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Abstract

During the system and software development process for distributed systems, the devel-
opment of the overall system design is critical for correctness, performance, and reliability.
The objective of this thesis is the improvement of methods and tools that can be used to
obtain a correct design model for distributed system components automatically by deriving
the design model from the global system requirements. Mainly, we are concerned with the
transformation from a global requirements model to a distributed design model. The global
requirements model describes the behavior of a distributed system in an abstract manner
by defining the local actions to be performed by different roles which represent actors in the
different system components. The distributed design model defines the behavior of each
actor separately, including its local actions plus the exchange of coordination messages,

which are necessary to assure that the actions are performed in the required order.

In this work, we first consider a global requirements model in the form of partially
ordered actions similar to High-level Message Sequence Chart (HMSC). We study the real-
izability of the global requirements, which is said to be directly realizable if a design model
can be constructed without any coordination messages. We study some problems which
prevent direct realizability, such as strict sequence, non-local choice, non-deterministic
choice, termination race, and others, and show under which conditions these problems are
absent and the global model is directly realizable. For the other cases, we show how a
conforming design model can be obtained by introducing a minimal number of coordina-
tion messages. In this context, we also show under which conditions sequence numbers are

required in the messages of a weak while loop.

Then we study the automatic derivation of a distributed design model using a tool. In
order to obtain an easily readable notation for the global requirements model, we adapt
the HMSC notation to the UML Hierarchical State Machine (HSM) notation and extend
this notation to describe the roles that participate in the actions of each state of the global
behavior. A simple state represents some local actions of a single role, while a hierarchical
state usually represents a collaboration between several roles. Then we describe a derivation

algorithm that can be applied to a global model written in this proposed HSM notation and
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generates a distributable UML HSM model, which contains a hierarchical state machine

for each role of the application.

We implemented this derivation algorithm as a tool in the context of the Umple UML
development environment. This tool takes a global requirements model written in the
extended HSM notation as input and automatically generates a UML HSM model. The
distributed implementation environment described in Zakariapour’s thesis is used for gen-
erating a distributed Java implementation, where each distributed component contains
one Java run-time environment and realizes the behavior of one or several of the roles of
the application. A Travel Management System illustrative example has been discussed to
illustrate the representation of the global model using the extended HSM notation and to

demonstrate the correctness of the generated design models by the tool.
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Chapter 1

Introduction

During the system and software development process for distributed systems, the develop-
ment of the overall system design is critical for correctness, performance, and reliability.
The objective of this research is the improvement of methods and tools that can be used
to obtain a correct design specification for a distributed system automatically by deriving
the design specification from the global system requirement, and this is called protocol
derivation. Mainly, we are concerned with the transformation from a global requirements
model, which describes the behavior of a distributed system in an abstract manner by
defining the local actions to be performed by different roles which represent actors in the
different system components, to a distributed design model, which defines the behavior of
each role separately, including its local actions plus the exchange of coordination messages
which are necessary to assure that the actions of the different roles are performed in the

required order.

Different notations were proposed for describing requirements models. Alur [1] used
Message Sequence Chart (MSC), and Hierarchical Message Sequence Chart (HMSC) (also
called high-level MSC), Castején [2] proposed the concept of Collaborations and Activity

Diagrams, and PO-Charts were used in [3].

Bochmann [4] proposed a derivation algorithm for semi-automatically deriving a correct
distributed system design with different system roles that conforms to the global specifi-

cation (written in partial order notation (POS)). Coordination messages between system

1



roles are introduced to avoid any conflicts and ensure synchronization. F. Laamarti, in
her master thesis [5], implemented this algorithm in a software tool which generates the
behavior (design model) for each role from a global specification in the form of an Activity
Diagram. The translation of the generated distributed design model into BPEL (Business

Process Execution Language) was experimented by [6].

In this thesis, first, we consider a global requirements model in the form of partially
ordered actions represented by collaborations [7], or HMSC. A HMSC determines different
roles participating in the distributed system and different actions executed by these roles;
also, there are messages between roles that indicate the partial order between the actions.
We study the realizability of the global requirements model, which is said to be directly
realizable if a design model can be constructed without any coordination messages. We
study some problems which prevent direct realizability, like strict sequence [8], non-local
choice [9], non-deterministic choice [10], and race conditions [11], and show under which
conditions these problems are absent, and the specification is directly realizable. For the
other cases, we show how a conforming design model can be obtained by introducing
minimal changes to the basic implementation. Overall, this is an important improvement

of the previous work in [4].

Secondly, we study what kind of notations would be suitable for modeling the behavior
of distributed applications (global model), and which one will be the easiest to use as
input for a tool that derives the role design model automatically. In this context, we adopt
the UML Hierarchical State Machine (HSM) and then introduce certain extensions to this
notation in order to describe the different roles which participate in the global model. The
local action which is executed by a given role is indicated as a do-action in a simple state
which corresponds to that role. This proposed notation is similar to HMSC; however,
there is no message exchange, and the partial order is indicated as a completion transition

between the states.

Then we follow the improved derivation algorithm and show how a design model can
be derived from a global model written in the extended HSM notation. The derived design
model for each role is a UML HSM, which contains the local actions of that role and the



required coordination messages which are generated by our algorithm.

Finally, we build a tool that automatically derives a role design model from a global
requirements model written in our notation of extended Hierarchical State Machine. This
tool implements the derivation algorithm and does a model transformation from our ex-
tended HSM, representing the global requirements model, into UML HSM, representing
the design models for the different roles. In this context, we extend Umple [12] to support
our notation for the global model and to derive distributed design models based on our
derivation algorithm. Then, a Travel Management System case study has been discussed
to illustrate the representation of the global model using the extended HSM notation and

to demonstrate the correctness of the generated design models by the tool.

1.1 Motivation

Modeling a set of distributed system components such that their behavior conforms to a
given global specification is really a challenging task. Many problems prevent the realiza-
tion of global requirements; such problems include race conditions, deadlocks, non-local
choice, non-deterministic choice, and others. One solution is to derive the design model
for each role separately, then integrate these models together and adding additional coor-

dination messages if necessary.

Synthesis methods have been used to automatically derive a distributed design model
(also called protocol specification) from a given global model specification. Derivation
methods have been used to specify and derive the required coordination messages in order

to get a correct design model.

The improvement of methods and tools that can be used to automatically obtain correct
system design models (for the participating roles) from the global requirements are really
needed in the field of distributed communication modeling. Our work is important in
the context of distributed system design, where designers and developers should consider
the distributed application problems and know how to solve them. This work is also

important for the construction of tools that generate code for distributed applications in



order to generate code without design flaws.

1.2 Objective

Our objective in this research is to improve the design methods for distributed applications
and, in particular, review the protocol derivation algorithm, which derives from a given
requirements for the global specifications of the system, a distributed design that is correct
by construction. We study what kind of coordination messages are necessary for the gen-
eration of correct design models and improve the derivation algorithm in [4] by minimizing
the required coordination messages to get a realizable requirements model. In addition, we
discuss the problem of non-local choice, and more specifically, with competing initiatives.
This work is important in the context of the automatic derivation of correct distributed

design models from global requirements.

The second objective is finding a suitable, abstract modeling notation for the behavior
of distributed applications and then developing an algorithm that generates a model of the
behavior for each role of the distributed application, including the exchange of messages
necessary for the coordination of the activities. In this context, we study what kind of
notations would be suitable for modeling the global model and which one will be easiest
to use as input to the tool in order to generate a design model for each role in the global

model.

The third objective is the creation of such a tool that is useful for the development of
distributed computing applications. This tool supports the proposed modeling notation,
and it is used for an automatic generation of a distributed design models from a given

global requirements model.

1.3 Research Questions

This thesis will address the following research questions:



e RQ1: What kind of coordination messages are necessary for distributed design?

e RQ2: Which kind of notations would be suitable for modeling the behavior of dis-

tributed applications, and which one will be the easiest to use as input for a tool?

e RQ3: In a distributed system, if more than one role take uncoordinated choice ini-

tiatives concurrently, how can this problem be solved?

e RQ4: Which existing tool can be extended to support the proposed notation for the
global model, and be extended to automatically derive distributed design models from

the global specification?

1.4 Thesis Contributions

By addressing the research questions (RQ1 to RQ4), this thesis provides the following

major contributions:

e Extension of a hierarchical state machine (HSM) language used for global require-

ments models.

e Improved version for the derivation algorithm of the design models in [4], which
derives a roles design model from a global requirements model by minimizing the
required coordination messages to get a correct design model. Then we adapt this
algorithm to support the proposed global model. In this context, we provide the

following:

— A reduction in the required coordination messages to get a correct design model.

— Butter support for the derivation of the weak while loop, choices, and competing
initiatives.

— Application of the algorithm can be applied to the global model written in the
proposed HSMs notation.



e A prototype tool that extends Umple HSM, and transforms a HSM global model into
a distributed design consisting of a collection of UML HSMs, one per role.

The thesis also provides the following minor contributions:
o [llustrative example to show the representation of the global model using the extended

HSM and to demonstrate the correctness of the generated design models by the tool.

e A study of competing initiatives in distributed applications and the discussion of

some distributed design choices.

e Improvement of the existing Umple self generator, for generation of a model written

in Umple syntax from an Umple internal representation.

1.5 Thesis Outline

The rest of this thesis is organized as follows:

e Chapter 2 introduces the basic concepts and notations that are important as back-

ground for this thesis.
e Chapter 3 is a literature review.

e Chapter 4 discusses the modeling using partial order and the realizability of the

global requirements model.

e Chapter 5 discusses a role based modeling paradigm based on HSM. It describes
an algorithm for the derivation of design models from a global requirements model

written in extended HSM notation.
e Chapter 6 discusses resolving competing initiatives in distributed applications.

e Chapter 7 presents the overall architecture of the derivation software tool, which

derives a distributed design model automatically.



e Chapter 8 presents a case study and the testing of the tool.

e Chapter 9 presents the conclusion and future work.



Chapter 2

Background

In this chapter, we cover some important concepts and modelling paradigms which were

used for describing the behavior of a distributed system in a global view.

2.1 Strict and Weak Sequences

The strict sequence between two activities A and B (written as A ;s B) means: the actions
of A must be completed before any actions of B may start [13]. The weak sequence between
two activities A and B (written as A ;, B) means: for any role r, all actions of A at r must
be completed before any action of B at r may start [8]. This allows any role to start action
in B as soon as it has finished with A without waiting for the other roles to finish as well.
Figure 2.1 (a) shows an example of strict sequence A ;s B where the solid arrows represent
activity A and the dashed arrows represent B. The actions in B can’t start until receiving
a coordination message (dotted arrow), which indicates the end of activity A. The same
example is represented using the weak sequence in Figure 2.1 (b), where the coordination

messages are not needed.
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Figure 2.1: Example of (a) strict sequence, (b) weak sequence

2.2 The Concept of Collaboration

The UML collaborations concept is proposed by [2] for modeling the global requirements
(behavior of the distributed system from a global point of view). A collaboration deter-
mines different roles in a distributed environment and different actions executed by those
roles. In the requirements model, a certain number of roles are identified, and each action is
performed by one of these roles such that their execution satisfies a given partial order [14].
One of the interesting features of collaboration is: it allows the composition/decomposition
into sub-collaborations using collaboration uses [2], one distinguishes between a composite
collaboration (a collaboration that is decomposed of sub-collaborations), and an elemen-
tary collaboration (a collaboration that is not further decomposed into sub-collaborations)
which is often simple and reusable. Figure 2.2 shows an example for collaboration C which
contains three roles x, y, and z, and six actions, a; (i = 1,2, ...6). The actions located on

the collaboration border are initiating or final actions.

In any collaboration, there are initial and final actions and initiating and terminating

roles:

e Initiating Action: An action is ¢nitial if no other action precedes it in that collabo-

ration. The action a; in Figure 2.2 is an example.

e Final Action: An action is final if no other action succeeds it in that collaboration.



Figure 2.2: Example of collaboration C.

az and ag are examples.

e Initiating role is a role that performs an initiating action in the collaboration or

sub-collaboration. The role x is an example.

e Terminating role is a role that performs a final action in the collaboration or sub-

collaboration. The roles z and z are examples.

Collaboration C has one initial action: a, and two final actions: a3 and ag. We can also
figure out some order dependency for the inner actions in Collaboration C. For example,
the inner action ay happens after a; (local dependency). Also the action a4 happens after
the initial action a; and before the final actions a3 and ag (since it is not a final action).
The partial order (see the dashed arrows in Figure 2.2) can also be used in collaborations
[7] to indicate the order constraints between actions. For example, the action ay happens

after the action as.

The concept of collaboration does not describe the dynamic form of the behavior [2].
For describing the behavior dynamically, [2] proposes a decomposition of a collaboration

into several sub-collaborations (each may involve two or more roles), and identify their

10
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Figure 2.3: Example of a medical test modeled by (a) a UML Collaboration and, (b) an
Activity Diagram.

execution order using the sequencing primitives of Activity Diagrams: (1) The dynamic
behavior of a collaboration is represented by an Activity Diagram, where each activity
represents a sub-collaboration which could involve several roles. (2) For each activity, the
initiating roles are indicated by a solid circle, and the terminating roles are indicated by a

solid square. (3) Sequencing between activities is either strict or weak.

The example in Figure 2.3 (taken from [2]) presents the model of a medical test. The
UML collaboration of Figure 2.3(a) shows three roles: doctor terminal (dt), test unit
interfacing the patient (tu), and data logger (dl). The dynamic behavior is shown in
Figure 2.3(b). As we see, the test starts with the DoTest sub-collaboration, and each

sub-collaboration (activity) is associated with the initiating and terminating roles.

2.3 Message Sequence Chart

Message Sequence Chart (or MSC) is a formal and scenario-based language used to describe

the interaction between two or more independent instances (roles) [15, 16]. It contains mes-

11



sage sending, receiving and internal actions. The MSC can be used to model a collaboration
(however, collaboration is more abstract); it concentrates on messages (sending and recep-
tion) in addition to internal actions, and there is a standardized graphical notation for it
[15]. The messages exchanged between roles are shown by using arrows; where the arrow
tail represents the sending of the event, and the head represents the event of reception.
Figure 2.4 (a) is an example of a simple MSC with three roles: z, y, and z, and six events:
(x1,21), (Y2, 21), (22, 22), where x; and y; are the sending and the reception of the message
my respectively, yo and z; for ma, xo and 2, for mg. In Figure 2.4 (b) we show the dynamic
behavior of MSC X using Collaboration notation (borrowed from [2]) which presents the

execution order of the events.

Alur et al. [1] formally defines the semantics of an MSC based on partial orders [14]. It
defines the MSC-Graph notation, which is a directed graph and corresponds to the Inter-
action Overview Diagram in UML [16]. Each node in an MSC-Graph represents an MSC,
and each edge represents the sequential execution between two MSCs. It is assumed that
all edges in MSC-Graphs represent either a strict sequence (called synchronous concate-
nation) or a weak sequence (called asynchronous concatenation). The paper also defines
Hierarchical MSC (written HMSC) as an extension of MSC-Graphs, where a node con-
tains either an MSC or another MSC-Graph and can be used for modeling complex system
specifications. Figure 2.5 (a) shows an example of a loop written in MSC notation, and

(b) shows the equivalent MSC-Graphs of the loop.

12
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Figure 2.5: Example of (a) MSC, (b) MSC-Graphs
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2.4 Partial Order Charts (PO-Charts)

PO-Charts are proposed by [3] for modeling the specification of distributed systems. Each
PO-Chart is similar to a HMSC, except that each node of a PO-Chart contains a partial
order of events (which we call actions) and the roles that perform these actions. Such
partial order is similar to the one in MSC, however, the arrows between events represent
a partial order dependency between local actions and not necessarily message exchanges
like in MSC. See, for instance, Figure 2.6 which shows a PO-chart that is equivalent to
MSC-Graphs in 2.5 (b). The actions (a; through ag) in the MSC-Graphs are executed
locally by the roles (ry, 2 or r3) to determine some parameters before messages are sent
or to store locally some received information. These actions correspond to the events in

the PO-charts where their ordering relationships are defined.

In PO-Charts, both weak and strict sequences can be used for representing the sequen-
tial execution between two nodes (each of them is a partial order with roles). Strict se-
quence (“ss”) means the initiating roles of the second node can’t start until the last actions
of the terminating roles of the first node have occurred. Weak sequence (“ws”) enforces
the execution order for each role separately. However, in MSC-Graphs and HMSC, only

one type of sequencing is allowed in one figure, and therefore, the notation for sequencing

was not included. See, for instance, Figure 2.5 (b).

