Therefore the
validness of AAC' A M — G or the unsatisfiability of F3 is a sufficient criterion for a successful
communication.

This work uses Yices (see Section 2.4) to verify the satisfiability of modeled assertions. The
assertions describe the communication behavior of the partner processes through the corre-
sponding synchronization dependencies, the contexts of both processes, the matching between
these processes and the processes communication goals. The rest of this chapter describes how
all of this information can be modeled with the assertions.

7.3 Modeling Matching Context

After a semantically compatible partner interface is found, its interface description can be
loaded from the repository. In particular such description contains all inputs and outputs of
this interface, the synchronization dependency between them and their execution conditions.
Furthermore the process context can also be loaded from the repository to enhance the
evaluation of the execution conditions. If such information for both partners is provided, it can
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be merged together using matching between corresponding inputs and outputs, which was
found during the semantically compatible partner discovery. After that the communication
goals can be verified in the resulting matching context. This section discusses how all of this
information can be modeled through the logical assertions.

7.3.1 Modeling Synchronization Dependency

To model the inputs and outputs in Yices, their possible states are considered first.
Each output has the following states:
1. initiated — always true for existing outputs.

2. ready — is true iff all inputs/outputs the current output has dependencies on are com-
pleted.

. skipped — is true iff ready = true and the execution condition of this output is false.

3
4. sent — is true if ready = true and execution condition of this output is true.
5. completed - is true if skipped = true or sent = true.

6

. accepted — is true if this output was received by the corresponding input instance.

Each input has the following states:

1. initiated — always true for existing activities.

2. ready - is true iff all inputs/outputs the current input has dependencies on are completed.

3. skipped - is true if ready = true and the execution condition of this input is false.

4. waiting — is true if ready = true and the execution condition of this input is ¢true. If an
input is in this state, it means it is waiting for the corresponding output to arrive.

5. received - is true if the corresponding output was received.

6. completed — is true if skipped = true or sent = true.

The state diagram in Figure 7.5 shows the interplay between matching inputs and outputs
activities. O is an output and I is the corresponding partner input. When the control flow
reaches an activity, which produces outputs or consumes inputs, it is ready to be executed.
This happens as soon as all dependencies of this activity have been completed. But an activity
will actually execute only if its execution condition evaluates to true. In this case the output
instance gets the state sent and the input instance - waiting. Otherwise they both will be
skipped. The completed state is not really a new state, but the union of the skipped and sent
or skipped and received states. The state completed is introduced to make the modeling of
dependencies more convenient. If an output is sent and the corresponding input is waiting, the
input gets into the state received and the corresponding output into the state accepted. The state
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Figure 7.5: Interplay between an input I and the corresponding output O

accepted is needed to express the goal requirement if a process wants to be sure that its output
will always be received. The exact goal definition is considered later in subsection 7.3.4.

Yices provides a possibility to define a record type. To model inputs and outputs, the corre-
sponding record types are specified. They contain a Boolean attribute for each state defined
above (except for initiated state, because it is always ¢rue), a Boolean attribute ec to store
the value of the corresponding execution condition, an attribute var to store the process
variable used in this input/output and an integer attribute nb to define the partial order of the
execution.

The output type is specified as follows:

(define-type output (record ready::bool sent::bool skipped::bool completed::bool accepted::bool
var::bool ec:bool nb::int ))

In addition to the specified attributes, the input type also contains a matchingOutput attribute
of the output type defined above. This attribute is used to define the matching assertions
between corresponding input and output instances.

Altogether the input type is defined as:

(define-type input (record ready::bool waiting::bool received::bool skipped::bool completed::bool
var::bool ec:bool nb::int matchingOutput::output ))



7.3 Modeling Matching Context

Before modeling the assertions for the inputs and outputs behavior, the following should be
mentioned. In contrast to the reasoner approach discussed in Section 7.1, a logic formula does
not have any time line. That means that each state attribute will get only one value. That
is why each single state is modeled through its own attribute. The value of a state attribute
should be set to true if the corresponding instance was in this state at some point of time.
Knowing the values of all state-attributes, the end state and the track of any instance can be
derived.

Furthermore, although an assertion A — B reminds of a reasoner rule, it does not have the
same semantic. The reasoner would wait until the left side is satisfied and then fire this rule
by executing the right side. An SMT solver will always try to satisfy the whole expression.
Because a formula A — B is also true if B = true, independent of the A value, the assignment
(0, 1) makes the formula true. In case it does not correspond to the desired semantic, an
additional statement like (—A — —B) should be defined (or alternatively if A then B else =B
should be used). This way, the B will be true iff A is true.

Each process input/output is modeled through a variable of the correponding input/output
type in Yices (as defined above). Now the assertions for modeling the communication behavior
of the inputs and outputs can be specified.

Let Dy, ..., D, be the synchronization dependencies of an output O, then the behavior of O
can be modeled using following assertions:

1. = (O.sent = true A O.skipped = true)

2. = (O.sent = false A O.accepted = true)

3. if (O.sent = true V O.skipped = true)
then O.completed = true
else O.completed = false

4. if (Dy.completed = trueA... A Dy.completed = true)
then O.ready = true
else O.ready = false

5. if(O.ready)
then if (O.ec = true)
then O.sent = true
else O.skipped = true
else (O.sent = falseA O.skipped = false)

Note that the if-then-else construct is a part of the Yices input language. Alternatively each if c
then a else b assertion can be modeled as (¢ — a) A (—¢ — b).

Let Dy, ..., D,, be the synchronization dependencies of an input I, then I can be modeled with
the following assertions:

1. =((I.waiting V Lreceived) A Lskipped)
2. if (I.received V Lskipped) then I.completed = true else I.completed = false
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3. if (Di.completed = true A ... A D,.completed= true)
then Lready = true
else Lready = false

4. if (Lready)
then if (I.ec = true)
then Lwaiting = true
else O.skipped = true
else (I. waiting = falseA Lskipped = false A Lreceived = false)

5. if(I.received)
then I.matchingOutput.accepted = trueA Lvar.set
else I. matchingOutput.accepted = false A —Lvar.set

6. if (I. waiting A I. matchingOutput.sent)
then (I.received = trueA Lvarval = LmatchingOutput.var.val A Lnb > I. matchingOut-
put.nb)
else Lreceived = false

The last rule describes the dependency on the corresponding output. It says that if an input is
received, then the corresponding output should already be sent and so the nb (the execution
order) of the output should be less than the number of the input. This rule defines the
partial order of the execution for the inter-process dependencies and models the time line of
execution.

Note that according to the rule (5) the set attribute of the input variable will only be set to
true iff this input is received. This is important for data flow analysis, see Subsection 7.3.5.

The above assertions do not contain any constraints on the execution order of activities of
the same process. Rule 4 for outputs and rule 3 for inputs merely say that if any of the
dependencies could not be completed, the current action can never be executed. It is not
enough in absence of a time line. Consider the example from Figure 7.6, which has two
partner processes P, and P.

- -
@A @] a
v/ B ®|C
@|c @B
@ @®
(a) P (b) P

Figure 7.6: Two partners with incompatible communication protocols
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7.3 Modeling Matching Context

P, receives an input A, then waits for an input B and then sends an output C'. The partner
process P, sends an output A, then waits for an input C' and then sends an output B. If the
above rules are applied to these two processes, Yices will be able to satisfy the modeled context
if all attributes, except the skipped attribute, are set to true. But if these processes will try
to communicate with each other, a deadlock will occur when P; waits for B and P, waits for
C. To be able to detect that with Yices, the partial execution order between synchronized
activities should be modeled using the nb attribute.

The rule (6) for the inputs models such partial order for the inter-process dependencies,
but the intra-process dependencies (which are the synchronization dependencies between
inputs/outputs of the same process) still need to be specified. In following instance refers to
an input or an output instance of the process.

If an instance A has synchronization dependency on instance B, then A cannot be executed
until B is finished and so the nb attribute of A, which corresponds to the execution order of A,
has to be greater than the nb attribute of B. The next rule models this property:

Let Dy, ..., D,, be the synchronization dependencies of instance A, then the following should
be satisfied:
Vi € [1,n] : Amb > D;.nb

Let take another look at the above example. Using the defined rule, the following assertions
will be added to the Yices model:

For P;:
Bi.nb > Ay.nb
C’l.nb > Bi.nb
For Py:
Cy.nb > Ag.nb
Bo.nb > Cy.nb

Thereby the input/output instances were indexed with the process identifiers to distinguish
between different instances.

Furthermore, the matching between corresponding inputs and outputs is defined with the
following matching assertions (see Section 7.3.3):

Aq.matchingOutput = Ao

Bi.matchingOutput = Bo
Cy.matchingOutput = C

Assume that the communication goal Bj.received = true is defined (Section 7.3.4). If this
assertion is added to the matching context of P, and P,, which also include the corresponding
assertions for each input and output as described above, then the matching context will
correspond to the formula F; defined in Section 7.2). If Yices would try to satisfy this context,
it would have to satisfy the following: To satisfy the goal assertion Bj.received = true,
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according to the assertions defined for inputs and outputs, all dependencies of B; have to be
completed and the corresponding output Bs has to be sent (all execution conditions are true
in this example and are skipped for the sake of simplicity):

From the goal definition:
B .received

From assertion (6) for Inputs applied for Bj:
= Aj.completed N (By.matchingOutput.sent A (By.nb > By.matchingOutput.nb))
From matching assertion for By:
= Aj.completed N\ Bo.sent A B1.nb > By.nb
From assertion (6) for Inputs applied for A; and the matching assertion for A;:
= (Ag.sent A A1.nb > Aa.nb) A\ Ba.sent A By.nb > Ba.nb
From assertion (5) for Outputs applied for Bs
= As.sent A A1.nb > As.nb A Cy.completed \ B1.nb > By.nb
From assertion (6) for inputs applied for C; and the matching assertion for Cs:
= Ag.sent AN Ay.nb > Aa.nb A (Cy.sent A Cy.nb > C1.nb) A By.nb > By.nb
In combination with the above dependencies assertions, the following should be satisfied:
Bi.nb > Ay.nb

Ci.nb > Bi.nb
Cy.nb > Ag9.nb
By.nb > Cy.nb
Bi.nb > By.nb
Ay.nb > Ay.nb
Co.nb > Cqr.nb

These assertions contain a contradiction:
C1.nb > B1.nb > By.nb > Cyo.nb > C1.nb

Because the satisfiability of F} is a necessary criterion for successful communication, the
processes P; and P, are not the valid communication partners.
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7.3.2 Modeling Execution Condition

Each input/output instance in the repository has its corresponding execution condition. After a
semantically compatible partner is found, the execution conditions of its inputs and outputs can
be loaded from the repository. To define that an input/output [ has the execution condition C,
where C' is an arbitrary Boolean expression, the following assertion is added to the matching
context:

Lec=C

For “normal” inputs and outputs this assertion is the only one needed. But the pick activities
contain an artificial variable in their execution conditions, which model the firing of the
corresponding event (see Subsection 5.2.4).