2.5 Labelled Partially Ordered Set (lposet)

A partial order is a natural concept for describing the execution of distributed systems
as pointed out by Lamport [17]. Pratt [14] proposed to use labelled partially ordered
set (Iposet) [18] for this purpose. A (strict) Iposet, also called pomset (partially ordered
multi-set) is a tuple (F,> ., <,l), where F is a set of events, Y is a set of action labels,
< C E x FE is an irreflexive, asymmetric, and transitive order on E (where 'e; < e;” means

that event ey is after event ey, or e; — e3), and [ is a labeling function I: E — >_.

The MSC in Figure 2.4 (a) can be described as a lposet as followings: P = (E, ), <,[)

14



Figure 2.6: Example of PO-Charts.

where £ = {1, 2, Y1, Y2, 21, 22}, 2, = {Imq, 7my, Ima, Tma, Ims, Tms}, <= {@1 < 29, 21 <
Y, Y1 < Y2, Yo < 21, 21 < 29, Tz < 29} and | = { l(z1) =Imq, I(z2) =?my ... etc}, where

I'm, ?m represent the sending and receiving of the message m respectively.

The simple collaboration (or MSC) can be described using a single pomset, however
in general, the behavioral of a composition collaboration (including a decision or loop)
consists of several pomsets. Gischer [19] uses the term “process” to specify a behavioral
model (such as a collaboration) and the term “behavior” for a set of pomsets that are
allowed for the execution of that process. Gischer defines the following compositions for

the behavior of a collaboration (process):

The strict sequence of two processes C and Cy, written C] ;s C5, has the following

behavior: the set of all strict concatenations of one pomset in the behavior of C with

15



one pomset in the behavior of Cy (where the strict combination of two pomsets P, and P,

means that all events of P, are after all events of P;).

The concurrent execution of two processes C; and Cs, written C; || Cq, has the
following behavior: the set of all concurrent combinations of one pomset in the behavior
of C with one pomset in the behavior of Cy (where the concurrent combinations of two
pomsets P; and P, is the pomset that contains the union of events and actions, and no

order dependencies between the events of P, and P,).

A choice between two alternative processes C7 and Cy, written C; + C5, has the

following behavior: it is the union of the pomsets in the behavior C; and the behavior of

Cy.

For an arbitrary number of repetitions of a process C, the Kleene star operator is
defined as usual. The behavior of C** is defined to be strict sequence of zero, one or more

repetitions of C.

2.6 Activity Diagram

An Activity Diagram is a behavioral UML diagram used to model the dynamic behavior
of the system [16]. It is used to model the workflow, business process, or procedural logic
using graphical representations of activities and actions. An Activity diagram consists of
a number of activities linked together by control flows or object flows with support for

choice, iteration, and concurrency. The flow directions are represented by arrows.

An Activity diagram can be constructed from the following nodes:

e Initial node: a black circle represents the start of the flow.
¢ Final node: an encircled black circle represents the ending of all activities.

e Action node: a rounded rectangle represents a sub-activity, simple action or sub-

activity diagram to be executed.
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Decision node: a control node represented by a diamond shape, it is used to model
the choice between alternatives, it has multiples output flows and only one of them

gets executed.
Flow/edge: represented by an arrow to indicate the flow direction.

Fork node: a control node represented by a black bar, it has one input flow and multi-
ples output flows. It allows several activities to be executed concurrently (represents

the beginning of concurrency).

Join node: a control node represented by a black bar, it has multiple inputs and one

output flows. It represents the ending of concurrency.

Merge node: a control node represented by a diamond shape, it is used for the

merging of various alternate flows. It has multiple inputs and one output.

Figure 2.7 shows an example of activity diagram. In this diagram there is a choice

between the activity A; and A, and after As there is a fork node and then two concurrent

activities Az and A,4. Az and Ay are joined then merged with the node A;.

2.6.1 Well-Structured vs Non-Well-Structured Activity Diagrams

We call an activity diagram well-structured if it can be easily converted to a hierarchical

state machine diagram. An example of a non-well-structured activity diagram is shown in

Figure 2.8.

In addition, the well-structured activity diagram can be represented using the Gischer

[19] rules. The Gischer representation for the activity diagram in Figure 2.7 is:

Cois (C1+Cs 55 (Co|l C3)) s Cs (2.1)

Here each activity A is replaced by a collaboration C, and we consider the strict se-

quence ‘;;’ between collaboration. The symbols “4+” and “||” refer to choice and concurrent

operations, respectively (see Section 2.5).
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Figure 2.7: Example of activity diagram.
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Figure 2.8:  Example of (a) well-structured activity diagram, (b) non-well-structured
activity diagram
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2.7 Modeling State Machines in Umple

In this section, we illustrate the modeling with Hierarchical State Machine (HSM) in Umple.

We present the syntax of the Umple HSMs, their meta-model, features, and examples.

2.7.1 Umple: A Modeling and Development Environment

Umple is a technology for Model-Oriented Programming [12]. Umple has the same concept
as UML modeling [16], however, it can represent the models in textual syntax. Umple is

used for the following purposes:

e Creating UML class and state machine models using a textual representation: In
addition to drawing graphical UML models, Umple allows user to create class and

state machine diagrams textually, just like programming language code.

e Generate high-quality code from UML models: Umple generates code in languages

like Java, C++ and PHP corresponding to the UML class diagrams or state machines.

Umple can be accessed using Umple Online [20]. Figure 2.9 illustrates how to use Umple
Online to model a simple state machine textually; it shows both textual and graphical
representations for the model. In addition, Umple can be accessed using a command-line

compiler, and as Eclipse plugin. More details can be found at the Umple website [12].

2.7.2 Layered Architecture of Umple

Umple architecture can be viewed in three meta-modeling layers like UML (see Figure
2.10), and these layers correspond to the OMG My, M;, and My modeling layers. The
Umple meta-model (corresponding to the OMG layer My) can be viewed at [21], and it
corresponds to only a subset of the UML meta-model. A Umple model (corresponding to
the OMG layer M) is an instance of the Umple meta-model. It is either a Umple class or
a state machine and can be used to describe arbitrary systems. The bottom layer contains
the instances (correspond to the OMG layer My) of the Umple model; it represents the

real objects, states, names, etc., which are found in the running system.
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Figure 2.9: Textual and graphical views of an example using Umple Online.
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Figure 2.10: Umple meta-modeling architecture [22]
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Figure 2.11: Umple Hierarchical State Machine (HSM) meta-model [23]

2.7.3 The Umple State Machine Meta-Model

The Umple state machine meta-model, as shown in Figure 2.11, is similar to the UML

state machine meta-model [16]. The main difference is the existence of the UmpleClass

in the Umple meta-model.

machines. However, a state machine, may or may not be associated with a UmpleClass

The UmpleClass is associated with 0 or 1, or many state

(Umple supports standalone state machines).

The similarities and differences between Umple and UML state machines in terms of the

state machine attributes (state, transition, event, action, etc.) are summarized in Chapter

3 in [23].
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2.7.4 State Machines Syntax in Umple

This section illustrates the basic syntax of Umple state machines, which are, in general,
hierarchical state machine. Figure 2.12 (taken from [24]) presents a state machine for a
car automatic transmission; it is a two-level hierarchical state machine, where the state
Driving is a composite state, and the other states are simple. The state machine starts in
the Neutral state, which is defined as the initial state. During this state, the state machine
responds to four events: select Reverse, select First, selectSecond, and select Drive. These
events trigger transitions to new states; the event, selectSecond, for example, triggers a

transition to the Second state.

In the Second state, there are two events with a guards: the event “reachThird-
Speed[driveSelected]” that triggers a transition to the T'hird state, and the event “dropBe-
lowSecondSpeed[driveSelected]” triggers a transition to the First state. Both transitions

require the guard “driveSelected” to be true to take effect.

~ selectReverse
.e( Neutral I | Reverse l
" selectNeutral

selectFirst selectDrive selectSecond selectNeutral
Driving
reachSecondSpeed reachThirdSpeed
— [driveSelected TN [driveSelected]
.eGirst L | Second [_ | Third l
— dropBelowSecondSpeed | dropBelowThirdSpeed
[driveSelected]
selectFirst selectSecond

Figure 2.12: State machine for an automatic car transmission (taken from [24]).
Listing 2.1 illustrates how the state machine in Figure 2.12 can be represented in textual
Umple state machine syntax:

e Line 3: declares a class named “CarTrasnmission”.

e Line 5: declares the state machine named “smCarTrasnmission”.
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// UML state machine diagram in Umple representing a car automatic
transmission
// From Book by Lethbridge and Laganiere, McGraw Hill 2004
class CarTransmission {
Boolean driveSelected;
smCarTransmission {

Listing 2.1: State machine (written in Umple) representing a car automatic transmission

Neutral {
selectReverse -> Reverse;
selectDrive -> Driving;
selectFirst -> First;
selectSecond -> Second;
}
Reverse {
selectNeutral/{sendAck () ;} -> Neutral;
}
Driving {
selectNeutral/{sendAck () ;} -> Neutral;
selectFirst -> First;
selectSecond -> Second;
First {
reachSecondSpeed [driveSelected] -> Second;

}
Second {
reachThirdSpeed [driveSelected] -> third;
dropBelowSecondSpeed [driveSelected] -> first;
}
Third {
dropBelowThirdSpeed-> second;
}
}
public void sendAck ()
{
System.out.println("Neutral is selected, press the brake");
}

(available on Umple Online [20] )
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e Lines 6 to 11: declare the initial state Neutral, and it has four transitions (without

guards) to the states: Reverse, Driving, First, and Second.

e Lines 12 to 14: declare the state Reverse. The transition “selectNeutral” (line 13)
has an action sendAck(). The function sendAck() of the class is defined on the lines

30 through 33.

e Lines 15 to 29: declare the composite state Driving, and it is comprised of three

nested sub-states; First, Second and Third.

2.7.4.1 States, Transitions, Actions and Activities

Here we discuss the state machine elements and how they are represented in Umple:

1. States: A state in Umple can be either simple or composite (contain another state
machine inside). The state is represented in Umple by a string (which represents the
state name) followed by curly brackets where the state attributes are written. The
first state in an Umple state machine is considered (by default) its initial state. The

final state should be preceded by the keyword “final”

2. Transitions: A transition in Umple is written as follows where the Guard and
Action are optional:

event Name|Guard)/{ Action; } — > nextStateName;
A transition in Umple is associated with the following attributes:
(a) Event: The transition from any state to another state is triggered by an event.
The event “selectNeutral” at line 13 in Listing 2.1 in an example.

(b) Guard: The Guard is written in Umple in square brackets. The transition is
triggered only if the guard is true. The transition with the guard [driveSelected|

at line 20 (see Listing 2.1) could also be written as:
[driveSelected] reachSecondSpeed -> Second;

or
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reachSecondSpeed [driveSelected == true] -> Second;

(c) Action: The action is preceded by “/” and written between curly brackets, see
the action “sendAck()” at line 13 in Listing 2.1. The action associated with a
transition is called a transition action.

The action can be a function call (the same action could be used in a different

places):
selectNeutral/{sendAck();} -> Neutral;
or any native Java code :

selectNeutral/{ System.out.println(\Neutral is selected, press

the brake"); } -> Neutral;
An action could also be associated with a state as an entry or exit action:

Neutral {
entry /{ System.out.println("entry action");}

exit /{ System.out.println("exit action");}

}

The definition above means: whenever the state machine transits to the Neutral
state, the entry action is executed, and whenever it transits out of the state

Neutral , the exit action is executed.

3. Do Activity: While the transition actions and the entry and exit actions in states
take a small execution time, a do activity (also called do-action) is used if a longer
running computation time is needed. The activity can be written inside the state

using the keyword do followed by a code written between curly brackets:
do { sendAlert();}

The Java implementation of Umple supports this do—activity code; it starts a thread
which calls this code. This allows the state machine to “stay live” and be able to
respond to other events of concurrent sub-machines while the do-activity is running.
When a transition triggers the state machine outside the state where a do-activity is

running, the do-activity is aborted.
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class FinalStateExample {

finalStates{
M A
T3 -> N;
A {
T1 -> AA;
¥
final AA
{}
[
B {
T2 -> BB;
¥
final BB
{}
}
final N {}
}

}
Listing 2.2: The state machine finalStates written in Umple syntax

2.7.4.2 Final State

The final state is a special kind of state signifying that the enclosing region has been
completed [16]. When all regions (all concurrent state machines of a state) reach the
final state, this means the entire hierarchical state is completed. Based on the UML
specification, a final state is a state with no outgoing transitions and no actions (entry,

exit, or do-activity).

The following state machine, see “finalStates” state machine in Figure 2.13, has a com-
posite state “M” which contains two concurrent sub-state executions. The first concurrent
sub-state starts with a state “A” and ends in “AA” which is the final state for this region,
the second sub-state starts with the state “B” and ends in “BB” (final state). The entire
state machine is completed in the final state “N”. The corresponding Umple code for the
state machine “finalStates” is shown in Listing 2.2. The final state defined in Umple using
the keyword final before the state name. We can see that the final states are empty, they

did not have any outgoing transitions or actions.
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Figure 2.13: The state machine “finalStates”.

2.7.4.3 Completion Transition

The completion transition is a special kind of transition. The execution of completion
means all behaviors associated with the source states have been completed execution (see

page 314 in [16]). The completion transition is executed under the following situations:

e In the case of a simple state, when the associated actions and do activity behaviors
have completed. If there is no such behavior in a given state, the completion transition

is triggered after the state machine enters that state.

e In the case of a composite state, if all regions inside the composite state have reached

a final state.

The state machine completionTransition (written in Umple syntax) is shown in List-
ing 2.3, it contains an example of completion transitions. The transitions between the
states “A” and “AA” ( — > AA), and the states “B” and “BB” ( — > BB) are examples
of completion transitions (see the lines 6 and 13 in Listing 2.3, respectively). The com-
pletion transition from a composite to another state is not handled in Umple. We use a
transition with a guard [true], and this works like a completion transition. The transition
([true]— > N) between the composite state “M” and the state “N” is an example (see line

4 in Listing 2.3).
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1 class CompletionTransitionExample {
2 completionTransition {

M {
| [true]l -> N;

A A{

6 entry /{ System.out.println(" This is A state");}
7 -> AA;
}
9 final AA
10 {3

12 B {
13 entry /{ System.out.println(" This is B state");}

14 -> BB;

16 final BB
17 {}

19 final N {}

Listing 2.3: Example of a completion transition

2.8 Chapter Summary

In this chapter, we reviewed some modeling paradigms which describe the behavior of a
distributed system in an abstract manner. Some of these notations describe the global
behavior by defining the local actions to be performed by the different system roles and
the partial order between these actions such as Collaboration, Partial Oder Charts (PO-
Charts), Labelled Partially Ordered Set (lposet), and Activity Diagrams. The others
describe the global behavior in terms of messages exchanged between the participating

roles as in the Message Sequence Chart (MSC), MSC-graph, and Hierarchical MSC.
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In addition, we explain the modeling of HSM in Umple. We illustrate the syntax and
the features of Umple HSM.
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Chapter 3

Literature Review

In this chapter, we explore previous works that are related to our research. First, we
describe the main problems which are associated with distributed systems, such as race
condition, non-local choice, choice propagation problem, and implied scenarios. Then we
discuss the problem of realizability and present the previous work on the derivation of

distributed design models from a global requirements model.

3.1 Distributed System: Coordination Problems

The term distributed system is usually used when different components communicate with
each other using messages. These components are located on the same local machine or
on physically separated devices interconnected by a network. Transforming the global
requirements model, which describes the behavior of a distributed system in an abstract
manner by defining the local actions to be performed by different roles which represent
actors in the different system components, to a distributed design model, which defines the
behavior of each system role separately, leads to many problems. Such problems include
race conditions, deadlocks, non-local choice, non-deterministic choice, and others. Most of
the work in the literature use MSC [15], UML interaction sequences [25], or the concept of
collaboration [25, 26, 2| for the modeling of the global requirements model. In the following,

we discuss in detail the above problems and the proposed solutions to solve them.
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Figure 3.1: MSC Coregion (taken from [15]).

3.1.1 Race Conditions

In a distributed system, a message may arrive at a certain role in a different order than
what is expected, and this situation is called a race condition. A race condition occurs when
the implementation fails to conform to the order of the global requirements model [11].
In general, a race condition may happen when a certain role in the system requirements
requires a receiving event to happen after another receiving or sending event, and both are
located in the same role. A possible race condition could happen in the MSC of Figure 2.4
(a). We note that the messages my and m3 may lead to a race condition at the reception
by role z. That is, m3 may arrive before ms, and this is inconsistent with the MSC which

requires mo to be received before ms.

To avoid race conditions, the MSC Coregion (concurrent region) [15] is introduced.
This is a situation where the reception of the messages inside the concurrent region is
not ordered in time. It is represented using two horizontal bars inside the MSC (see, for
instance, Figure 3.1) where the messages ‘process_data;’ and ‘process_datas’ are received
inside a Coregion. In this example, ‘process_data,’ could be received before ‘process_datas’

or the other way round; therefore, the race condition is explicitly allowed.
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Figure 3.2: Example of Race Condition in MSC.

For analyzing the race condition, one has to distinguish between the sending and re-
ceiving events. Any role can control when the sending events should happen, but this is
not the case with the receiving events. The underlying communication service affects the
occurrence of race condition. Between any pair of roles, in-order delivery prevents race
conditions. For example, FIFO communication between y and z in Figure 3.2 (without
the dashed arrows) allows the role z to receive msy and ms in the correct order. But if
more than two roles are involved, a race condition will not be prevented using this type of

communication, i.e., my may be received before ms.

Using a pool of received messages which can be requested for consumption in any order
(instead of a FIFO queue) solves the problem of race condition (see for instance 27, 28]).
One distinguishes between messages reception and consumption, and this allows messages
consumption based on the order defined by the receiving role (not based on the order of
messages reception). Khendek [28] used the SDL Save construct to achieve such message
reordering. This helps to solve the race condition for the messages received from the
same source (if no FIFO communication is used), and also solves the race condition when

multiple resources are considered.
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Figure 3.3: Example of race condition in weak sequential composition.

People in the literature discussed the possibility of having separate FIFO queues (one
per sender), e.g., suppose the role z in Figure 3.2 (without the dashed arrows) has two
separate input queues; one for the inputs from z and another queue for the inputs of .
Then for each given sender (x or y), the messages are consumed by z in FIFO order. When
different messages are received at z from the different senders, i.e., ms and my, where this
situation is like having a reception pool at z, in this case, z should decide from which queue
should consume first. Consider my, is received at z before ms, then z should wait for ms
to be received in its queue and consumed, then, z will consume m, from the other queue.
Therefore, z can decide how to consume the messages received from different sources. The
difference between this and the reception pool is: the pool can reorder the messages that

are received from the same source, while the separate queues can’t do this.

We should note that race conditions may happen not only in simple MSCs or collab-
orations but also in composed collaborations or HMSC due to weak sequence. Consider
the composed collaboration Cf;,, C5 in Figure 3.3, the role x can initiate Cy after sending
a message a in C', thereby, the action in Cy may overlap with actions in C;. For example,
if message a is too slow, message e may be received at y before message ¢, which leads to

a race condition.

Different solutions have been proposed to solve the race condition in MSCs. Synchro-
nization messages are used to eliminate the race condition [29, 30]. The synchronization

messages work as acknowledgments to achieve the defined ordering of by the specifica-
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Figure 3.4: Example of a specification written in MSC notation (taken from [29]).

tion (see, for instance, the dashed arrows in Figure 3.2 which represent acknowledgment
messages). Mitchell [29] proves that partial order in practice will conform to the order of
the specification (<.) by introducing a race-free partial order. He proposed two race-free
partial orders: (1) the inherent refinement ordering (<g), which is a minimal strength-
ening of <. by introducing addition orderings (using the coordination messages), and (2)
the race-free inherent casual ordering (<), which is a minimal weakening of <. , which is
obtained by eliminating certain order relation of the specification to achieve the required

order. The overall ordering relationship is: <; C <. C <g.

Consider the example in Figure 3.4, the specification order asserts that !b <?7c¢ (the
reception of message ¢ happens after the sending of message b). But in the implementation,
C does not know when the event b occurs. That is, message ¢ could arrive at role B before

b is sent.

Based on Mitchell first solution, the inherent refinement ordering strengthens the event’s
partial order by using additional messages that will eliminate the race condition (see for
instance Figure 3.5 (right)). The added coordination message will enforce ?¢ to happen
after 1b. However, in most cases, the reception pool [27] solves the problem without any

need for extra messages.

The second solution: The inherent casual ordering changes the specification to achieve

the required order (see for instance Figure 3.5 (left), we made a change here compared to
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Figure 3.5: Inherent casual ordering (left), and inherent refinement ordering (right).

[29] by making the sending of message a outside the Coregion), because of Coregion, the
reception of ¢ and the sending of b could be in any order, and the race condition will be
avoided. This solution does not work in all cases, because in some problems, we need the
events to be executed in a certain order (for instance, if the following order relation !b <7¢

must be guaranteed) and changing the order of events will not solve the problem.

A race condition could happen in a weak while loop (see for instance Figure 3.6) [4, 31],
which is called race choice in [27]. A weak while loop is a collaboration composed of a
sub-collaboration C; (loop body), which is repeated zero, one or more times, followed by
a collaboration Cy (follow-up), written Cj *,, Cy. The choice between C; and C} is a local
choice. There is a weak sequence between the end of C; and the execution of C) again
(or the follow-up). In Figure 3.6, consider the loop is executed twice (C is executed twice
then Cy starts). If b (in C) is too slow, message ¢ (in C) may arrive at role z before the
last instance of b, and may result in a situation depicted in Figure 3.7, which is called a

race condition.

The use of a sequence number, which indicates the repetition number of the loop,
has been proposed in the literature to solve this problem. Two implementations have
used this idea to avoid the race condition in a weak loop [4, 31]. In [4], there is a guard
controlling the consumption of the messages. The message pool will only accept messages
for consumption that have a sequence number parameter that satisfies the guard. We

call this implementation implementation with consumption guards [4]. The reception pool
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Figure 3.6: Example of race condition in a weak while loop.
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Figure 3.7: Behavior implied by Figure 3.6.
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of some distributed environments such as BPEL cannot control message consumption by
their parameter; messages are only distinguished by message type. An implementation in
such environments is described in [31], and is called implementation without consumption

guards. These two implementations are defined in our thesis as follows:

Definition 3.1 (Implementation with consumption guards) This implementation as-
sumes that the interface of the role with the message reception pool allows the role to select
messages to be consumed, not only by the type of message in question, but also depending
on conditions (quards) that must be satisfied by the message parameters. The role has a
local variable num which is initialized to 0 before the while loop starts. Each time the first
message of C1 is received, num is incremented. When the role is at the decision point be-
tween the execution of Cy or Cy, the role is ready to consume the first message of Cy or the
first message of Cs, but only if the following condition is satisfied: the message parameter
must be equal to num~+1. Then the variable num is incremented, and the actions for the

role in collaboration Cy or Cy, respectively, are performed.

Definition 3.2 (Implementation without consumption guards) This implementation
assumes that the interface of the role with the message reception pool allows the role to se-
lect messages to be consumed only by the type of message in question. We assume for
this implementation that the first messages for Cy come through a FIFO channel and are
delivered by the pool in FIFO order. Two variables numy and numsy are required, which

are initialized to -1. The role performs the following algorithm:

o When the role is at the decision point between the execution of Cy or Csy, il is ready

to consume either the first message for C7 or Cs.

o [f the message consumed is the first message for Cy then ils parameter is stored in
numy, and Cy is performed, else the first message of Cy is stored in a local buffer,

and its parameter is stored in nums.

e [f numy = numy, then Cy is performed, otherwise the role goes back to the first step.
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receive msg_e

receive msg_c(x)
[x=c]

send msg_c(c) receive msg_b(x)

[x=c+1]
Send msg_a(0)
send msg_b(x)
Role x Roley Role z

Figure 3.8: Solving race condition using implementation with consumption guards for the
example in Figure 3.6 (the variable ¢ here corresponds to a variable num in Definition 3.1).

Fl=-1, F2=-1

receive rhsg_b(x) receive msg_c(x)
Fl=x F2=x

Role z

Figure 3.9: The implementation for the role z using the implementation without consump-
tion guard (the variables F1 and F2 here corresponds to the variables num, and nums, in
Definition 3.2), respectively.
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In Figure 3.8, we present the implementation for the roles of Figure 3.6, i.e., z, y and

z. The race condition is avoided using the implementation with consumption guards.

The problem is also solved by the second solution [31] (implementation without con-
sumption guard). In this case, the implementation for the roles: = and y will not change

(see instance Figure 3.8). For the role z, the implementation is presented in Figure 3.9.

3.1.2 Non-local Choice

In the composition of alternatives, which is specified by means of the choice operator, the
choosing roles are the ones who decide which alternative will be executed. The choice is
called “local” if only one role does the decision. The choice is non-local if several roles are

involved [9)].

Figure 3.10 (a) shows an example of local choice where role = has the initiative in both
alternatives and is called the choosing role. This is not the case in Figure 3.10 (b) where
two choosing roles are involved, i.e., x and z (the first actions in C} and C5 executed by the
roles = and z, respectively) and they decide which alternative is to be executed, therefore,
it is a non-local choice. Local choice is simple since only one role decides which alternative
will be chosen, while with the non-local choice, the process gets more complicated because
different choosing roles may try to initiate their alternative simultaneously, which may lead

to conflicts.

There are several types of non-local choice from the application point of view:

e Several components are involved in the choice, and they agree on the alternative
to be selected based on some preceding negotiation or by agreeing to use a mutual
exclusion protocol (e.g. using a circulating token) to determine which role is allowed

to make the choice.

e Several components are involved in the choice, and there is no coordination between
them. Several alternatives could be initiated concurrently. This situation is called

mized initiatives [2]. There are two types of mixed initiatives:
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Figure 3.10: Example of alternative composition: (a) local choice, (b) non-local choice.

— The mixed initiatives are called competing initiatives if the alternatives have

different goals, and only one of them should be selected.

— The alternatives could have the same goal, and there is no conflict between them.
An example is presented in [2], where the patient and doctor roles disconnect
the call simultaneously after the consultation is done. This situation is called

maxed initiatives with common goal.

Despite many types of research that had considered the non-local choice problem, there
is no consensus on how it should be treated. Some of the authors consider the elimination
of non-local choice because it is a result of an “invalid” specification [9]. Some authors
had considered the non-local choice as an obstacle for realizability, and they proposed a
restricted version of HMSC [32]. Gouda [33] and Mooij [27] consider the non-local choice
as a common and inevitable issue in the design of distributed systems. They addressed the
problem at the distributed design level and proposed a generic approach for the implemen-
tation of non-local choice. Gouda solves the problem by giving priority to one component
over the other. A conflict-resolution protocol called circulating token was also proposed
to solve the non-local-choice: a token circulates between the components involved in the

choice, and any component that has the token can make the decision; mutual exclusion
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Figure 3.11: Example of choice with non-deterministic propagation.

C, C;

is given to the component that has the token. The authors of [34] also applied Gouda’s
approach for solving the mixed-initiative problem. However, they discussed the implemen-
tation of one component only (the one with the highest priority). They did not address

the implementation of the other component.

3.1.3 Choice Propagation Problem

When the choice is made by the choosing role, it should propagate correctly to the non-
choosing roles in order to help them to execute the chosen alternative. In each non-choosing
role, the first action is message reception (one or several messages), this is called the
triggering trace [2]. It is the job of the triggering trace to enable the non-choosing role to
determine the selected alternative. In some cases, the non-choosing role can’t determine
the selected alternative, which is made by the choosing role (see, for example, the role
z in Figure 3.11). As we see in this figure, the first message received by role z in both
alternatives is the same, i.e., the reception of message b. Therefore, after the reception
of message b, z can’t determine which alternative is chosen (Cy or Cy). We say that the
decision of role x is ambiguously propagated to z. This is called non-deterministic choice
[10]. Triggering traces such as (?b,7d) and (7b,7e) in Figure 3.12 cause initial conflict
(ambiguous propagation), since ?b is received in both alternatives, but it is resolved upon
the reception of the second messages: ?d or 7e, in C; or Cy, respectively. Bochmann [13]
solves the ambiguous choice by introducing different message types that indicate to which

alternative the message belongs.

Consider Figure 3.13 below, if (5 is selected in the choice, z will not know about the
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Figure 3.12: Example of choice with non-deterministic propagation solved by triggering
trace.

X

y Z X y Z
a c
b
Cx [ ] C1 .j,) Cx [ ] Cs - y)
: ' C C,

Figure 3.13: Example of choice propagation problem (a role does not participate in all
alternatives).

choice since it does not participate in Cs, i.e., the choice decision will not be propagated
to the role z. To solve this problem, Bochmann [4] suggests the choice indication message
(¢im) which indicates the choice to those roles that do not participate in the chosen alter-
native, and this is necessary if z participates as an initiating role in another collaboration

after the choice.

3.2 Review of Work on Realizability

We are interested in (a) a global requirements model, which describes the system behavior
abstractly in terms of local actions to be performed by different system roles or messages
exchange between these roles, and (b) a distributed design model that describes the be-
havior of each role separately, including its local actions plus the exchange of coordination
messages, which are necessary to assure that the actions of the different roles are per-
formed in the required order. The distributed design model should conform to the global

requirements model. The problem of finding such a distributed design models is called
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realizability. The global model is not realizable if such a design model can’t exist, such

as the case of implied scenarios [35] (see Section 3.2.1).

In distributed system design, we get the design model for a given role r from the global
requirements by projecting its behavior onto role r, that is, deleting all actions that are
associated with other roles 7 # r. We call this a basic implementation [27, 4]. There
is the option that each role has a reception pool in which the received messages are stored
until their consumption [27], otherwise they would have a FIFO queue. In some cases,
there is no realizability without such a pool in the design model. A global requirements
model is said to be directly realizable if the basic implementation conforms to the global

requirements [26, 2].

3.2.1 Problem of Realizability

We call the problem of deriving distributed design models from the global requirements

model the realizability of the global requirements model (also called protocol synthesis).

The problem of realizability has been extensively studied by many authors, where
different formalisms have been used for defining the global requirements. While for the

definition of the local behavior of each role, normally state machine models were used.

Different notations were proposed for describing the global requirements models. Alur
[1, 35, 36] used Message Sequence Chart (MSC), and Hierarchical Message Sequence Chart
(HMSC), Castejon [26, 2] proposed the concept of Collaborations and Activity Diagrams
(also used by [37]), PO-Charts was used in [38], finite state machine (FSM) in [39, 40, 41,
42], and recently UML state machine [43, 44, 45, 34]. Petri-Nets were used in [46, 47, 48,
49, 50, 51] for modeling the service specification. In [52, 53], they study the deviation of
protocol specifications (design models) from a service specifications written in the LOTOS

language (see [54]).

The conditions for the realizability of HMSC have been studied in [1, 55], for Message
sequence graph (MSC-graph) in [36], and for compositional MSC [27]. Some authors have

discussed the pathology’s in HMSC that prevent their realization, such as non-local choice
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[56].

The problem of implied scenarios (ISs) (also called emergent behavior) has been studied
by many authors [35, 57, 58, 59, 60, 61]. Quite often, a single MSC can’t be realized because
any implementation of the MSC will automatically realize other different scenarios, called
implied scenarios. Based on [57], ISs can lead to unexpected behaviours; however, they are

not always unacceptable behaviors.

To understand this problem, consider the following example [35] (see, for instance,
Figure 3.14) where two processes perform remote access on two variables UR and NA,
which are used in the control of nuclear power system (UR and NA control the amount of
nitric acid in the system). If we consider MSC; alone as a global model, then this model
can’t be implemented because the distributed state machines that realize MSC;, would

also realize MSC, and MSCj3, which are implied scenarios.

Alur et al. [35] propose a method to detect the ISs in a set of MSCs based on reachability
analysis from the derived component models. Muccini [57] detect them by analyzing the
non-local choices in the specification. Song et al. [58] propose a method to detect ISs
and find the causes of such problems in the global model. Fard and Far [59] cluster the
interaction between different components into different categories in order to find a point in
the global model which leads to ISs. However, their approach does not find the similarity
among these ISs. Finally, de Melo et al. [60] deal with all ISs at a time by finding a
common behavior among them. This allows to investigate the cause of multiple ISs, and

the removal of many of them with a single fix.