To model this in Yices, an event type is introduced. The event type has two Boolean attributes
canBeFired and fired. The fired attribute is used in the execution condition of the corresponding
event activity and the canBeFired attribute is used to define when the value of the fired attribute
can be set to true.

(define-type event(record canBeFired::bool fired::bool))

Let P be the pick activity with Ej, ..., E), being onMessage events, [, ..., [ being the corre-
sponding onMessage event inputs and Ej,1, ..., £, being onAlarm events. Let Ay, ..., A, be
the corresponding event activities. Then the execution condition of A; contains the condition
E;.fired = true as described in Subsection 5.2.4. To model the semantic of the event firing,
the following assertions are added to the matching context.

1. The attribute canBeFired for onMessage events should only be set to true iff the corre-
sponding message has been sent. In contrast an onAlarm event can always be fired, so
its canBeFired attribute is always true (the exact length of time is not considered in this
work).

Vi € [1,k] : I;.matchingOutput.sent — E;.canBeFired

Vi € [1, k] : =I;.matchingOutput.sent — —E;.canBeFired
Vi € [k+1,n|: Ej.canBeFired

2. The fired attribute can only be set to true if the corresponding canBeFired attribute is
true. But not all of the events, which can be fired will actually be fired:

Vi € [1,n] : =Ej.canBeFired — —E;.fired

3. Only one of the events can actually be fired:

Vi e [1,n] : B;. fired — Vj € [1,n|(j # i — —~Ej.fired)

4. If at least one event can be fired, then it cannot happen that no event is fired:

(Ei.canBeFiredV ...V E,.canBeFired) — (Ei.firedV ...V E,.fired)

These assertions complete the modeling of the execution conditions for the pick activities.
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7.3.3 Modeling Matching between Inputs and Outputs

For two processes to be able to communicate with each other, the pairs of the corresponding
input-output instances have to be known. Such pairs were determined on basis of the
corresponding semantic concepts by the search algorithm in Section 6.3.

Let M, be the matching set for the modeled processes as defined in Section 6.3. Then the
following assertions model the matching between these processes:

Y(1;,0;) € My : I;.matchingOutput = O;

The inputs which do not have any matching outputs get a dummy output as the value of its
matchingOutput attribute:
dummyQutput € Output

I.matchingOutput = dummyQutput

It is important to define that such an output can never be sent, otherwise Yices will also try to
set its sent attribute to true.

dummyQutput.sent = false

7.3.4 Modeling Interface Effect

An interface effect specification contains the semantic of the provided (required) effect and
the effect requirements (see Section 6.2). The semantics of the effects are used to find a
semantically compatible partner and effect requirements specify which outputs of this interface
should be accepted and which inputs should be provided by the partner process in order to
provide the specified effect semantic. These requirements can be treated as the communication
goals of the partner processes, because iff these requirements are satisfied, then the effect
semantic is preserved.

Note that the process goals do not have to contain all inputs and outputs of the process
interface.

Thus, a communication goal is a set of input instances, which have to be received and output
instances, which have to be accepted. Let () be the set of all inputs, © the set of all outputs
and I" be the communication goal of the process interface PI. Then I' C Q U ©.

The following assertions force the satisfiability of the communication goals:
Vi e I'NQ:i.received = true

Yo € I'N O : o.accepted = true

To demonstrate the difference, which the goal definition can make, consider the following
example:
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@

| Receive A v
& Fick | Send A
2| Send C
Receive B Receive C
|_;§ Perform Actions for B L;\'; Perform Actions for C W Recich
= 2| Send B
2| Send D @
@
(@ ~ (b) P>

Figure 7.7: The compatibility of the processes P; and P, depends on the communication goal

The processes depicted in Figure 7.7 can communicate with each other as follows: process P
sends A, then sends C process P; receives A, then receives C, performs corresponding actions
and sends D, process P, receives D and sends B, which is ignored by the partner process P;.
Such communication is considered to be successful, if both partners do not have any problems
with the message B never being received. That means, that if neither P, nor P, include B
into their communication goal, then the modeled matching context will be satisfiable with the
non-negated goals (see definition of the formula F; from Section 7.2) and unsatisfiable with
the negated goals (see definition of the formula F5, from Section 7.2). This means that the
partner processes will always achieve their goals (see Section 7.2).

On the other hand, if for example the P, will include B into its communication goal, the
Fy will become unsatisfiable, which means that such a goal can never be reached for the
communication between these partners.

Let Ay, B1,C1, D1, denote the inputs/outputs of process P; and Ao, B, Co, Do the correspond-
ing inputs/outputs of process P». Then the matching context can be simplistically represented
as follows:

Synchronization dependencies:
Bi.nb > Aj.nb

Ci.nb > Ai.nb
Di.nb > By.nb
Di.nb > Ci.nb
Co.nb > Ag.nb
Do.nb > Cy.nb
Bo.nb > Dy.nb
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The communication goal:
Bs.accepted

To achieve this goal, the following assertions have to be satisfied:
Bs.accepted = Bo.sent N\ By.received A B1.nb > By.nb

Bs.sent = Do.completed
Dy.completed = Dqy.received N\ Do.nb > D1.nb

At this point a following contradiction arises:
Bso.nb > Dy.nb > Di.nb > B1.nb > By.nb

Hence, although no deadlock would occur during the communication if C' is received in
the pick activity, the communication goal Bs.accepted can never be reached. Therefore the
effect semantic, of the effect which specified this goal, will not be provided. That means that
processes will be classified as not communication compatible in this case.

7.3.5 Modeling Process Context

In Section 5.3 all important information about assign statements was derived. It consists of
the following sets for each assign activity A; :

e DirectDependency set Dy, = {A; | (4;,4;) € E}
The AllDependency set D = {A; | (A, A;) € E*}
The Reads set R° 4, = {v | v € V°, A; reads v}

The Rewrites set RW 4, = {x; | Wy, rewrites x;}.
The RewrittenBy set RW 4, = {Wa, | Wa, € RW4,}
The Parallel set Py, = {A; | A; ¢ Dy, NA;j ¢ D7y}

Section 6.2 described how this information can be stored in the repository (actually the
repository only contains the Reads sets, the DirectDependency sets and the written variable for
each assignment. But the other sets can be derived from this information as described in Sub-
section 5.3.4). After a semantically compatible partner process was found, the corresponding
sets can be restored from the repository. After that the process context needs to be modeled
from these sets.

To do this, each variable gets two Boolean attributes: set and val and an integer attribute
nb. The set attribute denotes the state of the variable and will only be set to true if the
corresponding assignment was executed. The value of the variable is stored in the val attribute.
The nb attribute models the partial order of execution for assign activities.

In summary each integer variable of the BPEL process has the following type in Yices:
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(define-type intvar (record val::int set::bool nb::int))

Let A be the set of all assign activities, then VA; € A : A; = Wy, := f(R°4,), where f is an
arbitrary function.

VA; € A: Vv € R° 4, define the following sets:

o &, 4, = {Wa, | Ax € D}, NW3, = v} is the set of all indexed variables of the plain
variable v, which A; can read as the value of v and which are always written before A;
is executed.

o I, 4, = {Wa, | Ay € Pa, N W3, = v} is the set of all indexed variables of the plain
variable v, which can be read as the value of v in A; and which can be written in parallel
to A;.

VA; € A,Vv € R° 4, model ¢ (v, A;) with the following assertions:
L(v, Ai) = Ly(v, Ai) V La(v, A7), where

Li(v, A;) = \/ (Wa,.set A ((v, Ai) = Wa,.val) A /\ —Wa,.set)
Wa; €0y, 4, VA:AR€D A, AWa, €ERW 4,

La(v, A;) = \/ (vj.set Ap(v, A;) = vj.val AN Wa,.nb > vj.nb))

v EHUVA»;

The assertion L, states that any of the already written indexed variables can be used
in A;, if they really were written (not skipped, modeled through set attribute) and not
rewritten till A; execution. That means, that no assignments, which rewrite the current
variable and are written before A; are allowed to be executed, which is expressed with

/\VAk:AkEDAi/\WAkeRWA], “Wa,.set.

The assertion L, states that the value of all concurrent written variables of the plain variable v
can be used as the value of v in A;. Thereby the assignment to this variable has to be executed
(set equal true) and it has to be executed before A;. The last property is modeled through the
nb attribute, which corresponds to the execution order of the activity.

The assertion L(v, Ai) = L;(v, Ai) V La(v, Ai) models all possible values the read variable v
can take in A; and expresses the non-determinism of the «-function.

Furthermore, to model the partial order between synchronized activities, the following asser-
tion is used for each activity A;:

DPy, = N\ (Wa,.nb>Wa,.nb)
AjEDAi

Now each assign activity can be modeled as follows:

VA, € A: EC(AZ') — DPy, NWy,.set N Wy, val = f(¢(RoAi, Al))
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—EC(A;) — = Way,.set

These rules say that the value of the variable, written in A; will only be set (set attribute equals
to true) if this activity has been executed. Furthermore, if A; has been executed, then the
execution order of the written variable (nb attribute) has to be greater than the execution
order of all variables, which are written before A;. Thereby each variable v, which is read in
Aj;, can take all possible values which satisfy the corresponding assertions for (v, 4;).

Note that these assertion do not contain any expressions for synchronization dependencies on
the left side of the implication (in contrast to the interaction activities). The synchronization
dependencies on other assign activities are implicit modeled with the nb attribute and -
functions. The synchronization dependencies on interaction activities can be important for the
parallel executions, as Figure 7.8 shows.

I Parallelactivities

AQ & | Receive a A3 Syi=x+1
| |
e R

Agl =xi=a+2 As| @] sendy

Figure 7.8: Impact of the interaction activities on the process context

If the execution condition of the activity A5 evaluates to true but it does not get the required
input, the activity A4 will never be executed. But according to the modeled assertions, if the
execution condition of A4 evaluates to true, the set attribute of the variable W, written in A4
is set to true. That means that A3 can use the value of W,,. This is the one case where the
modeling of the assign activities is not quite exact. But if A5 does not get the required input, it
means that the communication is already in a deadlock and this deadlock is independent from
the value of Wy,. The only impact of the “incorrect” use of Wy,, is that the communication
will be verified with one more value for W4,. Because the communication has failed anyway,
it does not play much role.

If such cases need to be eliminated, the direct synchronization dependencies of the assign
activities on the interaction activities should be derived and the execution condition of each
assign activity A; should be changed to the following.

Let Dy, ..., D,, be the interaction activities (or inputs/outputs of these activities), the assign
activity A; has direct synchronization dependencies on. Let EC°(A4;) denote the execution
condition of A; which does not contain any synchronization dependencies on interaction
activities. Then the new execution condition EC(A;) can be constructed as follows:

EC(A;) = EC°(A;) A Dy.completed A ... A\ Dy,.completed
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The use of such execution conditions for all assign activities will avoid the above situation,
because the value of W4, will not be set and therefore cannot be used in As.

Note also, that the above assertions assume that a correct BPEL model is given. That means, if
a variable is read somewhere in the process, then it was already defined and set. Consider the
example shown in Figure 7.9.

T | Parallelactivities

A 1 EmptyAction
|

slr
A2 = x:=1

|

L7
A3 = vi=x+1

Figure 7.9: An example for possibly incorrect assign

Assume that the assignment in As is the first assignment to the variable z. If the execution
condition of A, evaluates to false, then the value of x is undefined. In this case the assertions
for Az, which are the following:

EC(A3) — Wy,.set A (Wa,.nb > Wy,.nb) A (Wa,val = p(x, Az) + 1)

Li(x, A3) : Wa,.set A\ (¢(x, Az) = Wa,.val)

Will not be satisfiable, because the value of W4, .set is false. This corresponds to the semantic
of BPEL, which says that an uninitialisedVariable fault will be thrown in this case. If this is not
the desired behavior, the assertion L (v, A;) can be extended with the following additional
parts:

LT(U, Az) = Ll(v, A,) V ( /\ ﬂwk.set))
WA], E@U,Ai

if the value of v can be any value in this case, or

Li(v,A;) = Li(v, A;) V (¢(v, A;) = default A /\ —wy.set))
WAj E‘I)U,Ai

if the value of v should take a specified de fault value in this case.
As example for this algorithm consider the activities shown in Figure 7.10.

In this example the activities Ay and A3 have concurrent write access to the variable z,
activities A4 and As are writing concurrently to the variable y, and A,, A4 have concurrent
read-write access to the variables = and y. Assume that the value of y is sent to the partner
after this part of the process is executed. Because the value of y can have impact on the control
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I | Parallelactivities

L\
A2 = x:i=y+1

A5 = yi=x+10

AG = yi=y +1

Figure 7.10: An example of assign activities, which form the process context

flow of the partner process, all possible values are of interest. If one takes a closer look at all
possible executions of the above activities, it can be seen that at the end the variable y can
have the following values:

3,5,11,13, 14, 16, 22

The goal is to model this process context via logical assertions, so that the modeled assertions

are only satisfiable if the end value of y is one of the above values.

The transitive closure of the corresponding dependency graph, after renaming the variables, is

shown in Figure 7.11

The table below shows the corresponding sets for each activity. This information is published
to the repository and can be restored after a semantically compatible partner is found.

A Ry, Wa Da D Py, RW.  RWa,
Ay 0 21 0 0 0 0 T2,23
A 0 Y1 ) 0 0 0 Y2, Y3, Y4
Ay y r2 A Ay Az, Ay 71 0

Az 0 r3 A Aq As, Ay o) 0

Ay x Yo Ay Ay Ao, A3, As 1 Ya

As  x Y3 Az, Az Ay, Ao As Ay Y1 Ya

Ag Y Y4 Ay, As Ay, Ag Az Ay As D Y1, y2,y3 0
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A2 —xo 1= y5 + 1 A4 =2 =gy ox 2

Ap| Dz = =5 +10

Ag| =va =uyg +1

Figure 7.11: Dependency graph G (black edges) of the activities from Figure 7.10 and its
transitive closure G* (all edges)

The next table shows the II- and ®-sets which are computed from the sets of the above table.

Ai (RS Rzi HU,Ai (I)MAi

Ay Y2 (7
Ay =z To, X3 1
As = 0 x1, T2, T3
Ag Y 0 Y1, Y2, Y3

Then using the rules defined above, the following assertions can be made for each activity:

For AHZ
EC(Ay1) — z1.set Azpval =1

—EC(A11) — —xy.5€t

For A122
EC(A12) — y1.set Ayrval =1

—FEC(A12) — —y1.set
For As:

EC(Az) — xa.set A (2 = Y (y, A2) + 1) A (x2.nb > x1.nb A z2.0nb > y1.1nb)

Li(y, A2) V La(y, Az)
Li(y, A2) = (y1-set A (¥(y, A2) = y1.val))
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Lo(y, A2) = (ya.set A (Y(y, A2) = ya.val) A z2.nb > ya.nb)
—EC(A2) — —xq.set

For As:
EC(A3) — z3.set A x3.val =5 A (x3.nb > x1.nb A x3.nb > y1.1nb)

-EC(A3) — —w3.set

For Ay:

EC(Ay) — ya.set A (y2 = (x, Ag) % 2) A (y2.nb > x1.nb A y2.nb > y1.nb)
Li(xz,Ay) V Lo(x, Ag)
Li(x, As) = (z1.5€t A (Y(2, Ag) = x1.v0l))
Lo(x, As) = (z2.5€t A (¢Y(2, Ag) = x2.val) A ya.nb > x2.nb)
V(zs.set A (P(x, Ay) = x3.val) A y2.nb > x3.nb)

—“EC(Ay) — —yg.set

For As:

EC(As) — ys.set A (y3 = ¥(x, As) 4+ 10)) A (y3.nb > z2.nb A y3.nb > x3.nb)

Li(xz, A5) V Lo(x, As)
Li(z, As) = (z1.set ANp(x, As) = x1.val N\ —x9.s€t N ~x3.5€t)
V(za.set Np(z, As) = x2.val V (x3.5et A P(x, As) = x3.val))
Lo(z,A5) =10
—EC(As) — —ys.set
For Ag:

EC(Ag) — ya.set A (ya = ¥(y, As) + 1) A (ya.nb > yo.nb A ys.nb > y3.nb)

La(y, Ae) V La(y, As)

Li(y, Ag) = (y1.set A )(y, Ag) = y1.val A —ya.set A —ys.set)
V(y2.set Ap(y, As) = ya.val V (ys.set AY(y, Ag) = ys.val))
Lo(y, Ag) =0
—EC(Ag) — —yq.set

The CSSA form of this example is shown in Figure 7.12. Note that all of the 7- and ¢-functions
of the CSSA representation are modeled through the 1-function in the above assertions.

Listing 1 contains the above assertions in Yices input language.

If an additional assertions would be added to the defined assertions, which would force the
value of y4 be on of the 3,5, 11, 13, 14, 16, 22, then the whole context will remain satisfiable. If
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A4 oy 1= xy *k 2

v = ¢(¥1,v2,¥3)

Ag| =v4 = yg + 1

Figure 7.12: CSSA representation of the process from figure reffig:forAss

any other value would be used instead, the context will become unsatisfiable. For example,
adding the assertion
(assert + (= (select y4 val) 4))

To the Listing 1 before the (check) command makes the whole context unsatisfiable. This
means that if for example he partner process uses the value of y, in an execution condition like
(ya > 16) A (y4 < 20), then if the above assertions are given, then it can be deterministically
decided that this condition will never be satisfied.

7.3.6 Modeling Interface Precondition

In addition to the assign statements, the execution condition of the first activity on the
requester side can also be considered as additional knowledge about process. Consider the
process from Figure 7.13 as a partner process for the service S from Figure 1.1 on page 7.
This process will invoke the service S only if the branch condition (a < 7) is satisfied. This is
exactly the execution condition of the activity “Send a to S”. If the communication between
this process and service S happens, then the condition (a < 7) is satisfied and so can be added
as fact to the matching context.
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@

& | Receive b from user
= a:=flb)
& Choice
a<7 ar==7
| Sendatos [;& Do something else

@ | Receive reply from S

2| Inform user

®
Figure 7.13: Partner process for service S from Figure 1.1 on page 7

In general, for a communication between two processes to happen, the execution condition
of the first sending activity of the requester-process has to be satisfied. To model that, the
sent attribute of the first output instance (the one, which does not have any synchronization
dependencies) of the requester can be set to ¢true. Because an output can only be sent if its
execution condition evaluates to ¢rue, this would force the satisfiability of the corresponding
execution condition.