In [35] they consider the global specification in the form of a set of MSC that should
include all implied scenarios. In this example, the amount of UR and NA should be equal
to avoid a chemical accident. In the requirement, P; should increment both UR and NA
and Py double them. This requirement is realized by MSC; in Figure 3.14. MSCs is a
good implied scenario from MSCy, because after both transactions have finished; the equal
amounts of UR and NA is maintained. However, MSCj3 could also happen, and this is
a bad implied scenario because it leads to different amounts of UR and NA. This is an

example where the set of implied MSC is not a valid global model.
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Figure 3.14: The problem of implied scenarios (taken from [35]).

The work of [35] has been extended in [36] by studying the realizability of MSC-graph,
under FIFO communication. In both papers, the specification is realizable if there exist
concurrent automata which implement the set of MSCs. They define two types of realiz-
ability: weak realizability (distributed design may deadlock) and safe realizability (where
no additional deadlock is introduced). The behavior of each role in the distributed design

model is modeled by a finite state machine communicating through FIFO queues.

Hélouét [56] studies the realizability problem of HMSC and, in particular, the non-local
choices. He considers the non-local choice as a problem that leads to unspecified behaviour.

An algorithm has been developed to detect them in the context of HMSC.

3.2.2 Toward a Constructive Approach for Deriving a Distributed
Design Model from a Global Requirements Model

The basic implementation for the design model is a design model obtained by projection
as described above (with a reception pool), and without any coordination messages. A
global requirement model is directly realizable if the basic implementation conforms. In
the previous section, we are concerned with a global model written in the notation of MSC
and MSC-graph, which describe the behavior of the system by messages exchange. This

section is concerned with the global model, which has no messages and only local actions.

If an order should be introduced between two actions a; — as associated with different
roles r; and ry, respectively (this case corresponds to strict sequencing), a coordination

message (called “flow message” in [8, 62, 4]) should be sent by r; (after the execution of ay),
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and to be received by ry (before the execution of ay). Using such coordination messages

makes the specification not directly realizable, i.e., realizable using coordination message.

Bochmann in [4] introduces the cim message for the realization of alternatives. The

crm is required for a role that participates in one of the alternatives and not in the other.

The realization of a weak while loop has been studied by many authors [4, 31], they
report the race condition which prevents the direct realizability of a weak while loop.

Additional parameters (sequence numbers) are introduced to achieve realizability.

Mooij et al. [27] formally study under which conditions the global requirement is di-
rectly realizable. They prove that the absence of non-deterministic, race and non-local
choice lead to sound choice which is directly realizable. Different composition operators
(i.e., weak and strict sequence, alternative and parallel) between sub-collaborations are
studied in [26, 2|, and how they affect realizability, e.g., strict sequence between two col-
laboration C] ;¢ Cy is directly realizable if all terminating roles of C; and all initiating
roles of (5 are located at the same role, otherwise, coordination messages are needed to

achieve realizable implementation (not directly realizable).

In many cases, the global requirements are not directly realizable, however, they are
realizable with additional coordination messages or certain parameters. In [63], additional
data is added to the sent message as a parameter to achieve the safe realizability for
MSC, and in [32] for the realizability of local HMSC. In [26, 2], they present under which

conditions the coordination messages are needed when strict and weak sequence are used.

3.3 Previous Work on Choreography

3.3.1 Global Description of the Requirements

The concept of using the software as a service is important where the execution of the
software at a certain component can be delivered as a service through the network. Service-
Oriented Computing (SOC) is a computing paradigm that utilizes the service for the

building of low-cost distributed applications. It allows a free composition of independent
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and autonomous peers within their distributed environments (Web Services is an example
[64]). In this context, the specification of service composition can be addressed using
two main approaches: service orchestration and choreography. The orchestration is a
communication-centered programming paradigm, and it is useful for building applications
that are coordinated by specific components (agents). A WS-BPEL (Business Process
Execution Language) [65] is a language for defining such a coordination component. On
the other hand, with choreography, there are direct interactions between composed services

without any mediator. The meaning of the word choreography can be summarized as:
The dancer’s dance following a global scenario without a single point of control

BPEL is a high-level programming language used for creating composite centralized-
control web services. A BPEL program interacts with several services distributed over
several servers. However, these services consider the orchestration approach, i.e. central-
ized control. In [66] they consider a technique that partitions a BPEL composite service
into an equivalent set of decentralized processes in order to increase parallelism and re-
duce network traffic for the application. In this decentralized approach, messages can be
sent from the data producer component to the data consumer component without any
centralized coordinator. The resulting proposed implementation is more efficient since the

number of required coordination messages is reduced.

The Web Services Choreography Description Language (WS-CDL) [67] developed by
the W3C WS-CDL Working Group is a choreography-based language that describes peer-
to-peer interactions of participants by defining, from a global point of view, their common
and supplementary behavior. Mainly, WS-CDL is used to describe the order of messages ex-
changed and the local actions at each participant in the global view. After such a scenario
is specified, it will be executed by individual processes without any centralized control,
i.e., there is no single-point control. A WS-CDL specification is platform-independent; it
is targeted for composing interoperable collaborations regardless of the supporting plat-
form. Also, it supports sessions in communication where the session is established between
communication components, and this helps to distinguish the messages involved from the

different executions of the same or other protocols.
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(1) Buyer asks Seller for quote; Buyer Seller Shipper
(2) Seller replies with a quote; quoteCh
(3) Buyer accepts or rejects; quote
(4) In case of acceptance, accept
(a) Seller orders from Shipper; +{ reject
(b) Shipper sends back details; deliveryCh
(c) Seller forwards to Buyer. details
(5) In case of rejection, details
(a) terminate.

Figure 3.15: Buyer-Seller protocol (taken from [69]).

Global Calculus [68], which is originated from (W3 WS-CDL) describes the distributed
participant interactions from a global point of view. Consider the “Buyer-Seller protocol”
example in Figure 3.15 (this example comes from a use-case presented in the web service
choreography description language (WS-CDL) description [67]), the protocol is presented

with both text and a sequence diagram where (4) denotes a choice.

Global Calculus uses two software engineering concepts: Service Channel and Session.
There is a channel between any two participants involved in the communication, e.g.,
the channel is defined statically before the first communication between Buyer and Seller
(or between Seller and Shipper) is established. This channel can be shared and used
repeatedly. In order to prevent confusion between the concurrent sequence of transactions
between participants, the session concept is used, and in one channel, there could be several
sessions. The session binds the series of interactions between any two participants into one,

and this helps in distinguishing them from other messages related to other sessions.

Figure 3.16 describes the Buyer-Seller example in Global Calculus. The protocol starts
by defining a channel quoteCh between Buyer and Seller (line 1) where the Buyer asks
the Seller for a quote, quoteCh is considered as public URL for a service, the session s
(bound by v) is used to start the information exchange between Buyer and Seller. In line
2, the Seller replies through session s with a quote amount (300), which is stored in the
variable z at the Buyer side. Line 3 in Figure 3.15 (choice between accepting or rejecting)
is written in Global Calculus in the lines 3 to 8 (see Figure 3.16). The same session s is

used between Buyer and Seller, then another channel delivC'h and session ¢ is defined for
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Buyer — Seller : quoteCh(v s).
Seller — Buyer : s(quote, 300, z). {
{Buyer — Seller : s({accept).
Seller — Shipper : delivCh(v t).
Shipper— Seller : t(details, v, z).
Seller — Buyer : s(details, =, y). 0 }
+
{Buyer — Seller : s(reject). 0} }

NSO W

Figure 3.16: Buyer-Seller example described in Global Calculus (taken from [69]) .

the interaction between Seller and Shipper where Shipper sends the delivery details to the

Seller through session ¢, then it is forwarded from Seller to Buyer using session s.

We note that WS-CDL assumes synchronous message exchange (atomic), i.e., the mes-
sage sending and receiving are assumed to occur at the same time. The problems related
to race conditions and weak sequencing, as discussed in our work, do not occur in this
type of communication. In the implementation, however, the “Fire and forget” send ac-
tion as in asynchronous communication is often preferred over synchronous communication
where handshaking should be used [70]. To this end, they report [71] how the synchronous
interactions between participants that realize a choreography can be desynchronized; in
other words, the atomic message exchange is broken up into asynchronous send and re-
ceive events. This procedure has a drawback because a deadlock might occur. In [70],
they proposed a technique to avoid this problem during the design time, each message can
individually define the transfer communication type: synchronous or asynchronous, and

this helps in refining the choreography model.

In [72, 73], they study the realizability of a choreography; whether it is realizable or
not, and if not, they study whether a specific reconfiguration can be applied to solve the
problem. They use the Chor Calculus [74] (abstract model of WS-CDL for describing

the peers from a global point of view) as a specification language for choreography. They
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propose an encoding from Chor to the FSP algebra, which is supported by the LTSA
toolbox. The encoding helps with verifying the choreography specification (written in
Chor), generates a peer protocol from the global specification by projection, and tests the

realizability of the specification. The proposed scheme is implemented by a prototype tool.

3.3.2 End-Point Projection

As we said, the Global Calculus describes the distributed interactions between participants
from a global point of view, while the End-Point Projection (EPP) [75] identifies the local
behavior of each participant precisely, i.e., the projection of global specification on to
an end-point participant, so we can get the local behaviors to realize the original global
scenario [62, 4, 27, 2|. Consider the following simple global interaction between Buyer and
Seller through the channel (B2Sch), where the Buyer accepts the quote with 100$ as price,

then the Seller receives the price and stores it in a local variable z:
Buyer — Seller : B2Sch(QuoteAccept, 100, x) (3.1)

Now if we do the projection on each end-point participant, i.e., Buyer and Seller, we get

the following:

Buyer|[B2Sch(100)] (3.2)

Seller[B2Sch(z)] (3.3)

In (3.1), the sending and receiving of information are written together as one thing,
but they are decomposed to (3.2) and (3.3) after projection, where the horizontal bar over

a channel indicates that it is for output.

The following is the end-point projection of the example in Figure 3.16 at the Buyer

and Seller, respectively:

Buyer| quoteCh(vs) . s > quote(x).( 5 < accept. s > details(y). 0 @ 5 < reject.0)] (3.4)
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Seller[\quoteCh(s) . 5 < quote(300). s( > accept. deliveryCh(vt). t > delivery(x).

S < delivery(x). 0+ reject. 0)] (3.5)

Note that S<op() refers to a branching output type, and s>op() is a branching input type.

In this context, the authors of [75] discussed the realizability by comparing the resulting
behavior obtained by projection at each participant with the original global choreography:.
It leads to a directly realizable design, which is similar to what we study in our work.
First, they discuss the Connectedness Principle. Consider the following example (note
that “.” means sequencing (strict sequencing), B2Sch stands for Buyer to Seller Channel,

Sp2Dch is Shipper to Depot channel):
Buyer — Seller : B2Sch(s). Shipper — Depot : Sp2Dch(t) (3.6)

The code in (3.6) above is not directly realizable because the Shipper should contact depot
only if the Buyer sends a request to the Seller. Consequently, a coordination message is
required from Seller to Shipper. However, the following example (3.7) is directly realizable

and therefore Connected:

Buyer — Seller : B2Sch(v s). Seller — Shipper : S2Spch(v s).

Shipper — Depot : Sp2Dch(v t). (3.7)

Well-threadedness is another principle related to causality, it should be maintained in
the EPP for a directly realizable design. Consider the following example (note that this

example is connected):

Buyer — Seller : chy(v s). Seller — Shipper : cha(v t).

Shipper — Buyer : chs(v u). Buyer — Seller : s(op,v,x). (3.8)

As stated in [69], this example is not readable at end-point participants. In the first

action, a session s is created at the Seller side and invoked by the Buyer thread. This
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thread becomes inactive when chg at the Buyer side is invoked. Finally, the Buyer tries
to communicate with Seller using the session s opened in the initial action. After the
session s is created at the Seller’s server, if the session is identified by the identities of the
two threads that communicate, then the identity of the thread at the Seller’s server must
be communicated to the Buyer so that the Buyer can talk to the Seller’s thread. In this
example, there is no message going back to the Buyer through the session s, so the identity
of the peer thread in the server (Seller side) is not known to the Buyer. Therefore there
is a problem with the last message transmission ( Buyer — Seller : s(op,v,x)) and the

code above is not well-threaded. The following interaction is well-threaded:

Buyer' — Seller® : chy(v s). Seller® — Buyer® : cha(v t).

Buyer® — Seller® : t(op1,v1, ). Seller? — Buyer' : s(opy,vs,y). (3.9)

3.4 Chapter Summary

This chapter presents previous work that is related to our research. We describe the main
problems which are associated with distributed systems, such as race condition, non-local
choice, choice propagation problem, and implied scenarios. We discuss (a) the global re-
quirements model, which describes the system behavior abstractly in terms of local actions
to be performed by different system roles or messages exchange between these roles, and
(b) a distributed design model that describes the behavior of each role separately, including
its local actions plus the exchange of coordination messages, which are necessary to assure

that the actions of the different roles are performed in the required order.

We study realizability, which is the problem of finding a distributed design model
that conforms to the global requirements model. Then we study the basic implementation,
which is a design model obtained by projection (without coordination messages), where
a design model is directly realizable if the basic implementation conforms to the global
requirements model. We study the problems that prevent the direct realizability (such

as the strict sequence) and the proposed solutions, and the problem which prevent the
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realizability (such as the implied scenarios)
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Chapter 4

Realizability of the Global

Requirements Model

Note: This chapter is a slightly edited version of our conference paper [76].

In this chapter, we are concerned with the transformation from a global requirements
model, which describes the behavior of a distributed system in an abstract manner by
defining the local actions to be performed by the different system roles, to a distributed
design model, which defines the behavior of each system role separately, including its local
actions plus the exchange of coordination messages which are necessary to assure that the
actions of the different roles are performed in the required order. This problem is often
called “realizability of the global requirements model”, and the global model is said to
be “directly realizable” if a design model can be constructed without any coordination
messages. Many difficulties are associated with the realizability of the global requirements
model like non-local choice [9], non-deterministic choice [10], and race conditions [11]. Most
of the work in this area uses Message Sequence Chart (MSC) [15] or UML interaction
sequences [25] as a modeling paradigm for the global requirements model. The concept
of collaborations has also been proposed for defining the requirements model [25, 26, 2,
7]. A collaboration identifies a certain number of system roles that play certain roles
in the collaboration and defines a global behavior to be performed by these roles. The

behavior is defined in terms of actions to be performed by the roles and a partial order that
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defines constraints on the order in which these actions may be performed. Normally, the
behavior of a collaboration is defined in terms of sub-collaborations that are performed in a
specified order. The ordering relationships are strict or weak sequential order, alternatives,

concurrency, and looping behavior. This formalism is similar to HMSC [56] and UML [16].

In [4], an algorithm is proposed to derive a distributed design model from a global
requirements model with a behavior defined by sub-collaborations in sequential, alternative,
concurrent or looping composition. As in [8, 62], the algorithm may introduce coordination
messages for strict sequencing. It also deals with weak sequencing and introduces a choice
indication (cim) message if one of the roles does not participate in all alternatives of a
choice, and introduces sequence numbers in all the messages in the body of a loop with
weak sequencing between the repetitions. The algorithm assumes that each role has a
message pool where received messages are stored until they are consumed in the order
required by the role. In this chapter we investigate this problem in more detail. The main

contributions are as follows:

e We show that in many cases the cim message is not required.

e We discuss the reception of coordinating messages if an alternative with different
sets of terminating roles is followed in strict sequence by another sub-collaboration;

a case which was not covered in [4].

e We discuss in detail under which conditions sequence numbers in the messages of a
weak while loop are required for coordination. In particular, we have a proposition
which states under which condition a weak while loop is directly realizable (without
sequence numbers nor additional coordination messages); we distinguish between
message delivery with and without FIFO order; and we point out that, in general,

not all messages need sequence numbers when the loop is not directly realizable.

e We show that the distributed design model for a weak while loop may be constructed
such that for certain roles, the direct realization approach can be taken, while the
approaches of [4] or of [31] may be used independently for the other roles. The

approach of [4] assumes that the message pool has an interface that allows waiting
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for a message with a specific sequence number. If such a function is not available,
as for instance, in typical programming languages interfaces, the approach of [31]

(which is more complex) can be used.

e We discuss in detail the functions that the interface of the message pool of a role

should provide for the different behavior composition rules.

4.1 Definitions and Notations

4.1.1 The Concept of Collaboration

Note: the reader can skip this section since it was covered in Section 2.2.