7.4 Solution of the Motivating Example

Reconsider the example presented in Section 1.2. Figure 7.14 shows the processes from this
example with the indexed inputs, outputs and variables.

Service S is modeled with the following assertions (the general assertions for each input and
output given in Subsection 7.3.1 are the same for each input and output instance and are not
shown here):

Synchronization dependencies:
Oc,.nb > 1,,.nb

I4,.nb > O, .nb
Ob1 .nb > Idl .nb

Execution conditions:
EC(1,,) = true

EC(O.,) = ai > 10
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Figure 7.14: Processes from Figure 1.1 on page 7 with the indexed variables and inputs/out-
puts

EC(Idl) =a; > 10
EC(Oy,) = true
Partner process P; is modeled with the following assertions:

Synchronization dependencies
Iy, b > Og,.nb

Execution conditions:
EC(0Oq,) = true, EC(I,) = true

Process context
true — as.set A as.val = 20

Matching context of S and P; contains all of the above assertions plus the assertions for each
input and output from Section 7.3. Furthermore, to match S and P;, the matching assertions
have be added to the matching context:

1, .matchingOutput = O,

14, . matchingOutput = dummyQutput
Iy, .matchingOutput = Oy,

After that the communication goal has to be specified. Assume that P; specified

Iy, .received
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as its goal requirements, then the following assertion is added to the matching context:
—Iy, .received

All above assertions form the F; formula from Section 7.2 and hence the unsatisfiability of
these assertions is the sufficient criterion for successful communication.

Listing 2 shows the matching context of S and P, in Yices input language. If Yices tries to
satisfy this context, it will find a model wit the following values:

I,,.sent = true

1, .received = true
O, .ec = true
O, .sent = true
O, .completed = true
14, .received = false
14, waiting = true
14, .completed = false
Oy, .ready = false
Oy, .sent = false
Iy, .received = false

All values for the found model are shown in Listing 3. Note that if the goal assertion is changed
to Iy, .received, which corresponds to the formula F; described in Section 7.2, then Yices will
not be able to satisfy the changed context. Thus even the necessary criterion (the satisfiability
of I}) is not satisfied for this communication.

Now the communication between S and P has to be verified. The assertions for P, are the
following:

Synchronization dependencies:
Iy,.mb > Ogy.nb

Execution conditions:
EC(Oqy) = true, EC(Iy,) = true

Process context:
true — ag.set A ag.val =5

Matching assertions S and P;:
1., matchingOutput = Og,

14, matchingOutput = dummyQutput

84



7.4 Solution of the Motivating Example

Iy, matchingOutput = Oy,

The communication goal is I;,.received, so the sufficient criterion for a successful communi-
cation is the unsatisfiability of the following assertion in the matching context of S and P»
(which is formaed by the above assertions):

-1, .received

And indeed, this matching context is unsatisfiable. The matching context together with
the goal assertion in Yices input language is shown in Listing 4. The Yices output for this
context is unsat and the unsatisfiable core, which is the numbers of assertions which cause a
contradiction:

unsat

unsat core ids: 2 4 5 6 7 9 12 13 14 19 23 24 25 27 32 33 35 36 41 42 43 46 47
4 8 49 53 54 55 56 57 58 60
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Chapter 8

Implementation

Figure 8.1 shows an overview of the entire approach implementation. At first a BPEL process
model is created using the WebSphere Integration Developer (WID). When the modeling is
completed, the user can open the modeled process in the “BPEL Interface Annotator” view. If
this option is chosen, the process model is passed to the Extract Process Information engine.
This engine analyzes the given process model and derives all communication important
information for each single process interface as described in Chapter 5. Thereby all interfaces
are divided into the implemented and used interfaces. After the “Extract Process Information”
engine has finished, it shows all derived information in the “BPEL Interface Annotator”
view, which is shown in Figure 8.2 (1). This information consists of the process context
(Figure 8.2 (3)), which is the same for all interfaces and implemented and used interfaces
with the corresponding inputs (Figure 8.2 (2)) and outputs.

In the next phase the user can annotate the inputs and outputs of each interface with the
corresponding semantic. This is done by using an “ Ontology Model View”, see Figure 8.2 (5).
In the “ Ontology Model View” the user can see the models of the existing ontologies. The
user can specify the semantic of each input/output by dragging the ontology concepts from
the “ Ontology Model View” and dropping them on this input/output.

An example of such annotation is shown in Figure 8.2 (6), where the user annotated an input
with the semantic concept “Request”.

After that the user can add the interface effects by adding an entry to the effect table (Fig-
ure 8.2 (4)). The semantic of the effect is dragged from the “ Ontology Model View”, analogous
to the semantic of the inputs and outputs. Furthermore the effect requirements are specified
through dragging and dropping the corresponding inputs and outputs from their tables into
the effect table. In Figure 8.2 (7) the input “Input_amount“ was added to the requirements of
the interface effect.

In the third phase the user can choose between “Publish to a Repository” and “Find a Compati-
ble Communication Partner” options. When the first option is chosen, the process information
is published to the selected (or default) repository. When the second option is chosen, the
Search Engine is started.
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Figure 8.1: Implementation overview

88




Fia Bt fuwgals Sewdh Popc Dals Run Wrdow
M hsle 8 @i 8

B | B Busrwss ..

Busnes... | &5 pryscal... 117
S e~
T e e A

[& [ 2 wtramte ™ =5
R eeleds.
i bnterface Partrers 9 X
¥ Sebeda
1 oty % %
|| Vs x
woriame
i modaind
“"'r" ooce
requesth
B | UriwrenFormaie
b L rebertis
.le T
wmaunt
dran
oediCandi
cancelation,

1

T
o { (e,

|
1
ﬁm " 5
n—)ﬁ ({( (rce >3
- (et (amenrt > 320)
[ [ (e 3 100) a0 (rer...

i ) {C( (e > 5) or  fprc.

(n = autertame]  ( { (proe >5) or ( (pree

(ance » 15 {{ (e >5) or { (prce.. e T —
bue
{foesmind = 305¢) i
RecereeChoce_fred_receve
RcerveChosce_fred receve_1

e ExnautonCandton

Cunt e { {medarind - BOOC ) wed [..
Dutput_formatEror (rot [ (prce >5) o [ {pr. <
D pre e 4

Dutgait okl

Output_formattrror e 1
Dutput_payChed 1 EiecernChoe_fred_reonte 00 v
wifect rckan_gnitslogy #um Outpst okl

]

Figure 8.2: An example of an interface annotation
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8 Implementation

The Search Engine finds all semantically compatible partners first as described in Section 6.3
and then verifies for each of the selected partners, whether it is behaviorally compatible with
the requester process. To verify the behavioral compatibility, the Search Engine loads the
interface information and process context of each of the selected partners and sends this
information, together with the requester information, to the Model Matching Context engine.
The Model Matching Context engine models the received information as described in Chapter 7
and sends the modeled assertions to the Yices, which decides whether the modeled assertions
are satisfiable or not.

The modeled assertions represent the F» formula from Section 7.2. Therefore, if the answer
is “satisfiable”, then there is at least one assignment to the processes variables, which does
not lead to a successful communication (which is when the communication goals are not
satisfied). These assignments can be read from the model, found by Yices. If these assertions
are unsatisfiable, then the modeled processes are the valid communication partners for all
possible values, which their variables can take.
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Chapter 9

Summary and Outlook

9.1 Summary

This work presented an approach for a semantically and behavioral compatible partner
discovery. Thereby it was discussed what important information a BPEL process model contains
and how this information can be automatically extracted. In doing so, a new technique for
data flow analysis was introduced, which was used to extract the knowledge from the assign
activities. Furthermore an ontology model was presented, which is capable to store all
extracted information, and an algorithm for semantically compatible partner discovery was
described. Finally, a new approach for verifying the behavioral compatibility of semantically
compatible partners was introduced. Thereby each of the partners was modeled through the
logical assertions, and the problem of the behavioral compatibility between these partners was
reduced to the satisfiability problem of the corresponding assertions.

9.2 Outlook

The introduced approach can be used for the automatic service composition. Assume that
each service has published the information about its implemented and used interfaces (see
Figure 9.1). Assume that a requester R wants to find a compatible partner for its used
interface Ug. Assume that a process P, is found, which implements a compatible implemented
interface Ip,. But process P; in its turn uses interfaces Uy Py and U Py which means it needs
to communicate with the others partners through these interfaces to provide the functionality
of Ip,. Therefore the descriptions of U; By and U, P, become the search criteria for the partners
for P;.

After all partners have been found, they can be combined into one composed process as shown
in Figure 9.2. From the requester side such a composed process is just a single process which
implements the interface Ip =1Ip,.

composed
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P ' P,
1 Ir, P,
U
Ip, [ '~ — b5
Ur I 5
2
| Uz Py P 3

Figure 9.1: Single processes in a repository

P, composed

P4 P2

P

P

Figure 9.2: Composed process

Note that the process P, can be just a composition pattern, which means that its only function
is to coordinate the other processes. Such patterns can be added to the repository with the
same descriptions as the normal processes.

Furthermore this approach can be extended to verify the multi-partner interaction. This
may be useful when a process communicates with more than one partner at the same time
and makes decisions based on the information gathered from all the partners. To be able to
verify such interaction, the matching context should contain logical assertions for each of the
communicating processes. In particular, the process contexts of the interacting parties and
the interface preconditions are important for evaluating such decisions. Furthermore, the
synchronization dependencies of the activities should be extended with the dependencies on
the interaction activities defined for another partner.
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Appendix A

Appendix

A.1 Listings

Listing A.1 This listing contains assertions, which model the assign activities from Figure 7.10
on page 78.

(define-type intvar(record val::int set::bool nb::int))

(define x1:: intvar)
(define x2:: intvar)
(define x3:: intvar)

(define y1:: intvar)
(define y2:: intvar)
(define y3:: intvar)
(define y4:: intvar)

;; psi - functions

(define psi_y_A2 ::int)
(define psi_x_A4 ::int)
(define psi_x_A5 ::int)
(define psi_y_A6 ::int)

;5 For A_11
(assert+ (= (select x1 val) 1) )
(assert+ (select x1 set) )

;; For A_12
(assert+ (= (select yl val) 1))
(assert+ (= (select yl set) true))

;; For A_2

(assert+ ( and
(select x2 set)
( > (select x2 nb) (select x1 nb) )
( > (select x2 nb) (select yl nb) )
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)
;; For A_3
(assert+ (and

;; For A_4
(assert+ ( and

;; For A_5
(assert+ ( and

94

( = (select x2 val) (+ psi_y_A2 1) )
or

(and (select y1 set)
( = psi_y_A2 (select y1 val) )

)

(and (select y2 set)
( = psi_y_A2 (select y2 val) )
(> (select x2 nb) (select y2 nb))

(= (select x3 val) 5)

(select x3 set)

( > (select x3 nb) (select x1 nb) )
( > (select x3 nb) (select yl nb) )

(select y2 set)
( > (select y2 nb) (select x1 nb) )
( > (select y2 nb) (select yl1 nb) )
( = (select y2 val) (* psi_x_A4 2 ) )
( or
; L_1
(and (select x1 set)
( = psi_x_A4 (select x1 val) )
)
;5L 2
(and (select x2 set)
( = psi_x_A4 (select x2 val) )
(> (select y2 nb) (select x2 nb) )

(and (select x3 set)
( = psi_x_A4 (select x3 val) )

(select y3 set)



A.1 Listings

(
(
(
( or
;5 L_1
(and

)
(and

)
(and

;; For A_6
(assert+ ( and

> (select y3 nb) (select x2 nb) )
> (select y3 nb) (select x3 nb) )
= (select y3 val) (+ psi_x_A5 10 ) )

(select x2 set)
( = psi_x_A5 (select x2

(select x3 set)
( = psi_x_A5 (select x3

( not (select x2 set) )
( not (select x3 set) )
(select x1 set)

( = psi_x_A5 (select x1

(select y4 set)

( > (select y4 nb) (select y2 nb) )

( > (select y4 nb) (select y3 nb) )

( = (select y4 val) (+ psi_y_A6 1) )

(or
;5 L_1
(and

)
(and

)
(and

;; additioanal assertions which make the context unsatisfiable

(select y2 set)
( = psi_y_A6 (select y2

(select y3 set)
( = psi_y_A6 (select y3

( not (select y2 set) )
( not (select y3 set) )
(select y1 set)

( = psi_y_A6 (select yl

(assert+ (> (select y4 val) 17))
(assert+ (< (select y4 val) 22))

(check)

val) )

val) )

val) )

val) )

val) )

val) )
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Listing A.2 The matching context for the verifying behavioral compatibility of S and P; (see
Figure 1.1 on page 7)

(define-type intvar (record val::int set::bool nb::int))

(define-type pickVar (record canBeFired::bool fired::bool))

(define-type output (record var::intvar sent::bool skipped::bool accepted::bool
completed: :bool ready::bool nb::int ec::bool))

(define-type input (record var::intvar received::bool skipped::bool waiting: :bool
completed: :bool ready::bool nb::int ec::bool matchingOutput::output))

5 Rk e e K e e S e ok e e e e e Ko e e ke K o ok S o e e ke e ke ke e ke kKo ke ke ke ke sk e ke ke ke ok o
; ;define dummyOutput
5 A A A A A AR A A AR A A KA A AR A A A A A KA AR

(define dummyOutput: :output)
(assert+ (not (select dummyOutput sent) ) )

5 HKAA KA AA KA AR A AA KA AA KA A KK A A AR KA A A KA A KK A KA KK A KA KK A KA KKK KA A KKK KKK KHKK
;,variables for S

5 HAAAKA KA A KA KKK AR AAAA KA A A A A KA KKK KKK KA KA KA KA KA A KKK KK AR AAAAKAKAKAK KK KK KK KK
(define a_1::intvar)

(define b_1::intvar)

(define c_1::intvar)

(define d_1::intvar)

5 RAAAK AR A AR AR AR AR A KA A A A A A A KA KA KA KA A KA A A A A KA KA AR AAAA KA A KA AKA KKK KK
;; process context for S

5 HKAA KA A KA A KA AA K KA KKK A KA AA KA A K KA KKK A KK A KA KA KA KK A A KK A A A KK KA KKK
5 RAAAAKAKA AR AR AR AKA KA A A A A KA A KA KA KA A KA A KA A KA A A KA KA AR AA A A A A A A AK KK
;;for the interface ServiceS

5 HKAA KA AA KA AA KA AA KA AA KA A KK A AA KA A KK KA KA A KA A KK A KA KK A KA KKK KA KK KKK KKK
(define Input_a_1::input)

(define Input_d_1::input)

(define Output_c_1::output)

(define Output_b_1::output)

5 HAAAK A A A KA KA KKK A A AR KA A KA A A KKK A KA R KA A KA KA KA KA A KKK KKK KA KA KA KA KA KA KKK KKK
;; rules for input Input_a of interface ServiceS

5 HAAAKAKA A AR AR AR A KA A KA A A A A KA KA KA AAAA KA A A A KA KA AR AR AAAAAKAHKA KA A A KK KK
(assert+ ( = (select Input_a_1 var) a_1)

)
(assert+ ( not ( and (or (select Input_a_1 received)
(select Input_a_1 waiting ))
(select Input_a_1 skipped ) ) )
)

(assert+ ( if (or (select Input_a_1 received) (select Input_a_1 skipped) )
(select Input_a_1 completed)
(not (select Input_a_1 completed) ) )
)
(assert+ ( if ( and true )
(select Input_a_1 ready)
(not (select Input_a_1 ready) ) )
)
(assert+ ( if (select Input_a_1 ready )
( if (select Input_a_1 ec)
(select Input_a_1 waiting)
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(select Input_a_1 skipped) )
( and (not (select Input_a_l waiting) )
(not (select Input_a_1 skipped ) )
(not (select Input_a_1 received) ) ) )
)
(assert+ ( if (and (select Input_a_1 waiting)
(select (select Input_a_1 matchingOutput) sent)

)
( and
(select Input_a_1 received)
(> (select Input_a_1 nb)
(select (select Input_a_1 matchingOutput) nb)
)
(= (select (select Input_a_1 var) val)
(select (select (select Input_a_1 matchingQutput) var) val)
)
)

(not (select Input_a_1 received) )

)
(assert+ ( if (select Input_a_l received)
( and (select (select Input_a_1 matchingOutput) accepted )
(select (select Input_a_1 var) set) )
( and (not (select (select Input_a_1 matchingOutput) accepted) )
(not (select (select Input_a_1 var) set) ) )

)

;; communication dependencies
;; execution condition:

(assert+ ( = (select Input_a_1 ec) true )

AR AA KA A KA A KA A KK KA KK KA A KA KKK KA A KKK AA KKK KA KK KA KKK AK KA KKK AR KKK KK
;; rules for input Input_d of interface ServiceS

3 HHKAAAAAAAKAKA KA KA KA KA KA KA A KA KA A A A KA KA A KA A KA KA A KKK KKK AR A A AKAK A KA KKK KK KKK
(assert+ ( = (select Input_d_1 var) d_1)

)
(assert+ ( not ( and (or (select Input_d_1 received)
(select Input_d_1 waiting ))
(select Input_d_1 skipped ) ) )
)

(assert+ ( if (or (select Input_d_1 received) (select Input_d_1 skipped) )
(select Input_d_1 completed)
(not (select Input_d_1 completed) ) )
)
(assert+ ( if ( and true
( select Input_a_1 completed)
( select Output_c_1 completed) )
(select Input_d_1 ready)
(not (select Input_d_1 ready) ) )
)
(assert+ ( if (select Input_d_1 ready )
( if (select Input_d_1 ec)
(select Input_d_1 waiting)
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(select Input_d_1 skipped) )
( and (not (select Input_d_1 waiting) )
(not (select Input_d_1 skipped ) )
(not (select Input_d_1 received) ) ) )
)
(assert+ ( if (and (select Input_d_1 waiting)
(select (select Input_d_1 matchingOutput) sent) )
( and
(select Input_d_1 received)
( > (select Input_d_1 nb)
(select (select Input_d_1 matchingOutput) nb) )
( = ( select (select Input_d_1 var) val)
(select (select (select Input_d_1 matchingOutput) var) val ) )
)
(not (select Input_d_1 received) ) )
)
(assert+ ( if (select Input_d_1 received)
( and (select (select Input_d_1 matchingOutput) accepted )
(select (select Input_d_1 var) set) )
(and ( not (select (select Input_d_1 matchingQOutput) accepted) ) )
(not (select (select Input_d_1 var) set)) )
)

;; communication dependencies

(assert+ ( > (select Input_d_1 nb) (select Input_a_1 nb) )

)
(assert+ ( > (select Input_d_1 nb) (select Output_c_1 nb) )
)
;, execution condition:
(assert+ ( = (select Input_d_1 ec)
( and

(and ( > ( select a_1 val) 10)
( not false )

)