As mentioned above, a collaboration is a collection of actions that are performed by
a distributed system. In the global requirements model, a certain number of roles are
identified, and each action is performed by one of these roles such that their execution
satisfies a given partial order. An example is shown in Figure 4.1 (a) using a graphical
notation borrowed from [7]. Collaboration A has three roles, z,y, and z, and includes 6
actions, a; (i = 1,2, ... 6). The partial order for the execution of these actions is shown in

?

Figure 4.1 (b), where “a; — a;” means that the execution of action a; is performed before

the execution of action aj.

For the composition of two collaborations A and B in strict sequence, written “A
B”, any action of B may only be executed when all actions of A have been completed.
Therefore it is important to identify the initial actions of B (those for which there are no
carlier actions in the partial order) and the final actions of A (those for which there are
no later actions in the partial order). As discussed in [62], for ensuring strict sequencing
between A and B, it is sufficient to ensure that all initial actions of B start after all final
actions of A have completed. Figure 4.1 (c¢) shows a more abstract view of collaboration A,
showing only the initial and final actions of the collaboration. The order of execution of the

actions of collaboration A is also be presented in Figure 4.1 (d) using the notation proposed
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Figure 4.1: (a) Example of a collaboration A, (b) The partial order for the execution of the
actions in (a), (¢) An abstract view of the collaboration in (a), (d) Another representation
for the order of actions executions in (a) (adapted from Activity Diagrams), (e) Distributed
implementation for the collaboration in (a) using MSC notation.

in [2] (adapted from Activity Diagrams). Here the A; (i = 1,2, ... 6) are sub-collaborations,

and each A; contains a single action, namely a;.

Figure 4.2 shows two other compositions of collaborations. Figure 4.2 (a) shows a
collaboration including two decision points: the possible execution orders are Cy ;5 C ;5 C3,
Co ;s Cs ;5 Cs, and Cy ;5 Oy 55 Cy ;5 Cs, where the C; are arbitrary sub-collaborations. Figure
4.2 (b) shows a weak while loop where sub-collaboration C is performed after zero, one or
more executions of sub-collaboration C;. The sequencing between successive executions of
(' and the final execution of (5 are weak sequences, which means that sequencing is only

enforced locally by each role, but not globally.

4.1.2 Behavior of Collaborations: A formalization

The behavior of the collaboration shown in Figure 4.1 can be modeled by a pomset (E, )", <
,1) (see Section 2.5), where E = {e; | i = 1,2,...6}, > ={a; | i =1,2,...6}, < is as
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Figure 4.2: (a) An example of compositions of collaborations including decision points, (b)
Weak while loop.

shown in 4.1.(b), and I(e;) = a; for i = 1,2,...6. Note that the events in the figure are

labelled with the action labels, not with the event names.

The collaboration shown in Figure 4.1 is a special case of a requirements model which
has a behavior defined by a single pomset. However, in general, the behavior of a collab-
oration consists of several pomsets. Gischer [19] uses the term “process” to designate a
behavioral model, such as a collaboration, and the term “behavior” for the set of pomsets
that are allowed for the execution by that model. The rules are defined for the behavior

of process (or collaboration) compositions, see Section 2.5.

As an example, the behavior of the collaboration shown in Figure 4.2(a) can be defined
by the expression Cy ;s (C1 + C 55 (Cy + 1));s Cs, where “1” represents the pomset with
an empty set of events. We note that the literature on pomsets usually only considers
strict sequencing, which makes abstraction of system roles. These concepts are necessary
for the derivation of a distributed system design model, and for the definition of weak
sequencing (which was first introduced for MSC). Therefore we introduce the concept of a

collaboration-pomset, which is an extension of a pomset as follows:

Definition 4.1 (Collaboration-Pomset) A collaboration-pomset is a tuple (E, >, <,l,R, p),
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where (E,>", <, 1) is a pomset, R is a set of roles, and p is a mapping p: E — R. p assigns

a role to each event.

Definition 4.2 (Collaboration-Behavior) A collaboration-behavior is a set of collaboration-

pomsets which have a common set of roles R.

We consider in the following mainly collaborations that have a behavior (i.e. a collaboration-
behavior) which can be defined by regular expressions, such as discussed above, or by

diagrams, such as shown in Figures. 4.1 and 4.2.

Definition 4.3 (Weak Sequence) The weak sequence of two collaborations Cy and Cy,
written Ch;, Co, has the following behavior: the set of all weak concatenations of one
collaboration-pomset in the behavior of Cy with one collaboration-pomset in the behavior of
Cs, where the weak concatenation of two collaboration-pomsets Py and P, means that, for
any role 1, all events of P, that are assigned to the role r are after all events of Py that are

assigned to r.

Note: It was shown in [38] that associativity does not always hold for multiple strict

and weak sequencing.

Like the Kleene operator for strict sequencing C** (mentioned above), we also define
arbitrary, multiple weak sequencing using the notation C** . We consider in Section 4.3
the distributed design model for a weak while loop, as shown in Figure 4.2 (b), which is
defined by the expression “C *,, C5”.

4.1.3 Comparing Two Behavior Models

We use the same modeling concepts for requirement models and distributed system design
models, namely collaborations (as defined in Section 4.1.2). In this subsection, we ask
the question: Does a given design model C5 conform to a given requirement model C?
The conformance relation should be defined such that if C5 conforms to C, then any

implementation that conforms to Cy will also conform to C}.
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We assume that a design model C5 conforming to a more abstract model C; should
include all events of C, each associated with the same actions and roles as in C', but it may
contain additional events that are introduced during the refinement process (derivation of
a design model). We also assume that the partial order defined by C; should be realized
by Cs, but the order of C; may be stricter. Therefore we provide the following definitions.

Definition 4.4 (Conformance of Pomsets) Given two collaboration-pomsets Py, and
Py, we say that Py conforms to Py if (a) the events of Py include the events of Py, (b)
the order of Py is a refinement of the order of Py , and (c) the restriction of the labelling

and role mapping functions of Py, restricted to the events of Py, is the same as in P;.

Definition 4.5 (Conformance of Collaborations) Given two collaborations Cy and Cs,
we say that Cy conforms to Cy if for each collaboration-pomset P in the behavior of Cs,

there is a collaboration-pomset in the behavior of Cy to which P conforms.

4.2 Deriving Conforming Distributed Design Models

4.2.1 Basic Ideas

Since the early work in this area [62, 27], the following basic ideas were proposed for the

derivation of a distributed design model from a global requirements model:

1. The distributed design consists of processes for each role. The processes performed

by different roles communicate through the exchange of messages.

2. The process of a given role r is obtained from the global requirements collaboration by
projecting its behavior onto role r, that is, by deleting all events that are associated

with other roles r' # r.

3. If an order should be introduced between two actions a; — ay associated with differ-
ent roles r; and 79, respectively, one should introduce a coordination message (called
“flow message” in [4]) to be sent by r; after the execution of ai, and to be received

and consumed by 75 before the execution of as.
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4. Each role has a reception pool where received messages are stored until their con-

sumption is requested by the local behavior. We distinguish the following cases:

(a) A single input queue which receives the messages from all other roles.

(b) For each other role, messages are transmitted in FIFO order and stored in the

pool in separate FIFO queues.

(c) A simple pool of messages which can be requested for consumption in any order

(see for instance [27]).

If we apply these principles to the global requirements model of Figure 4.1(a) and (b),
we obtain the distributed design model of Figure 4.1(e), which is shown in the form of an
MSC. The messages in this design are introduced according to point (3) above. For the
message sending and receiving actions, we use the notation “s, : m;” and “r, : m;”, where
y and x are the roles to which the message is sent, and the role from where the message

was received, respectively, and m; represents the type of the message involved.

It is important to note, that the messages my and mg Figure 4.1(e) may lead to a race
condition at reception by role z, that is, ms may arrive before mo, although it is expected to
arrive afterwards. A reception pool of type (b) or (c) (see above) is introduced in order to
deal with such race conditions. If such a pool is used by role z, then it may consume these
two messages in the order it expects, that is, first mq then mg (if mg arrives before ms, it
will be stored in the pool; z will wait for mo; and then it will request the consumption of
ms). We note that a reception pool type (a) will lead to a deadlock if mg arrives before

ms. Therefore, this type of pool should be avoided.

One says that a global requirements model is realizable if a conforming distributed
design model can be found. We call basic implementation the design model obtained by
the projection approach above without any additional coordination message (using point
(3)). We say that the requirements model is directly realizable if the basic implemen-
tation with reception pool conforms to the global requirements. We note that in the case
that the global requirements are given in the form of the simple MSC without alternatives,

the specification is directly realizable since it contains already all messages required for
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enforcing the order of the distributed actions (for instance, if we take Figure 4.1(e) as the

global requirements model).

4.2.2 Alternatives with Different Terminating Roles

For enforcing a weak sequence between two collaborations (' ;,, Cs, no coordination mes-
sages are required in the distributed design model since the ordering defined by weak
sequence is a local order only. This is different for the strict sequence C; ;; Cs, which
defines globally that all actions of C'y must be after all actions of ;. This can be ensured
by introducing coordination messages from all roles performing a final action of C; (called
“terminating roles” of C) to all roles performing an initial action of Cy (called “initiating

roles” of Cy) [4, §].

In the case of a collaboration with alternatives C'; and Cs, followed in strict sequence
by another collaboration C'3, the situation is, in general, more complex, as shown by the
example of Figure 4.3. This case is not mentioned in [62], and it is excluded from the
discussion in [4, 8]. If the alternatives have different sets of terminating roles, the initiating
roles of (5 have to wait for two alternative sets of coordinating messages. In the example
of Figure 4.3, the choice between the two alternatives is made by role y (local choice). The
role w has to consume, before the action eg in collaboration Cj, either two coordination
messages from roles x and z (if alternative C} is selected), or another message from role
z (if alternative Cy is selected). We assume here that all coordination messages can be

distinguished by their type.

4.2.3 Interface Provided by the Reception Pool

The reception pool should provide an interface to the local behavior at the given role,
which allows specifying which messages are a candidate for consumption. For avoiding the
race condition in the behavior of Figure 4.1 (e), the local behavior at role z would request
the consumption of message ms, and then of message ms. In the case of the local behavior

of role z in the behavior of Figure 4.3, the first action in both alternatives would be the
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C

Figure 4.3: Alternatives with different terminating roles.

reception of a message (sent within collaboration C) or Cy). The local behavior would
request the consumption of one of these messages and would be informed which message
was received. We note that we assume that the messages can all be distinguished by their
type (and/or by the sending role). A reception pool providing such an interface could
be easily constructed using the basic Internet socket interface for communication with a
single partner. Such an interface is also provided by the BPEL programming environment,
which is used for writing Web Service Applications. We call this interface a “basic pool

interface”.

We note, however, that this basic interface is not natural for handling strict order
between two collaborations. In this case, an initiating role of the second collaboration
would start with requesting the consumption of a set of messages, namely all messages to
be received from the terminating roles of the first collaboration. The situation becomes even
more complex for strict sequence after alternatives with different sets of terminating roles,

as discussed above. In this case, the initiating role after the alternative would naturally
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request two or more alternative sets of messages to be consumed. In the example of Figure
4.3, the behavior of role w for sub-collaboration C3 would start with requesting either the
set of messages {r, : my, r, : mo} or {r, : mg}. Such an interface is unfortunately not
provided for BPEL programming. Also, the interface function, which allows for requesting
the consumption of a certain message type with a parameter that has a given integer value
(which is useful for handling weak while loops, as discussed in the next section), is not

available with BPEL.

4.2.4 A Role Does not Participate in All Alternatives

We consider here the case of choice between several alternatives, as shown in Figure 4.4,
where one of the alternatives does not involve all roles, i.e., alternative A does not involve
role z. Bochmann [4] suggested the introduction of a choice indication message cim to
indicate the choice to those roles that do not participate in the alternative. Without such
a coordination message, the role z in Figure 4.4 would not know when to start the initial
action of the collaboration C3 when this alternative is chosen. We note that this problem
was not mentioned in [27]. Here we would also like to point out that this cim message is not
required if the subsequent collaboration follows in strict sequence, and in the case of weak
sequence only if the role in question has initiating action in the subsequent collaboration.
If in Figure 4.4 the message mg message would go in the opposite direction (and role z
would not be initiating), role z could simply request the pool for the consumption of my

or Mmeg.

We conclude that the cim message is not always necessary. The cim is required by a
role if it does not participate in one alternative, and it is an initiating role in a collaboration

following the alternatives in weak sequence. In this case, it is sufficient and necessary.
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Figure 4.4: An example where role z does not participate in all alternatives.

4.3 Weak While Loop

We consider in this section a requirements model including a weak while loop as shown in
Figure 4.2(b). We assume that the decision (control of the loop) of repeating collaboration
Cy (loop body) or finishing with Cy (loop follow-up) is a local choice. In the example
of Figure 4.5, this is done by role z. We call this role the “initiator” of the loop. The
other roles are called “dependent roles”. It is important to note that the first event of a
dependent role in C; or in Cs is always a reception of a message (since otherwise the role

would be initiating, and the choice would not be local).

It has been pointed out in the literature that a race may occur for a dependent role
between the reception of the first messages of C'; and Cs. For instance in Figure 4.5, if the
transmission of my during the last repetition of C is delayed for some reason, the role z
may receive ms before the last message my. We call such a race a termination race of

the loop.
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Figure 4.5: An example of weak while loop where the role x is the loop initiator.

Another problem that may occur is the following: If a given type of message of C} is not
transmitted over a FIFO channel from the sending role to the receiving role, then it may
happen that the message instance of the n'* repetition of C is overtaken by the instance
of the next repetition. If the message has no parameters, then there is no problem, but
otherwise the parameter values would arrive out of order. We call this problem message
overtaking. For instance, we note that message type mg in Figure 4.5 may have message
overtaking in the case that (' is repeated twice and the transmission of the first message

mg is very slow.

Proposition 4.3.1 If there is a realization for collaborations Cy (loop body) and Cy (loop
follow-up) of the weak while loop, then the control (decision) of this loop is directly realizable

if there is mo termination race.

Proof. The absence of termination race means: For any dependent role r that receives
the first messages m; and ms in C; and C,, respectively, it can never happen that the
message mo is received by r while some message m; is still in transit. Also, the absence
of message overtaking means: For any dependent role r and any message type m received

within 7, it can never happen that a message of type m is overtaken by another instance
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of that type belonging to the next repetition of C;. There is no need for any coordination
messages since the messages are consumed in the right order. Therefore the weak while

loop is directly realizable. [J

In the following, we discuss under what conditions there are no such problems and how

a given role can be implemented in the distributed design model if there are problems.

4.3.1 Absence of Termination Race and Message Overtaking

We analyze in this subsection the requirements model and give some propositions that

ensure the absence of termination race and message overtaking.

Proposition 4.3.2 (Absence of termination race) A dependent role r of a weak while

loop has no termination race if one of the following conditions is satisfied:

1. The reception of the first message m by r in C is before the last event in Cy of the

matiator.

2. The first messages received by r in Cy and Cy are sent by the same role v’, and the

communication 1s over a FIFO channel.

Proof. For (1): If the first message m in C] to be received by r is in transit, then it must
have been sent and not yet received. Since the reception is before the last event in C; of
the initiator, the initiator must be involved in the execution of C'; when a message m is in
transit. Therefore, the first messages received by r in € and in C'5 can never be in transit
at the same time. Therefore there cannot be a race. For (2): Since we assume that the
sending role 7’ has no termination race, the first messages in C; will be sent before the
first message in (5. Because they are sent over a FIFO channel, they will also be received

in this order. .

Proposition 4.3.3 (Absence of message overtaking) For the reception of a message
type m by a role r during the repetitions of Cy, there is no danger of message overtaking,

if one of the following conditions is satisfied:
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1. The reception of the message is before the last event in Cy of the initiator.
2. The message is received over a FIFO channel from the sending role.

3. The recewwing role is the initiator of the loop.

Proof. The proof for (1) is similar to the previous proposition. Point (2) is evident. Point
(3) follows from the fact that the initiator waits for receiving all messages related to one

repetition of C} before it starts another repetition. [

4.3.2 Deriving a Distributed Design Model for a Weak While

Loop

To get a conforming distributed design model in the case of a termination race, it was
suggested in the literature to include in the first messages received by a role in C; and in
C5 a sequence parameter which indicates the number of repetitions of €, and accept the
first message of C5 only if it contains the right sequence number. This approach was also
used in [4], however, for all roles and with sequence parameters in all messages. This, by
the way, also solves the message overtaking problem. We should mention here that adding

a sequence number to message leads to a different message type.