5 RAFAAK KA KA KA AAKAAKAA AR AR KA KA AAKAAKAAKAA AR KA KA KA AAKAAKAAK AR KA KA KA
;; rules for output Output_c of interface ServiceS
§FAFFAR KA AAKAARAAKAAFAA AR A KA AAKAAKAAKAAFAF KA AR A AR AAKAAKAA KA KA KA KA AN
(assert+ ( = (select Output_c_1 var) c_1)
)
(assert+ ( not ( and (select Output_c_1 skipped)
(select Output_c_1 sent) ) )
)
(assert+ ( not ( and (not (select Output_c_1 sent) )
(select Output_c_1 accepted) ) )
)
(assert+ ( if (or (select Output_c_1 sent) (select Output_c_1 skipped) )
(select Output_c_1 completed)
(not (select Output_c_1 completed) ) )
)
(assert+ ( if ( select Input_a_1 completed)
(select Output_c_1 ready)
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(not (select Output_c_1 ready) ) )
)
(assert+ ( if (select Output_c_1 ready)
( if (select Output_c_1 ec)
(select Output_c_1 sent)
(select Output_c_1 skipped) )
( and (not (select Output_c_1 skipped ) )
(not (select Output_c_1 sent) ) ) )
)
;; communication dependencies
(assert+ ( > (select Output_c_1 nb) (select Input_a_1 nb) )
)

;; execution condition:
(assert+ ( = (select Output_c_1 ec)
(and ( and ( > ( select a_1 val) 10) ) )

)
§HAAAARKAAKAA KA KA AR AR KA AAKAAKAA K AR KA KA AAKAAKAA AR AR KA KA AAKAAKAAK AR KA KK
;; rules for output Output_b of interface ServiceS
3 RAFFAAKAAKAA AR KA KA A AR AAKAAAAAKAK KA KA KA AAKAAKAK AR AR KA KA AAKAAKAA KA KA KK
(assert+ ( = (select Output_b_1 var) b_1)
)
(assert+ ( not ( and (select Output_b_1 skipped)
(select Output_b_1 sent) ) )
)
(assert+ ( not ( and (not (select Output_b_1 sent) )
(select Output_b_1 accepted) ) )
)
(assert+ ( if (or (select Output_b_1 sent) (select Output_b_1 skipped) )
(select Output_b_1 completed)
(not (select Output_b_1 completed) ) )
)
(assert+ ( if ( and
( select Output_c_1 completed)
( select Input_d_1 completed) )
(select Output_b_1 ready)
(not (select Output_b_1 ready) ) )
)
(assert+ ( if (select Output_b_1 ready)
( if (select Output_b_1 ec)
(select Output_b_1 sent)
(select Output_b_1 skipped) )
( and (not (select Output_b_1 skipped ) )
(not (select Output_b_1 sent) ) ) )
)
;; communication dependencies
(assert+ ( > (select Output_b_1 nb) (select Input_d_1 nb) )
)
;; execution condition:
(assert+ ( = (select Output_b_1 ec) true )
)

5 KA AR KKK AR A KA AR A KKK AR KKK KA A KK AR A KK KKK R KKK KKK AR KK KKK
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;;variables for P1
5 HKAA KA A KA AAAA A AR A AA KA A KK KA A KA A KKK A KKK A KKK A KKK A A KK A KKK A A KK A KK KKK
(define a_2::intvar)
(define b_2::intvar)
5 HKAA KA A KA AA KA AA KK AA K KA KKK A KKK A K KA KA A KA A K KA A KKK A KKK A A KK A A KKK
; ;process context for P1
5 HKAA KA AA KA AR A AA KA AA KA A KK A AAK A A A A A A A A A A A KA A A AR AA KKK A A KKK
(assert+ ( => true

( and (select a_2 set)

( = ( select a_2 val) 20)

)

5 KoK ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok o ok ok ok ok ok ok ok o ok ok ok ok ok ok e ok ok ok ok ok ok ok ok ok ok ok ok ok ok K o ok ok ok ok ok ok sk ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok

;;for the interface PartnerPl
5 A A AA R A A AR KA KK A F A KK A A AR A A KK A KA KK H A A KA F A KK A A KR A KA A KKK

(define Input_b_2::input)

(define Output_a_2::output)

5 HKAA KA A A A A KA A A A KA KK A KK KA KA K KA KA KA KKK A KKK KA A KA A AR A KKK
;; rules for input Input_d of interface PartnerPl1

;KA A A A A A A A A A A A A A A A A A KA A A A A A KA KA AR AH A A A A A KA KA A KA A KA A KKK K

(assert+ ( = (select Input_b_2 var) b_2)

)
(assert+ ( not ( and (or (select Input_b_2 received)
(select Input_b_2 waiting ))
(select Input_b_2 skipped ) ) )
)

(assert+ ( if (or (select Input_b_2 received) (select Input_b_2 skipped) )
(select Input_b_2 completed)
(not (select Input_b_2 completed) ) )
)
(assert+ ( if ( and true
( select Output_a_2 completed) )
(select Input_b_2 ready)
(not (select Input_b_2 ready) ) )
)
(assert+ ( if (select Input_b_2 ready )
( if (select Input_b_2 ec)
(select Input_b_2 waiting)
(select Input_b_2 skipped) )
( and (not (select Input_b_2 waiting) )
(not (select Input_b_2 skipped ) )
(not (select Input_b_2 received) ) ) )
)
(assert+ ( if (and (select Input_b_2 waiting)
(select (select Input_b_2 matchingOutput) sent) )

( and

(select Input_b_2 received)

( > (select Input_b_2 nb)

(select (select Input_b_2 matchingQOutput) nb) )

( = (select (select Input_b_2 var) val)

(select (select (select Input_b_2 matchingOutput) var) val ) )
)

(not (select Input_b_2 received) ) )
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)
(assert+ ( if (select Input_b_2 received)
(and (select (select Input_b_2 matchingOutput) accepted )
(select (select Input_b_2 var) set) )
(and ( not (select (select Input_b_2 matchingQutput) accepted) ) )
(not (select (select Input_b_2 var) set) ) )
)
;; communication dependencies
(assert+ ( > (select Input_b_2 nb) (select Output_a_2 nb) )
)
;; execution condition:
(assert+ ( = (select Input_b_2 ec) true )
)
§RARRAAFAAF AR KA AR AKAAKAAKAA A AR AKAAKAAKAAKAAFAF KA AKIAKAAKAAKAAFAF KA A
;; rules for output Output_a of interface PartnerPl1
§RAAKAARKAAKAAKAA KA AR KA KA AAKAA AR KA KA AR AAKAAKA KA R AR KA KA AAKAAKAAK AR KA KK
(assert+ ( = (select Output_a_2 var) a_2)
)
(assert+ ( not ( and (select Output_a_2 skipped)
(select Output_a_2 sent) ) )
)
(assert+ ( not ( and (not (select Output_a_2 sent) )
(select Output_a_2 accepted) ) )
)
(assert+ ( if (or (select Output_a_2 sent) (select Output_a_2 skipped) )
(select Output_a_2 completed)
(not (select Output_a_2 completed) ) )
)
(assert+ ( if true
(select Output_a_2 ready)
(not (select Output_a_2 ready) ) )
)
(assert+ ( if (select Output_a_2 ready)
( if (select Output_a_2 ec)
(select Output_a_2 sent)
(select Output_a_2 skipped) )
( and (not (select Output_a_2 skipped ) )
(not (select Output_a_2 sent) ) ) )
)

;; communication dependencies

;; execution condition:
(assert+ ( = (select Output_a_2 ec) true )

)

3 KA KRR A K KKK AR H KA AR KKK AR KKK AR A KA AR A KKK KRR KK KKK AR KK KKK
;; matching assertions
3 ok e R e e e e e e e ke K ek o e ke ke e e ke e ke e ke ke ko ke ek e ke ko e koK

(assert+ ( (select Input_a_1 matchingOutput) Output_a_2) )
(assert+ ( = (select Input_b_2 matchingQOutput) Output_b_1) )

(assert+ ( = (select Input_d_1 matchingOutput) dummyQutput ) )

5 KA AR KKK AR A KA AR A KKK AR KKK KA A KK AR A KK KKK R KKK KKK AR KK KKK
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; ;communiction goal

5 HKAA KA A KA AAAA A AR A AA KA A KK KA A KA A KKK A KKK A KKK A KKK A A KK A KKK A A KK A KK KKK

(assert+ ( not (select Input_b_2 received) ) )
(check)
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Listing A.3 Yices output model after verifying the satisfiability of the matching context from
Listing 2.