In this section, we discuss how a conforming design model can be constructed by intro-

ducing a minimum number of sequence parameters in messages.

As pointed out by Proposition 4.3.1, the basic implementation for the control of the loop
(loop decision) provides a conforming design model if there are no problems of termination
race nor message overtaking. We propose to construct a conforming design model by
starting out with the basic implementation, and then performing modifications to the

behavior of those roles that have any of these problems.

For a role r that has termination race (TR), one of the following modifications can be

used:
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e Modification-TR-1: In this modification, we apply Implementation with consump-

tion guards which was explained in Definition 3.1.

This modification corresponds to what is proposed in [4]. It presents the difficulty
that a message pool providing a suitable interface must be used. The message pool
will only accept messages for consumption that have a sequence number parameter

that satisfies the guard. To avoid this difficulty, Modification-TR-2 was proposed.

e Modification-TR-2: In this modifications, we apply Implementation without con-

sumption guards which was explained in Definition 3.2 and in [31].

We should mention here that if there is termination race at certain role r. Using
sequence number as a parameter is sufficient and necessary only for the first messages of r

in Cy (loop body) and Cs (loop follow-up), respectively.

For a role r that has message overtaking (MO) for a message type m, the following

modifications can be used:

e Modification-MO-1:

— A sequence parameter is introduced into the message that has the problem of

overtaking.

— The behavior has a local variable N which is initialized to 0 before the while

loop starts. Each time the message m is received, N is incremented.

— In the request for consumption to the message pool of message m, a condition

is added to the consumption, namely that the parameter value is equal to N4-1.

— This assumes that the behavior of the sending role also has a modification
introducing a local variable N (which is incremented) and sending the value of

N as message parameter.

e Modification-MO-2: Ensure that the message m is received through a FIFO chan-

nel.
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Modification-MO-1 has the disadvantage that an additional message parameter must be
introduced, and the message pool needs to support consumption requests with parameter
conditions. It is often much easier to ensure FIFO delivery between the sending and

receiving roles.

Proposition 4.3.4 (Conforming design model) Given a requirements model R and a
distributed design model D. D conforms to R if the following condition is satisfied: D is
obtained from the basic implementation of R by applying the following modifications:

1. For each reception role that has a termination race according to R, apply Modification-

TR-1 or Modification-TR-2.

2. For each reception by some depending role of some message with the problem of

message overtaking according to R, apply Modification-MO-1 or Modification-MO-2.

Proof. We have to show that the following conditions are satisfied:

e (a) Collaboration C} is executed by all roles the same number of times.

e (b) During the N** execution of C; by a given role 7, each message m consumed by

r was sent by the sending role r’ during its N** execution of C}.

Condition (b) follows from point (2) of the Proposition. It is straightforward to prove
that the Modification-MO-1 or Modification-MO-2 assure that there is no message overtak-
ing in the design model. For proving Condition (a), we have to prove that if Modification-
TR-1 or Modification-TR-2 are introduced for a role r, this ensures that C is executed by
r only after C'| has been executed N times, where N is the number of time that the loop

initiator executed C].

For this purpose, we group the roles into role-sets RS(7) (i = 0, 1,2, ...). The initiator is
in RS(0), and any dependent role that receives the first message of Cy from a role in RS(7)
is in RS(i+1). Now we do the proof by induction over i. Suppose that the roles in RS(7)

execute C the same number of times N as the initiator, then any role in RS(i+1) receives
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the first message of Cy with the parameter N. It is easy to see that Modification-TR-1
or Modification-TR-2 ensure that the role will also be executed in C; N times before it
executes Cy. When it executes Cy and sends an initial message to another role, then this
message will also include the parameter N. We conclude that all first messages of Cy will
include the same parameter value, and therefore all roles will execute C'; the same number

of times. [

4.3.3 Nested Weak While Loops

Note: this section was not included in [76].

Figure 4.6 shows the hierarchically nested weak while loops. In this example, loop a
represents the outer loop, and loop b is the inner loop. As we said in Section 4.3.2, a
sequence number is needed as a parameter in the messages to solve the termination race

and message overtaking problems.

The question is whether we can use a single sequence number in the case of nested
weak while loops? Figure 4.7 shows a possible execution of the weak while loops in Figure
4.6 and the messages received at the different roles. The figure shows that two sequence
numbers are used to solve the termination race problem, one for the outer loop and one for
the inner loop. As we see from the figure, some instances of the message m; are slow and
they are received at r3 after the messages mo and ms. Without using the sequence numbers
as parameters in the received messages, the role r3 does not know how many times (and
in which order) the message m; must be received before the messages my and mg can be
processed (consumed). Therefore, two sequence numbers are required in this example. In

general, for hierarchical weak while loops, each loop requires its own sequence number.
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Figure 4.6: Hierarchical weak while loop example.
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4.4 Chapter Summary

This chapter is a slightly edited version of our conference paper in [76]. In this chapter, we
consider the derivation of a distributed design model from a global requirements model,
which identifies the different actions to be performed by the different system roles and a
partial order that determines the order in which these actions may be performed. The
distributed design model defines for each role the local actions to be performed and their
order. We call basic implementation a design model obtained by projection of the require-
ments model onto each role. If this design model conforms to the requirements, we say that
the requirements are directly realizable. However, in most cases, additional coordination
messages or parameters must be introduced to coordinate the order of actions at different
roles. We study special cases of alternatives followed by strict or weak sequence. We show

that the choice indication message cim, introduced in [4] is not required in many cases.

We also study the implementation of the weak while loop, which may have the prob-
lems of termination race and message overtaking. We show under which conditions these
problems are absent. For the other cases, we show how a conforming design model can be
obtained by introducing minimal changes to the basic implementation. Overall, this is an

important improvement over what is proposed in [4].

Finally, we discuss the hierarchically nested weak while loops. We show what kind of

sequence numbers are required in such a problem.
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Chapter 5

A Role Based Modeling Paradigm
Based on HSM

Note: This chapter is a slightly edited version of our conference paper [77].

Various kinds of modeling notations can be used during the development process of
distributed systems. In this thesis, we are concerned with the transformation from a global
requirements model, which describes the system behavior abstractly (defined in terms of
local actions to be performed by different system roles), to a distributed design model

which describes the behavior of each role separately.

In this chapter, we propose to use the concept of UML Hierarchical State Machine
(HSM) [16] for modeling the requirements model since it is a well-known notation. In
many aspects, the HSM formalism is similar to HMSC and PO-Charts. A composed state
defines a partial order of actions, very similar to the notation of partial orders of Pratt
[14] and Gischer [19]. We introduce certain extensions to HSM in order to describe the
different roles that may be involved in the actions performed within one (composed) state,

and for distinguishing between strict and weak sequencing [78].

For deriving a distributed design model from a global requirements model, an algorithm
was described in [4] which assumes that the requirements are given in the form of a col-

laboration which consists of several sub-collaborations that are ordered by strict or weak
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sequence, alternatives, concurrency, or strict or weak while loop. The algorithm introduces
flow messages (if required) for the coordination of actions related by a strict sequence as
proposed in [8; 62]. It also introduces a choice indication message (cim) to inform a role
that does not participate in some alternative when this alternative is chosen. In order to
solve a problem of race conditions during the termination of a weak loop, it introduces an
additional parameter in all messages of the loop body containing a sequence number which
indicates the number of times the loop has been executed. We have shown in [76] that in
many cases the loop does not exhibit any termination race, and, in addition, the sequence

number is not needed in all messages within the loop when a termination race exists.

In this chapter, we follow these ideas and show how a distributed design model can
be derived from a global requirements model written in our notation of extended HSM.
The distributed design model obtained by our algorithm contains, for each identified sys-
tem role, a HSM which contains the local actions of that role identified in the global
requirements and the sending and reception of the coordination messages generated by our
derivation algorithm. These local HSM can be easily implemented by any suitable tool

that generates implementation code from UML HSM.

We also show the general condition for the absence of a termination race in weak loops

that can be checked when the global requirements are given in the form of a HSM.

5.1 Describing Distributed Systems in a Global View

Different concepts have been proposed for describing the behavior of a distributed system in
a global view, which is sometimes referred to as choreography, in contrast to orchestration

which represents a centralized view of the behavior [79].

5.1.1 Review of Notations for Describing Global Requirements

Different notations were proposed for describing the global requirements models, such as

Message Sequence Chart (MSC) and Hierarchical (also called High-Level) Message Se-
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quence Chart (HMSC), Partial Order Charts (PO-charts), Activity Diagram, and other
(See Chapter 2 and Section 3.2.1).

Figure 5.1 shows a weak while loop example written in the following notations: (a)
MSC, (b) MSC-Graph, and (c) the equivalent PO-charts. In this thesis, we extend the
notation of PO-Charts by indicating which role does a choice (see for instance the role
in the choice state in Figure 5.1 (c)). This is useful when comparing PO-Charts with our

proposed notation of HSM (see Section 5.1.2).

5.1.2 Using Hierarchical State Machine (HSM) for Describing

the Global Requirements

The state machine concept is a powerful modeling formalism for describing the behavior
of a part of a system [16]. Hierarchical state machine enable the modeling of complex
system behavior concisely; each state is either a simple state or a composite state, which
represents another state machine. Hierarchical state machine formally define the syntax
and semantics of concurrency and nesting concepts, which are not allowed by simple state
machine [80]. This feature reduces the complexity of the state machine diagram since it

allows for hierarchical nested states and the modeling of more expressive diagrams [81].

In our proposed model, we assume that a local action (as introduced above) is executed
as a “do-action” of a simple state, and we extend the UML hierarchical state machine
notation in order to define the role that performs the do-action of a simple state. Therefore
a simple state is associated with a single role. This allows us to calculate, for a composite
state, the set of initiating, terminating and participating roles (which is important for the
derivation of a distributed design, as explained in Section 5.2). This extension of adding
roles to the states make it possible to derive a distributed design model from the given

requirements.

We note that there is a preliminary step in the development of the global requirements
model which consists of selecting the roles and their major collaborations, possibly using

UML Collaboration Diagrams. These collaborations may evolve into composed states in
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Figure 5.1: Example of a weak while loop specification written in the following notations:
(a) MSC (b) MSC-Graphs (c) PO-Charts (d) Hierarchical State Machine
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the final global model.

Figure 5.1(d) is an example of a weak while loop written in HSM, which is equivalent to
the PO-Chart in Figure 5.1(c). In our notation, we assume that the do-action in a simple
state (if it exists) is the same as the state name. For example, the event a; in the PO-chart
is realized as a do-action a; in the HSM (Figure 5.1(d)). We use a notation where the
role of a simple state is between curly brackets. A composite state could have multiple
initiating, participating, and terminating roles (written as IR, PR and TR, respectively).
The transitions between states are “completion transitions” (in the sense of UML) which
means they are executed as soon as the actions of the state have been completed. They

w, «

represent either strict or weak sequencing, written as “;;” or “;,”, respectively.

Figure 5.2 shows global specifications for different behaviors written in the HSM nota-
tion. Figure 5.2(a) shows an example of a weak sequence between two simple states: ay
and as, which have r; and r3 as participating roles, respectively. The composite state “cs;”
in Figure 5.2(b) has a weak sequence type, and it has IR={r;, r9, 73} and the TR={rq, r3}.
Note that the initiating (IR), terminating (TR), and participating (PR) roles of composite
states are calculated based on the rules presented in Figure 5.3 (taken from Table 2 in
[4]). The symbols “,” and “;,,” refer to a strict and weak sequences, respectively, as we
mentioned above. The symbol “[ |7 refers to the choice operator, “x” to the strict while

loop, “x,,” to the weak while loop, and “||” to concurrency.

We prefer the notation of extended HSM semantics for modeling the global system
requirement because the standard HSM are well-known and the derived distributed design
model consist, for each system role, of a standard HSM model which is relatively easy to

implement.

In fact, our notation is similar to Gischer’s work [19]; he proposed a state diagram to
model the behavior of collaborations that consist of several partial orders. He used the
term “process” which corresponds to a composed state in our notation. He used the same
sequencing operators as in our notation, except the weak sequence. Gischer’s notation does
not show the roles involved in a process. Also, its alternatives are well-structured (see [82])

which is not the case for the branching structure of state machine.
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Operator | Starting roles (SR) Terminating roles | Participating roles
(TR) (PR)

<action>" | {r} {r} {r}

<subcol>®™ | SR(<name>) TR(<name>) PR(<name>) =R

Cii G | SR(CY TR(Cy) PR(C,) U PR(C,)

Ciw G SR(C)) U TR(Cy) U PR(C,) U PR(C»)

(SR(Cy) - PR(Cy)) (TR(C)) - PR(C,))

C [l G SR(C,) U SR(C,) TR(C)) U TR(C,) PR(C;) U PR(C,)

Ci*s G | SR(C)=SR(Cy)= {r} | TR(Cy); SR(C) if Co=¢ | PR(Cy) U PR(Cy)

C *y Cy | asabove TR(Cy) U PR(C,) U PR(Cy)
(TR(Cy) - PR(C,))

C | G SR(C,) U SR(Cy) TR(Cy) U TR(C,) PR(C;) U PR(C,)

Figure 5.3: Rules for calculating the initiating, terminating, and participating roles (taken
from [4]]).

5.1.3 Example of Using the Notation of Extended HSM

The example in Figure 5.4 shows a requirements model of a taxi application. It defines the
global behavior of a taxi session involving the Manager {M}, a Client {C}, and Taxi {T}.
For all simple states, we show the role involved in curly bracket (as we discussed above).
The taxi application involves a single manager who deals with many clients and many taxis.
He establishes a session with a client and a suitable taxi during the Assign collaboration.
The figure shows one of these sessions. The client can request a taxi by activating the
Request Taxi collaboration or pick up a taxi on the street using the Pick-Up collaboration.
The client may cancel a request using the Withdraw collaboration. When the client reaches
his destination, the taxi session is terminated through the Goodbye collaboration, and the

taxi becomes free for another session.
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Figure 5.4: Taxi example written in extended HSM notation and involving three roles:

Manager {M}, Client {C}, and Taxi {T}.
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5.2 Deriving Distributed Design Models

In this section, we discuss the implementation algorithm for deriving a distributed design

model from a global requirements model written in HSM notation.

5.2.1 Structure of the Global Requirements Model

We make the following assumptions about the structure of the global requirements model:

1. A simple state is associated with a single role and contains a do-action that is per-

formed by that role.
2. A composite state has one of the following forms:

(a) A linear sequence of (possibly composed) states weakly sequenced. See the

example in Figure 5.2(a).

(b) A collection of (possibly composed) states connected by strict sequencing. The
connection structure may contain alternative branching and loop, and there are
single initial and final states. This strict composite state could be one of the
following;:

e A linear sequence of states without a choice, see Figure 5.2(b).

e A linear sequence of states with a choice. A state that has several outgoing
transitions is a choice state and must be a simple state. In order to get one
final state, we have the following scenarios:

— All alternatives in a given a choice must end together and there is no
loop as in Figure 5.2(c).

— The alternatives do not end together where one of the them goes back
to the choice state. This case called strict while loop. Figure 5.1(d) is
an example (but with a strict sequence between the states cs; and ay).

— It is also possible that one of the alternatives goes higher up (above the
choice state). This case called do-while loop, see Figure 5.2(d). Note
that the possibility of loops was not included in our paper [77].
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In the partial order notation for local choice (see Chapter 4), we considered
that the initial actions of the alternatives are executed by the role that does
the choice. In the state machine notation for local choice, we consider that the
initial actions of the alternatives are integrated into the choice state. Therefore,
in the HSM notation, the first state of an alternative could be a simple state

associated with a different role or a composite state with several initiating roles.

(¢) A weak while loop where the body and follow-up are single (possibly composed)
states, and the transition from the body leading back to the initial choice state

is weakly sequenced. See the example in Figure 5.1(d).

(d) Several concurrent (possibly composed) states. See the example in Figure 5.2(e).

Comments:

e We do not allow for a linear sequence of (composed) states with mixed strict and
weak sequencing, since strict and weak sequencing are not associative [38] and such

a sequence could have an ambiguous meaning.

e We assume that all choices are local, that is, are performed by a single role (in Chapter
6, we discuss the non-local choice). Choices are associated with strict sequencing to

ensure consistent choice propagation [83].

e The important difference of the weak while loop, as compared with loops with strict
sequencing, is the fact that it may have a termination race [76] (see also Section

5.2.7.1) and that it may lead to an unbounded number of messages in transit [1].

e The cim message is not required in the alternative which loops back to the choice
state (the case of strict while loop) or a higher state (the case of do-while loop). This

is an improvement compared to our work in [77].
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5.2.2 Algorithm for Deriving a Design Model from HSM Re-

quirements

In the following, we define an algorithm that derives a design model for a given role r, from
a requirement model which is represented by the function gen D M (State M achine sm, role r,,).
The inputs for the function are an HSM “sm” describing the global requirement model,

and the target role r,. The algorithm returns a design model for that role.

The algorithm distinguishes the cases 1 through 2d above (see Section 5.2.1) and invokes
for each case a specific operation which is explained in the following subsections. The
function “genDM?” is first applied to the whole global requirements model and is then

recursively applied to all its composed states and sub-states.

For the generation of a design model for a given role from the global requirements, a
technique of projection has often be used [62, 27, 4, 2]. Different notations have been used
for the requirements and the local design model. Using projection, the design model for
a role r is obtained by projecting the global requirement model onto role r, that means,
deleting all events (states) associated with other roles r’ # r. A design model obtained by

projection without any coordination messages is called basic implementation [76].

In the presence of weak sequencing, this projection approach is usually combined with
the use of a message reception pool which allows the role to wait for the reception of
specific types of messages [27, 4], thus avoiding race conditions [11] because the other
types of messages will be stored in the reception pool until they are (later) requested by

the local implementation.

In the following sections, we discuss in details, the operations of “genDM” in each of

the cases above.

5.2.3 Simple State

In the case of simple states, the algorithm keeps the state as is if the role r, participates
in that state, and otherwise replaces it by a dummy state. There is no recursive call for

genDM in the case of the simple state.
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Figure 5.5: Local design models for r; derived from the requirement models: (a) weak
sequence in Figure 5.2(a), (b) strict sequence in Figure 5.2(b)

5.2.4 Weak Sequence

The distributed design model for weakly sequenced behavior does not need any coordina-
tion messages and is only based on the local sequencing by each role (see, for instance,

Figure 5.2(a)). Therefore the basic implementation provides a correct design model.

The function “genDM“ in the case of weak sequence will, therefore, operate as follows.
It will generate a state sequence corresponding to the states in sm by recursively applying
“eenDM?” to the states in which the role r participates and replacing the other states by
dummy states (denoted dm, without any local actions). The resulting state machine will
be the design model for 7, and it will have the same state structure as in the global design.
Figure 5.5(a) is the generated design model for r; in Figure 5.2(a). Before generating an
implementation from the design model, we may optimize the resulting model by deleting

the dummy states.

5.2.5 Strict Sequence and Alternatives

The problem of deriving a local design model from a global behavior expression that con-
tains a strict sequence was discussed in [13, 8, 4]. Coordination messages (called flow
messages (fm) in [4]) were introduced for a strict sequence (C ;5 C3) to ensure that all
actions in (] are completed before any actions in C5 can start. Besides, since these flow
messages must be distinguished to avoid ambiguities, a parameter x is added to each flow

messages (fm,) to differentiate between them. The derivation of a local design model
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from a global requirements model containing alternatives has been studied by many au-
thors [8, 62, 4, 27]. In all these references, the local choice is assumed, i.e., the choice
decision is always made by a single role. In a non-local choice, several roles are involved
in a choice [9]. Different algorithms were proposed for solving non-local choice in a dis-
tributed environment, e.g., a circulating token. Different forms of competing initiatives
were discussed in [2]. Gouda proposed to give different priorities to the different initiatives
to solve this problem [33]. In the following, we assume that all choices are local. Note
that for non-local choice, certain proposals could be easily integrated with our derivation
algorithm to solve this problem. We note that the semantic definition of choice, as given
in [83], explicitly shows that the choice must be followed by a strict sequence. Therefore
we discuss here the design model for strict sequence and alternatives. In the following,
we discuss a basic algorithm for deriving a design model for a given role from the global
requirements in the form of a single sequence of strictly sequenced states, and then discuss

how choices can be integrated into this context.

Basic derivation algorithm for role r, in the case of a linear strict sequence of states:

1. Create a local state s; in the local design model for each state s, in the global
requirements. Call the generation function “genDM” to establish the design model
for each local state s; according to the corresponding global state s,. Calculate for
sy the sets of initiating roles (IR), terminating roles (TR), and participating roles

(PR).

2. For each global state s,, except the last state in the sequence, consider the outgoing
transition t (directed from s, to the next state Syest). If r,, € TRy, a flow message
should be sent to each role in IR of the next state (written I Rg,,.,;) except r,, written
as (I Rspewt — {rn}), see [4]. For this purpose, a new state called “final state of s”
(written FIN(s)), is be created (in the local design model) containing as do-actions
the sending of these flow messages. A completion transition is created from s to
FIN(s). We use the term “outflow state of s” to designate the FIN state of s, if

it exists, or s itself.
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3. For each global state s,, except the first state in the sequence, consider the incoming
transition ¢ (from sp.e, to s, ). If r,, € IR, a flow message should be received from
each role in TR of the previous state except ,,, written as (T Rp.e, — {70 })), see [4].
For this purpose, a new state called “preliminary state of s” (written prel(s)), is
created (in the local design model) containing no do-action but having an outgoing
transition which is triggered by the reception of one of the flow messages to be re-
ceived. If more than one flow messages are to be received, an additional intermediate
state is created for each additional flow message with an outgoing transition to receive
the corresponding flow message. These additional states are linked sequentially (in
an arbitrary order — since the reception pool allows the receiving role to determine
in which order it wants to receive these messages) to finally lead to the state s;. We
use the term “inflow state of s” to designate the preliminary state of s, if it exists,

or s itself.

4. For each local state s; in the design model, except the last state in the sequence,

create a completion transition from the outflow state of s; to the inflow state of s,,cx¢.

We note that the flow messages introduced for the strict sequence are sufficient and

necessary for the correct operation of the generated design model.

Figure 5.5(b) shows the generated design model for 71 in the linear strict sequence in
Figure 5.2(b). The simple states a; and a4 are the remaining states (after deleting the

dummy states) from the composite states cs; and csq, respectively.

What we explained above for the derivation of strict sequence can also be applied in
the case of alternatives where a choice state may have two or more outgoing transitions.
Here we consider the alternative in a composite state with strict sequence only. If the
alternative is followed by a weak sequence, any role (other than the choice role) which
participates in one of the alternatives can start execution before the choice, and this is not
allowed. Consider the requirement model in Figure 5.2(c), which contains alternatives and
strict sequence. Based on the derivation rules above and considering the alternatives, the

local design model for r; is shown in Figure 5.6.
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Figure 5.6: Local design model for r; derived from the requirement model in Figure 5.2(c)

As we see in the figure, for any composite state, the global function “genDM” is called
recursively to evaluate the design model for that state, see for instance the composite
states: csy and cs3. For the outgoing transitions from the choice state, each one will
be treated separately based on the rules described before. In the first alternative, the
coordination messages fm; and fmg are sent to I R.so = {re, 73} in the first FIN state of
a; (denoted FIN1(a;) ) (see concurrent do-actions), and fmsg is sent to the IR ;3 = {rs}
in the second alternative (see state F'IN2(a1)). At state ag (executed by r1) where the two
alternatives are combined, r; receives coordination messages from the terminating roles
(TR) of the previous state (in each alternative) in any order. Prell(ag) and Prel2(ag) are

the preliminary states of ag; the receiving of flow messages starts after these states.

It is important to note a problem with choice propagation related to “dummy choice
state”. These are (dummy) choice states generated by our algorithm for the roles that
have to follow the choice made by the role executing the choice state. If the dummy choice
state is followed by dummy states (where the role does not perform any actions), the role
may not know which choice should be taken. An example is shown by the example design
model of in Figure 5.7(a), where the role does not know which choice to follow. One
solution is to eliminate in each branch all dummy states until a (simple or composed) state
is encountered where the given role participates. For example, eliminating the first dummy
state “ss_dm” in the right branch of the choice state dmChoice; allows the role to follow

the right choice. This leads to the right branch shown in Figure 5.7(b). In the left branch,
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we eliminate the dummy choice state dmChoicey as shown in Figure 5.7(b). We note that
this design model has a different hierarchical model structure than the global model. We

call this solution the minimal approach.

We propose a different solution. We propose a construction of design models that have
the same structure as the given global model. This also means that the design decisions
for a given composed state of the global model can be made without the knowledge of the
environment of that state and without the knowledge of the structure of the composed
states that are part of the given state. Therefore we propose that the choosing role of a
choice state should send an additional cim (called cimC message in Chapter 7) to all roles
for which the first non-dummy state in the branch that is chosen is a composed state, and
the role is not initiating in that state, we call this approach structure preserving. This cim
message here (see cim; on the left branch in Figure 5.7(c)) is sufficient, but not necessary,
since there are other ways to obtain a conforming design, such as a design that is not

structure-preserving, as we will see when we discuss the cimC message in Chapter 7.

We should mention here that using the structure preserving approach in the derivation
of the design model. We are working on the different forms of composite states indepen-
dently. This means, the solution which is used in a given state does not lead to a conflict

with other solutions at different hierarchical levels, and this is an advantage.

5.2.6 Concurrency and Strict While Loop

The generation of a design model for a composed state that contains several concurrent
sub-states is recursive without additional coordination messages. Since there is no inter-
action between the activities of the different concurrent sub-states, the design model for a
particular role 7, is constructed by creating a composed state for a role r, that contains
concurrent sub-states that contain the design model (for r,) for each concurrent sub-state

of the global requirement model in which role r,, participates.

The generation of a design model for a composed state that contains a strict while loop

is also recursive without additional coordination messages since it consists of alternatives
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Figure 5.7: (a) incorrect local design model for the role r,, (b) design model for r, using
minimal approach, (c¢) design model for r,, using structure preserving approach.
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and strict sequence. It is sufficient to apply the rules explained in the previous section to

the occurrences of strict sequences and the alternative which make up the strict while loop.

5.2.7 Weak While Loop

The derivation of the design model from a requirement model, including a weak while loop,
was studied by many authors [4, 31, 2, 76]. Most of this research was in the context of
requirement models defined in terms of MSC. Because of the weak sequencing between
subsequent MSC, the messages received by a given role could arrive in an unexpected
order which is called a race condition [11]. This problem is usually resolved by making a
distinction between message reception and consumption: a received message is put into a

message pool where it is stored until it is consumed in the order requested by the role.

However, in the case of a weak while loop, an additional problem may occur. A weak
while loop may be unbounded [1]. In this case, a role may receive a message terminating
the loop when there are still some messages waiting in the pool to be consumed within a
repetition of the body of the loop. The role cannot decide whether to accept the terminating
message for consumption. This situation was called Termination Race [76] (see also
Section 4.3). To solve this problem, it was proposed to include an additional parameter
in the messages of the loop which indicates how often the body was repeated to date (see
for instance, [4, 31]). This solution was improved in [76] by indicating that the sequence
number is not required in many cases, and by minimizing the number of messages that

need such a parameter.

In the following, we discuss how to generate a correct design model for a given role 7,
for a composed state in the global requirements model that contains a weak while loop,

written in the HSM notation.

As in the case of the strict while loop, the rules described in Sections 5.2.4 and 5.2.5
can be applied to obtain a basic implementation of the weak while loop, which must be
modified if sequence numbers are required. Algorithm 5.1 (see below) can be used to
determine whether there is a termination race for this role. If there is a termination

race, the first low messages received by r, in the loop body and in the follow-up part
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should contain a sequence number (written as 7 fm,(seq)). Also, the roles that send these
messages to 7, (in the loop body and in the follow-up part) should include these sequence
numbers in the send actions (! fm,(seq)). These roles, as well as r,, need a local counter n
to record the number of times that the loop was executed. As explained in [76], there are
two ways to implement, in role r,, the consumption of the next message with the correct
sequence number. If the interface to the pool allows the role to request the consumption of
a message with a particular sequence number, then the role may simply ask for a message
of the body with number (n+ 1) or a message of the follow-up with sequence n. In case the
pool interface does not allow this choice (but only a choice based on the message types),

an alternate implementation is described in [31, 76].

5.2.7.1 Check for Termination Race

In this section, we determine whether the termination race could happen for a role r,
in a given weak while loop. Based on the results in [76], there is no termination race
for role r, if the first event of r, in the loop body is before the last event of the loop
initiator (r;) inside the loop body. To check the termination race, we evaluate the function
precede(ry, i, loop body) (see Algorithm 5.1). We know that no termination race exists if
the result is true, since the meaning of precede(ry,rq, s) is the following: An action of ry

precedes an action of ry during the execution of the behavior of the composed state s.

The function precede(ry,r2,s) is evaluated according to the different forms that the

composed state s may take according to the cases mentioned in Section 5.2.1.
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Algorithm 5.1 precede Function

Boolean Function precede(r; , ry , s)
switch s do
case (1) linear strict sequence of states s1,s 2,5 .- ,s Sk dO
return ((3 ¢ € [1 : k] : precede(ry,re,s;)) OR (3 4,5 € [1 : k] : i < j,
L 1 € PRy and ry € PRy;))
case (2) strict state machine do
| return (V linear sequences Is allowed by s, we have precede(ry, r2,1s))

case (3) several concurrent sub-states of the form ccsy || cess || ... || cesx) do
| return (3 iin [1: k| : precede(ry, o, ccs;))

case (4) strict or weak while loop with body and follow-up do
return (precede(ry, 9, s.follow-up) OR
| (rq is the loop initiator (r;) and ry € PR fouow—up))

¢}

ase (5) linear weak sequence of states $1,y Soyw --- yw Sk dO

return ((3 ¢ € [1: k] : precede(ry,72,5;)) OR

(3 71,722, oo Tem € PRg with 1 = ry and 7y, = ro and

a number of states sy, sy2, ... Syam—1) With yi <y(i+1) fori =1, .. m—2such
| that precede(rei, To(iv1), Syi) for i =1, ... m — 1))

We give in the following a reasoning for the evaluation of the function precede(ry, s, s)

in the different cases:

e Case (1) — lineat strict sequence of states: The function is true if there is a state s;
in the sequence for which precede is true or if role r; participates in one of the states

and role ry in a subsequent state.

e Case (2) — strict state machine (the composite state structure may contain alternative
branches and loops and all states are connected by strict sequence): Different linear
strict sequences of states are possible. Since we do not know which one will be

executed, precede must be true for all of them.

e Case (3) — concurrent substates: Since all concurrent substates will be executed, it

is sufficient that precede be true for one of them.

e Case (4) — while loop: The body may not be executed, while the follow-up will always

be executed.
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e Case (5) — weak sequence: Like for strict sequencing, precede may be true because
it is true for one of the substates s; . The second possibility relates to intermediate
roles. In the case that m = 3, we have the roles r; , ro and an intermediate role
re2 . Suppose that yl = 2 and y2 = 5 (and k£ = 6). Then the formula states
that precede(ry,ro,s) is true if precede(ry,ryo, s2) and precede(rys,m9, S5) are both
true. The actions of 7,9 in state so are before those in state s5 because of the weak

sequencing relationship.

5.3 Chapter Summary

This chapter is a slightly edited version of our conference paper in [77]. It deals with deriv-
ing a distributed design model from a global requirements model written in the notation of
extended Hierarchical State Machine (HSM). In this chapter, we extend the UML notation
of HSM to indicate the roles that participate in the actions of each state of the global
behavior. A simple state represents some local actions, while a hierarchical state usually
represents a collaboration between several roles. Our global HSM requirements model
describes the sequencing of collaborations and local actions. We compare this notation
with other notations such as UML Collaborations, Hierarchical Message Sequence Chart
(HMSC), PO-Charts and others. Then we explain how a distributed design model, in-
cluding all required coordination messages between the different system roles, can be auto-
matically derived from a global requirements model. We consider the following sequencing
constraints between different collaborations: weak or strict sequence, alternatives, weak or

strict while loop, and concurrency.

The local design model generated by our algorithm, for each component, is an HSM
which represents the local actions identified in the requirement model and executed by this
component, and the exchange of the coordination messages which are generated by our
proposed algorithm. These local state machines can be easily implemented by any suitable

tools that generate code from a design model written in UML HSM.
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Chapter 6

Resolving Competing Initiatives in

Distributed Applications

As we said before, different problems are associated with the realizability of the global
requirements model. The realizability problem which will be addressed in this section is

related to non-local choice.