sat
(=a_2a_l)
(= (mk-record nb::26 set::false val::27)
(select dummyOutput var))
(= (select (select dummyQutput var) nb) 26)
(= (select (select dummyOutput var) set) false)
(= (select (select dummyQOutput var) val) 27)
(= (mk-record accepted::false
completed: :false
ec::false
nb::3
ready::false
sent::false
skipped::false
var:: (select dummyOutput var))
dummyOutput)
(= (select dummyOutput accepted) false)
(= (select dummyQutput completed) false)
(= (select dummyOutput ec) false)
(= (select dummyQOutput nb) 3)
(= (select dummyOutput ready) false)
(= (select dummyOutput sent) false)
(= (select dummyOutput skipped) false)
(= (mk-record nb::21 set::true val::20) a_1)
(= (select a_1 nb) 21)
(= (select a_1 set) true)
(= (select a_1 val) 20)
(= (mk-record accepted::true
completed: :true
ec::true
nb::0
ready::true
sent: :true
skipped::false
var::a_1)
Output_a_2)
(= (select Output_a_2 accepted) true)
(= (select Output_a_2 completed) true)
(= (select Output_a_2 ec) true)
(= (select Output_a_2 nb) 0)
(= (select Output_a_2 ready) true)
(= (select Output_a_2 sent) true)
(= (select Output_a_2 skipped) false)
(= (select Output_a_2 var) a_1)
(= (mk-record completed::true
ec::true
matchingOutput: :Output_a_2
nb::1
ready: :true
received: :true
skipped::false
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var::a_1
waiting: :true)
Input_a_1)
(= (select Input_a_1 completed) true)
= (select Input_a_1 ec) true)
(= (select Input_a_1 matchingQOutput) Output_a_2)
(= (select Input_a_1 nb) 1)
= (select Input_a_1 ready) true)
= (select Input_a_1 received) true)
(= (select Input_a_1 skipped) false)
= (select Input_a_1 var) a_1)
(= (select Input_a_1 waiting) true)
(= (mk-record nb::22 set::false val::23) d_1)
(= (select d_1 nb) 22)
= (select d_1 set) false)
(= (select d_1 val) 23)
(= (mk-record completed::false
ec::true
matchingOutput: :dummyOutput
nb::3
ready: :true
received: :false
skipped: :false
var::d_1
waiting: :true)
Input_d_1)
(= (select Input_d_1 completed) false)
(= (select Input_d_1 ec) true)
(= (select Input_d_1 matchingQutput) dummyOutput)
(= (select Input_d_1 nb) 3)
(= (select Input_d_1 ready) true)
(= (select Input_d_1 received) false)
(= (select Input_d_1 skipped) false)
(= (select Input_d_1 var) d_1)
(= (select Input_d_1 waiting) true)
(= (mk-record nb::24 set::false val::25) c_1)
(= (select c_1 nb) 24)
(= (select c_1 set) false)
(= (select c_1 val) 25)
(= (mk-record accepted::false
completed: :true
ec::true
nb::2
ready: :true
sent: :true
skipped: :false
var::c_1)
Output_c_1)
= (select Output_c_1 accepted) false)
(= (select Output_c_1 completed) true)
(= (select Output_c_1 ec) true)
= (select Output_c_1 nb) 2)
(= (select Output_c_1 ready) true)
(= (select Output_c_1 sent) true)
= (select Output_c_1 skipped) false)
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(= (select Output_c_1 var) c_1)
(= (mk-record nb::30 set::false val::31) b_1)
(= (select b_1 nb) 30)
(= (select b_1 set) false)
(= (select b_1 val) 31)
(= (mk-record accepted::false
completed: :false
ec::true
nb::4
ready::false
sent::false
skipped::false
var::b_1)
Output_b_1)
(= (select Output_b_1 accepted) false)
= (select Output_b_1 completed) false)
= (select Output_b_1 ec) true)
= (select Output_b_1 nb) 4)
= (select Output_b_1 ready) false)
= (select Output_b_1 sent) false)
= (select Output_b_1 skipped) false)
= (select Output_b_1 var) b_1)
= (mk-record nb::28 set::false val::29) b_2)
= (select b_2 nb) 28)
= (select b_2 set) false)
= (select b_2 val) 29)
= (mk-record completed::false
ec::true
matchingOutput: :Output_b_1
nb::5
ready: :true
received::false
skipped::false
var::b_2

N AN AN AN A A

~

~ N~~~

waiting: :true)
Input_b_2)
(= (select Input_b_2 completed) false)

(= (select Input_b_2 ec) true)

(= (select Input_b_2 matchingOutput) Output_b_1)
(= (select Input_b_2 nb) 5)

(= (select Input_b_2 ready) true)

(= (select Input_b_2 received) false)

(= (select Input_b_2 skipped) false)

(= (select Input_b_2 var) b_2)

(= (select Input_b_2 waiting) true)
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Listing A.4 The matching context for the verifying behavioral compatibility of S and P» (see
Figure 1.1 on page 7)

(define-type intvar (record val::int set::bool nb::int))

(define-type pickVar (record canBeFired::bool fired::bool))

(define-type output (record var::intvar sent::bool skipped::bool accepted::bool
completed: :bool ready::bool nb::int ec::bool))

(define-type input (record var::intvar received::bool skipped::bool waiting: :bool
completed: :bool ready::bool nb::int ec::bool matchingOutput::output))

5 Rk e e K e e S e ok e e e e e Ko e e ke K o ok S o e e ke e ke ke e ke kKo ke ke ke ke sk e ke ke ke ok o
; ;define dummyOutput
5 A A A A A AR A A AR A A KA A AR A A A A A KA AR

(define dummyOutput: :output)
(assert+ (not (select dummyOutput sent) ) )

5 HKAA KA AA KA AR A AA KA AA KA A KK A A AR KA A A KA A KK A KA KK A KA KK A KA KKK KA A KKK KKK KHKK
;,variables for S

5 HAAAKA KA A KA KKK AR AAAA KA A A A A KA KKK KKK KA KA KA KA KA A KKK KK AR AAAAKAKAKAK KK KK KK KK
(define a_1::intvar)

(define b_1::intvar)

(define c_1::intvar)

(define d_1::intvar)

5 RAAAK AR A AR AR AR AR A KA A A A A A A KA KA KA KA A KA A A A A KA KA AR AAAA KA A KA AKA KKK KK
;; process context for S

5 HKAA KA A KA A KA AA K KA KKK A KA AA KA A K KA KKK A KK A KA KA KA KK A A KK A A A KK KA KKK
5 RAAAAKAKA AR AR AR AKA KA A A A A KA A KA KA KA A KA A KA A KA A A KA KA AR AA A A A A A A AK KK
;;for the interface ServiceS

5 HKAA KA AA KA AA KA AA KA AA KA A KK A AA KA A KK KA KA A KA A KK A KA KK A KA KKK KA KK KKK KKK
(define Input_a_1::input)

(define Input_d_1::input)

(define Output_c_1::output)

(define Output_b_1::output)

5 HAAAK A A A KA KA KKK A A AR KA A KA A A KKK A KA R KA A KA KA KA KA A KKK KKK KA KA KA KA KA KA KKK KKK
;; rules for input Input_a of interface ServiceS

5 HAAAKAKA A AR AR AR A KA A KA A A A A KA KA KA AAAA KA A A A KA KA AR AR AAAAAKAHKA KA A A KK KK
(assert+ ( = (select Input_a_1 var) a_1)

)
(assert+ ( not ( and (or (select Input_a_1 received)
(select Input_a_1 waiting ))
(select Input_a_1 skipped ) ) )
)

(assert+ ( if (or (select Input_a_1 received) (select Input_a_1 skipped) )
(select Input_a_1 completed)
(not (select Input_a_1 completed) ) )
)
(assert+ ( if ( and true )
(select Input_a_1 ready)
(not (select Input_a_1 ready) ) )
)
(assert+ ( if (select Input_a_1 ready )
( if (select Input_a_1 ec)
(select Input_a_1 waiting)
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(select Input_a_1 skipped) )
( and (not (select Input_a_l waiting) )
(not (select Input_a_1 skipped ) )
(not (select Input_a_1 received) ) ) )
)
(assert+ ( if (and (select Input_a_1 waiting)
(select (select Input_a_1 matchingOutput) sent)

)
( and
(select Input_a_1 received)
(> (select Input_a_1 nb)
(select (select Input_a_1 matchingOutput) nb)
)
(= (select (select Input_a_1 var) val)
(select (select (select Input_a_1 matchingQutput) var) val)
)
)

(not (select Input_a_1 received) )

)
(assert+ ( if (select Input_a_l received)
( and (select (select Input_a_1 matchingOutput) accepted )
(select (select Input_a_1 var) set) )
( and (not (select (select Input_a_1 matchingOutput) accepted) )
(not (select (select Input_a_1 var) set) ) )

)

;; communication dependencies
;; execution condition:

(assert+ ( = (select Input_a_1 ec) true )

AR AA KA A KA A KA A KK KA KK KA A KA KKK KA A KKK AA KKK KA KK KA KKK AK KA KKK AR KKK KK
;; rules for input Input_d of interface ServiceS

3 HHKAAAAAAAKAKA KA KA KA KA KA KA A KA KA A A A KA KA A KA A KA KA A KKK KKK AR A A AKAK A KA KKK KK KKK
(assert+ ( = (select Input_d_1 var) d_1)

)
(assert+ ( not ( and (or (select Input_d_1 received)
(select Input_d_1 waiting ))
(select Input_d_1 skipped ) ) )
)

(assert+ ( if (or (select Input_d_1 received) (select Input_d_1 skipped) )
(select Input_d_1 completed)
(not (select Input_d_1 completed) ) )
)
(assert+ ( if ( and true
( select Input_a_1 completed)
( select Output_c_1 completed) )
(select Input_d_1 ready)
(not (select Input_d_1 ready) ) )
)
(assert+ ( if (select Input_d_1 ready )
( if (select Input_d_1 ec)
(select Input_d_1 waiting)
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(select Input_d_1 skipped) )
( and (not (select Input_d_1 waiting) )
(not (select Input_d_1 skipped ) )
(not (select Input_d_1 received) ) ) )
)
(assert+ ( if (and (select Input_d_1 waiting)
(select (select Input_d_1 matchingOutput) sent) )
( and
(select Input_d_1 received)
( > (select Input_d_1 nb)
(select (select Input_d_1 matchingOutput) nb) )
( = ( select (select Input_d_1 var) val)
(select (select (select Input_d_1 matchingOutput) var) val ) )
)
(not (select Input_d_1 received) ) )
)
(assert+ ( if (select Input_d_1 received)
( and (select (select Input_d_1 matchingOutput) accepted )
(select (select Input_d_1 var) set) )
(and ( not (select (select Input_d_1 matchingQOutput) accepted) ) )
(not (select (select Input_d_1 var) set)) )
)

;; communication dependencies

(assert+ ( > (select Input_d_1 nb) (select Input_a_1 nb) )

)
(assert+ ( > (select Input_d_1 nb) (select Output_c_1 nb) )
)
;, execution condition:
(assert+ ( = (select Input_d_1 ec)
( and

(and ( > ( select a_1 val) 10)
( not false )

)
5 RAFAAK KA KA KA AAKAAKAA AR AR KA KA AAKAAKAAKAA AR KA KA KA AAKAAKAAK AR KA KA KA
;; rules for output Output_c of interface ServiceS
§FAFFAR KA AAKAARAAKAAFAA AR A KA AAKAAKAAKAAFAF KA AR A AR AAKAAKAA KA KA KA KA AN
(assert+ ( = (select Output_c_1 var) c_1)
)
(assert+ ( not ( and (select Output_c_1 skipped)
(select Output_c_1 sent) ) )
)
(assert+ ( not ( and (not (select Output_c_1 sent) )
(select Output_c_1 accepted) ) )
)
(assert+ ( if (or (select Output_c_1 sent) (select Output_c_1 skipped) )
(select Output_c_1 completed)
(not (select Output_c_1 completed) ) )
)
(assert+ ( if ( select Input_a_1 completed)
(select Output_c_1 ready)
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(not (select Output_c_1 ready) ) )
)
(assert+ ( if (select Output_c_1 ready)
( if (select Output_c_1 ec)
(select Output_c_1 sent)
(select Output_c_1 skipped) )
( and (not (select Output_c_1 skipped ) )
(not (select Output_c_1 sent) ) ) )
)
;; communication dependencies
(assert+ ( > (select Output_c_1 nb) (select Input_a_1 nb) )
)

;; execution condition:
(assert+ ( = (select Output_c_1 ec)
(and ( and ( > ( select a_1 val) 10) ) )

)
§HAAAARKAAKAA KA KA AR AR KA AAKAAKAA K AR KA KA AAKAAKAA AR AR KA KA AAKAAKAAK AR KA KK
;; rules for output Output_b of interface ServiceS
3 RAFFAAKAAKAA AR KA KA A AR AAKAAAAAKAK KA KA KA AAKAAKAK AR AR KA KA AAKAAKAA KA KA KK
(assert+ ( = (select Output_b_1 var) b_1)
)
(assert+ ( not ( and (select Output_b_1 skipped)
(select Output_b_1 sent) ) )
)
(assert+ ( not ( and (not (select Output_b_1 sent) )
(select Output_b_1 accepted) ) )
)
(assert+ ( if (or (select Output_b_1 sent) (select Output_b_1 skipped) )
(select Output_b_1 completed)
(not (select Output_b_1 completed) ) )
)
(assert+ ( if ( and
( select Output_c_1 completed)
( select Input_d_1 completed) )
(select Output_b_1 ready)
(not (select Output_b_1 ready) ) )
)
(assert+ ( if (select Output_b_1 ready)
( if (select Output_b_1 ec)
(select Output_b_1 sent)
(select Output_b_1 skipped) )
( and (not (select Output_b_1 skipped ) )
(not (select Output_b_1 sent) ) ) )
)
;; communication dependencies
(assert+ ( > (select Output_b_1 nb) (select Input_d_1 nb) )
)
;; execution condition:
(assert+ ( = (select Output_b_1 ec) true )
)

5 KA AR KKK AR A KA AR A KKK AR KKK KA A KK AR A KK KKK R KKK KKK AR KK KKK
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;;variables for P2
5 HKAA KA A KA AAAA A AR A AA KA A KK KA A KA A KKK A KKK A KKK A KKK A A KK A KKK A A KK A KK KKK
(define a_3::intvar)
(define b_3::intvar)
5 HKAA KA A KA AA KA AA KK AA K KA KKK A KKK A K KA KA A KA A K KA A KKK A KKK A A KK A A KKK
; ;process context for P2
5 HKAA KA AA KA AR A AA KA AA KA A KK A AAK A A A A A A A A A A A KA A A AR AA KKK A A KKK
(assert+ ( => true

( and (select a_3 set)

( = ( select a_3 val) 5)

)

5 KoK ok ok ok ok ok ok ok ok ok ok ok ke ok ok ok ok ok ok ok o ok ok ok ok ok ok ok o ok ok ok ok ok ok e ok ok ok ok ok ok ok ok ok ok ok ok ok ok K o ok ok ok ok ok ok sk ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok

;;for the interface PartnerP2
5 A A AA R A A AR KA KK A F A KK A A AR A A KK A KA KK H A A KA F A KK A A KR A KA A KKK

(define Input_b_3::input)

(define Output_a_3::output)

5 HKAA KA A A A A KA A A A KA KK A KK KA KA K KA KA KA KKK A KKK KA A KA A AR A KKK
;; rules for input Input_d of interface PartnerP2

;KA A A A A A A A A A A A A A A A A A KA A A A A A KA KA AR AH A A A A A KA KA A KA A KA A KKK K

(assert+ ( = (select Input_b_3 var) b_3)

)
(assert+ ( not ( and (or (select Input_b_3 received)
(select Input_b_3 waiting ))
(select Input_b_3 skipped ) ) )
)

(assert+ ( if (or (select Input_b_3 received) (select Input_b_3 skipped) )
(select Input_b_3 completed)
(not (select Input_b_3 completed) ) )
)
(assert+ ( if ( and true
( select Output_a_3 completed) )
(select Input_b_3 ready)
(not (select Input_b_3 ready) ) )
)
(assert+ ( if (select Input_b_3 ready )
( if (select Input_b_3 ec)
(select Input_b_3 waiting)
(select Input_b_3 skipped) )
( and (not (select Input_b_3 waiting) )
(not (select Input_b_3 skipped ) )
(not (select Input_b_3 received) ) ) )
)
(assert+ ( if (and (select Input_b_3 waiting)
(select (select Input_b_3 matchingOutput) sent) )

( and

(select Input_b_3 received)

( > (select Input_b_3 nb)

(select (select Input_b_3 matchingQOutput) nb) )

( = (select (select Input_b_3 var) val)

(select (select (select Input_b_3 matchingOutput) var) val ) )
)

(not (select Input_b_3 received) ) )
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)
(assert+ ( if (select Input_b_3 received)
(and (select (select Input_b_3 matchingOutput) accepted )
(select (select Input_b_3 var) set) )
(and ( not (select (select Input_b_3 matchingQutput) accepted) ) )
(not (select (select Input_b_3 var) set) ) )
)
;; communication dependencies
(assert+ ( > (select Input_b_3 nb) (select Output_a_3 nb) )
)
;; execution condition:
(assert+ ( = (select Input_b_3 ec) true )
)
§RARRAAFAAF AR KA AR AKAAKAAKAA A AR AKAAKAAKAAKAAFAF KA AKIAKAAKAAKAAFAF KA A
;; rules for output Output_a of interface PartnerP2
3 HKAKAAAAAAAAAA KA AR AR A AR KA A A A AR A KA KA KA KA A A A AR AR A KA KKK A A AR AR AR A KK
(assert+ ( = (select Output_a_3 var) a_3)
)
(assert+ ( not ( and (select Output_a_3 skipped)
(select Output_a_3 sent) ) )
)
(assert+ ( not ( and (not (select Output_a_3 sent) )
(select Output_a_3 accepted) ) )
)
(assert+ ( if (or (select Output_a_3 sent) (select Output_a_3 skipped) )
(select Output_a_3 completed)
(not (select Output_a_3 completed) ) )
)
(assert+ ( if true
(select Output_a_3 ready)
(not (select Output_a_3 ready) ) )
)
(assert+ ( if (select Output_a_3 ready)
( if (select Output_a_3 ec)
(select Output_a_3 sent)
(select Output_a_3 skipped) )
( and (not (select Output_a_3 skipped ) )
(not (select Output_a_3 sent) ) ) )
)

;; communication dependencies

;; execution condition:
(assert+ ( = (select Output_a_3 ec) true )

)

3 KA KRR A K KKK AR H KA AR KKK AR KKK AR A KA AR A KKK KRR KK KKK AR KK KKK
;; matching assertions
3 ok e R e e e e e e e ke K ek o e ke ke e e ke e ke e ke ke ko ke ek e ke ko e koK

(assert+ ( (select Input_a_1 matchingOutput) Output_a_3) )
(assert+ ( = (select Input_b_3 matchingQOutput) Output_b_1) )

(assert+ ( = (select Input_d_1 matchingOutput) dummyQutput ) )

5 KA AR KKK AR A KA AR A KKK AR KKK KA A KK AR A KK KKK R KKK KKK AR KK KKK
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; ;communiction goal

5 RAAAA AR A AR AR AR AR A KA A AA A AR A AR AR AR AR A KA AAAAAA A A A AR AR AR A KA AA A A A A A KK KK
(assert+ ( not (select Input_b_3 received) ) )

(check)
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A.2 Abbreviations

Abbreviation Interpretation Reference

BPEL Business Process Execution Language Section 2.1
CSSA Concurrent Static Single Assignment Section 2.2

EC Execution Condition Section 5.2

KB Knowledge Base Subsection 2.3.2
LTL Linear Temporal Logic Subsection 3.1.2
oG Operating Guideline Subsection 3.1.1
OWL-S Web Ontology Language for Services Section 6.2

RDF Resource Description Framework Subsection 2.3.2
SAT Satisfiability Section 2.4

SMT SAT Modulo Theories Section 2.4

SOA Service Oriented Architecture Section 1.1
SOAP originates from Simple Object Access Protocol Section 1.1

SSA Static Single Assignment Section 2.2
UDDI Universal Description, Discovery and Integration Section 1.1

URI Uniform Resource Identifier Subsection 2.3.2
WID WebSphere Integration Developer Chapter 8
WSDL Web Services Description Language Section 1.1
W3C The World Wide Web Consortium Section 2.3
WSMO Web Service Modeling Ontology Section 6.2
XML Extensible Markup Language Section 2.1
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