If the global requirements model contains several alternatives, specified by means of
the choice operator, the choosing roles are the ones who decide which alternative will be
executed [4]. The choice is called “local” if only one role makes the decision. The choice

is non-local if several roles are involved.

This decision is local (and simple) if the initiating roles of all alternatives are local
to one role. The decision process gets complicated if more than one role are involved in

selecting the alternative, and this is called non-local choice [9].

There are several types of non-local choices from the applications point of view (see
Section 3.1.2). Competing initiatives are one of these types and occurs when several roles
propose different alternatives, and there is no coordination between them, and only one of

them should be selected.

As we said in Chapter 3 different researches had considered the non-local choice prob-

lem, and there is no consensus on how it should be treated. Gouda [33] solves the problem
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of competing initiatives by giving priority to one role over the other. In this chapter, we

discuss the following:

o We follow Gouda’s solution for competing initiatives and show that this solution

requires the undoing of early actions for the low priority behavior.

e We propose a solution for avoiding the undoing of actions using special coordination
messages where the role with lower priority asks for permission before it starts its

behavior.

e We also consider an example of competing initiatives in a system where three roles
are involved in a distributed choice. We discuss some distributed design solutions for

this example.

6.1 Competing Initiatives Problem

As stated in the introduction, competing initiatives occur when more than one role take
uncoordinated choice initiatives concurrently. In this case, the decision to select the next
alternative (behavior) is not localized and may lead to conflicts in the global behavior

execution.

Figure 6.1 shows a global model for freelance task distribution (written in extended
HSM notation) that contains competing initiates. As we said in the HSM representation
of the local choice (see Section 5.2.1), the first actions of the alternatives are integrated
into the choice state. In the case of competing initiatives, these actions are executed by
different roles, and the choice state is fictitious and called “non-local choice” as indicated
in the example in Figure 6.1. There is no role to execute it. The suffixes “_.S” of the names
of the composite states means that the states within this composed state are sequenced
by strict sequence. Each simple state is associated with one role, which is indicated as a
suffix (after “_”) of the state name. For example, the simple state “taskCompleted_dv”
is executed by the Developer (dv) role and the simple state “TaskReceived_dis” by the
Dispatcher (dis).
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Figure 6.1: Freelance task distribution example (with competing initiatives) written in
extended HSM notation.
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After the Developer completes the previous task (see the state “taskCompleted”) and
the Dispatcher is confirmed, they arrive at the “non-local choice” state. Then, either
the Dispatcher assigns a new task (if it exists) to the Developer (see the state “findNew-
Task”) or, possibly, at the same time, the Developer requests a holiday (see the state
“holidayReq”), which are two competing initiates. Only one of these alternatives should

be executed.

Our derivation algorithm (see Section 5.2) always assumes that there is a local decision
that is done by one role. In order to process competing initiatives using the derivation
algorithm, we should include the two roles which are involved in competing initiatives in
the choice state and generate a design model based on that. In this section, we propose a

solution to this problem.

T

? taskComp

taskCompleted

do { !taskComp} taskReceived

waiting for
new Task

?holidayReq

findNewTask

do{
assignTask();
InewTask;}

holidayReq

do {! holidayReq}

? regAccepted
? taskAccepted

Y

confirmed

o .

Developer Dispatcher

Figure 6.2: Design models for the Developer and Dispatcher (corresponds to the global
model in Figure 6.1) based on Gouda’s solution.

Figure 6.2 shows the design models for the Developer and Dispatcher (without the
dashed arrows). We can see that when the Developer is in the state “holidayReq”, he
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could receive a newTask request from the Dispatcher. Also, the Dispatcher might receive a
holidayReq from the Developer while executing the state “findNewTask”. Both cases lead

to conflict.

To resolve this conflict, Gouda proposed to give different priorities to the two alter-
natives. The dashed arrows in Figure 6.2 are introduced by Gouda’s solution, given that
higher priority is given to the holiday request by the Developer if a conflict is detected.
We can see that if the Developer initiates his behavior by sending a holiday request (holi-
dayReq) and at the same time, the Dispatcher initiates his behavior by sending a newTask

message, this message will be ignored by the Developer since he has priority.

However, if the Developer does not initiate a holiday request and follows the Dis-
patcher’s decision, he will receive the message newTask, and then send taskAccepted. In
the design model for the Dispatcher, he follows the decision of the Developer by accepting
the holiday request when it is received. We note that receiving the message taskAccepted
by the Dispatcher removes the ambiguity about which alternative is selected, and the Dis-
patcher knows that the subsequent actions will not be interrupted (see, for instance, the
dashed region after the state informed in Figure 6.2). At any time, if the message holi-
dayReq is received by the Dispatcher, the actions executed by the Dispatcher before the

reception of the taskAccepted message could be interrupted.

We note that the authors of [34] also applied Gouda’s approach for solving the mixed-
initiative problem. However, they represented the competing alternatives as concurrent
regions in a composite state. These regions are assigned primary and secondary priorities.
Their implementation is not intuitive because they assumed concurrent initiatives inside
the composite state instead of alternatives. They discussed the implementation of one
role only (the one with the highest priority), and built a tree by unfolding the composite
state and then pruning all the outgoing transitions of the second region (the region with a

secondary priority). However, they did not address the implementation of the other role.
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Figure 6.3: Modified global model using a permission design.

6.2 Avoiding Undoing of Early Actions

In competing initiatives, the side effects of the actions in the initial states which are
executed by the low-priority role must be undone when the higher priority behavior is
executed. In Figure 6.2, both actions: assignTask() and “IlnewTask” at the Dispatcher
side (low-priority role) could be interrupted if the action holidyReq is executed by the
Developer (high-priority role); in other words, the side effect from the action assignTask()
must be undone when the Dispatcher receives a holidayReq message and goes into the state

“acceptReq”.

The undoing of actions is common in long-term transactions, which include a sequence
of normal transactions. If a cancel request is initiated in a long-term transaction, the side
effect of the preceding sub-transactions must be undone. Consider, for example, a travel
reservation application where the user first reserves a hotel then searches for a flight, and
if he can’t find a suitable flight, he will cancel the hotel. The undoing of such actions can

be quite complex, and therefore it is good practice to design an application such that the

102



undoing of actions can be avoided.

In cases where the interruption of early actions should be avoided in competing ini-
tiatives, we propose a design where the low priority role first asks for permission before
initiating its behavior. Figure 6.3 shows a modified version of the global model of Figure
6.1 where the permission design solution is used before the state “SendNewTask” in the
right branch; in the form of a new composite state “NewTaskProposal”. In this state, the
Dispatcher sends a new task proposal, and the Developer confirmed before sending the

actual task.

The design models for the roles Developer and Dispatcher (corresponding to the global
model of Figure 6.3) are shown in Figure 6.4. We can see that the Dispatcher sends a new
task proposal message (see newTaskPr) and waits for the Developer approval (receiving
the ok message) before executing the task assignment. Receiving a message other than ok
(holidayReq message) by the Dispatcher means the higher priority behavior (Developer)

has started, and the Dispatcher must follow.
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Figure 6.4: The design models for the roles Developer and Dispatcher (corresponds to the

modified global model in Figure 6.3) using the permission design
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Figure 6.5: Reservation of Taxi example (a global model).

6.3 An Application Involving Three Competing Ini-

tiatives

We considered in Sections 6.1 and 6.2 the problem of competing initiatives involving two
roles and discussed different ways to resolve the problem: Gouda’s approach, and the use
of a permission design, which introduces additional states in the global model to avoid the
need for undoing the side effects for the early actions in the low-priority alternative. In this
section, we consider an application involving three competing initiatives (the reservation

of a taxi) and discuss some distributed design choices for this problem.

An example of reservation of a taxi is shown in Figure 6.5 (a complete example written
in hierarchical state machine notation is presented in Section 5.1.3, and it is inspired by
[84]). There are three roles: Manager {M}, Client {C}, and Taxi {T}. After the Client

sends a request for a reservation of a Taxi to the Manager, the following scenarios could
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happen simultaneously:

1. The Manager assigns the Client to an available Taxi.
2. The Client withdraws the request.

3. The available Taxi picks-up another Client from the street.

These scenarios involve two competing initiatives: withdraw/assign between the Client
and the Manager, and pick-up/assign between the Taxi and the Manager. There are many
scenarios for the interactions between the Client, Taxi and the Manager roles following
the global model of Figure 6.5. We discuss in the following some of them. The sequence
diagram in Figure 6.6 (a) shows a scenario for the withdraw/assign conflict. We can see
that the Manager sends first an assign message to an available Taxi and waits for the
available message, and then sends assign to the Client. At any time, the Client might
send a withdraw message to the Manager (the withdraw can be sent by the Client even
after the assign message is received), which cancels the request for a Taxi. If the withdraw
message is received by the Manager after the assign is sent to the Taxi, a cancel message
must be sent to cancel the assignment. Another case shows the pick-up/assign conflict as
presented in Figure 6.6 (b). We see that the Taxi could send a pick-up indication to the
Manager, and the Manager sends an assign to the Taxi at the same time. In this case, the
assignment operation will be canceled, and the Manager should find another available taxi

(T’) and send it another assign request.

As we see, the assign operation is involved in both withdraw/assign and pick-up/assign
conflicts, and this includes three different roles: Manager, Client, and the Taxi. Figure 6.6

(c) shows a scenario where both conflicts occur in the same transaction.

In order to resolve the competing initiatives problem in the Taxi example, it is important
to show the state machines which describe the behaviors of the roles (also called design
models): the Manager, Client, and Taxi; and the behavior should conform to the global
model in Figure 6.5. Figure 6.7 shows the design models for the roles: Client and Taxi,

given that priority is given to withdraw by Client, and to pick-up by the Taxi. In Figure
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Figure 6.6: Competing initiatives in the Taxi example: (a) withdraw/assign, (b) pick-
up/assign, (c) assign/withdraw /pick-up conflicts.
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Figure 6.7: The design models for the (a) Client, and (b) Taxi, roles in the Taxi example.

6.7 (a), the Client with the highest priority can either withdraw the taxi request (see
“lwithdraw”) or wait for the assign from the Manager (see “?assign”). If the assign is
received by the Client after he sends the withdraw, the assign message will be ignored.
Similarly, the pick-up operation in the design model of the Taxi role (see Figure 6.7 (b))
has a higher priority over the assign by the Manager. Also the cancel message could be
received by the Taxi after receiving the assign message from the Manager, which means in

the states “accept” and “driving”.

The behavior of the Manager role is shown in Figure 6.8. The Manager first receives
a request for a Taxi from the Client (“?requestTz”), and then sends a assign message to
an available Taxi. Receiving a pick-up request means the Taxi is not available, and the
Manager should send another assign to another available Taxi. If the available message is
received from the Taxi, this means, the Taxi accepts the assignment, and the Manager can
then send an assign message to the Client. In the state s3, the Manager receives start-drv

from the Taxi, which means the Taxi is driving to pick-up the Client.

A withdraw request could be received by the Manager in the following situations:
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e In the states s3 or sy (after the Manager receives available from the Taxi): since the
withdraw by the Client has a higher priority, the Manager must abort the assignment

and inform the Taxi (sends cancel to the Taxi) after the withdraw is received.

e In the state so (after sending the assign to the Taxi): If the Taxi replies by available
(see state s5); the Manager must cancel the assignment and inform the Taxi (send
cancel to the Taxi). If the Taxi is not available (after Manager receives a pick-up

request), the assignment will be ignored implicitly.

e In the state s; (before sending the assign to the Taxi): The assignment will be ignored

by the Manager and no need to inform the Taxi.

In this application, the Manager has a database which has a list of the current Clients
and the assigned Taxi for each Client. The Manager should update this information when
needed, and this is not very complicated. For the assign/pick-up conflict, the Manager
sends an assign message to the Taxi and waits for the available reply before contacting the

Client.

In some sense, the Manager here does a permission request in the form of the assign
message; in addition, the available reply is like the ok message (discussed in Section 6.2),
which means that the Taxi accepts the assignment. However, using the permission de-
sign for the withdraw/assign does not make sense because the Client must be allowed to

withdraw from the taxi request before and after the assign is received from the Manager.
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Figure 6.8: The design model for the Manager role in Taxi example.
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6.4 Chapter Summary

This chapter deals with the problem of non-local choice, and more specifically, with com-

peting initiatives.

Competing initiatives occur when there are several physical roles involved in a choice
without coordination, and several alternatives could be initiated concurrently. In com-
peting initiatives, the alternatives have different goals, and only one of them should be

selected.

Competing initiatives cause conflicts in the distributed design model for several roles.
In this chapter, we use Gouda’s solution for solving these conflicts by giving different
priorities to the different alternatives. However, his solution may require the undoing of
the side effects of early actions in the low-priority behavior and considers two roles only.
This chapter proposes a solution to avoid the undoing of actions using a permission design,
by which the lower priority role asks for permission before initiating its behavior. By
introducing this feature in the global behavior model, the early actions of the low-priority
behavior are only executed after being accepted by the other party, thus avoiding the need
for undoing. We also consider an application involving three competing initiatives (the
reservation of a taxi) and discuss some distributed design choices for this problem. We

show that in certain cases, the use of the permission design does not make sense.
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Chapter 7

Derivation Tool

This chapter presents the overall architecture of the derivation software tool, which does
the transformation of a global Hierarchical State Machine Diagram into local State Machine
Diagrams (one for each role). The derivation process involves five phases described in detail

in this chapter. Here is an overview of these phases:

1. Parsing of the input Umple file and generation of the Java instances (corresponding
to the input Umple file): The Umple file represents the global model written in a Hi-
erarchical State Machine Diagram. The parsing process of the input file also involves
the syntactic validation, making sure that the input Umple file is well-formatted.
This phase also generates Java objects (internal Umple representation corresponding

to the extended Umple meta-model), which are needed by the following phases.

2. Calculation of Initiating and Terminating roles: For a composite state, the set of
initiating, terminating and participating roles (which is important for the derivation

of a roles design models) are calculated during this phase.

3. Calculation of the coordination messages that are required by the derivation algo-

rithm.

4. Generation of the design model for each role: The transformation rules (presented in
the previous chapters) are applied and generate a design model (in Umple internal

representation) that represents the behavior of each role.
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Figure 7.1: Activity Diagram showing the operation of the derivation tool.

5. Umple Code Generator: the Umple internal representation (Java objects) for each
role is converted to Umple text using the Umple self generator. The generated Umple
file is a state machine that represents a design model for the target role written in

Umple syntax.

The existing Umple tools support Phases 1 and 5. The Umple self generator, which
should be used in Phase 5, was not working correctly for Hierarchical State Machine. We
fixed it, and now it is working correctly. We implemented the programs that realize Phases:

2, 3, and 4. The overall architecture for the derivation tool is shown in Figure 7.1.
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7.1 Representations of the Global Input Model

The Derivation Tool takes as input a Hierarchical State Machine (HSM) describing the
global view of a distributed system and derives the designs of the different roles partici-
pating in the system. The output of the tool is a set of UML HSM representing design
models of each system role individually. For each system role, the corresponding HSM
generated by the derivation tool is executed locally by this role. However, for the global
HSM diagram of the distributed system, which is the input for the tool, each state in the

diagram may involve several system roles that are participating in its execution.

A HSM describes the global requirements model as we discussed before (see, for in-
stance, Chapter 5 and [77]). Each state is either a simple state or a composite state, which
represents an embedded state machine. Using HSM, we assume that a simple state is
associated with a single role and that the local action of such a role is executed as the “do-
action” of that state (by the role responsible for that action). For this purpose, we extend
the UML hierarchical state machine semantics of the input language in order to define the
role that performs the do-action of a simple state. This extension of adding roles to the
states is important to derive a distributed design model from the given requirements. The
second extension is to define the type of sequencing for the state machine or for composite
states. The sequencing will be either strict (;s) or weak sequencing (;), between all states

within a given state machine.

The following are the type of states and the proposed naming convention for the global

model written in our HSM:

e Simple State: For each simple state in the input model, we append to the name of
the state “_ < name of role >”. Consider a state .5,, associated with a role r,, the
W

state name is written as S, _r,. We use “_” instead of the curly bracket (proposed in

Chapter 5, and in [77]) since it is not allowed by Umple in the state name.

e Composite State: A composite state represents another state machine. The com-
posite state name is associated with the suffixes “S” (which refers to strict) or “W”

(refers to weak) to differentiate the type of sequencing, or with the suffix “WL” to
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W

differentiate the weak while loop. These prefixes are written after “” in the state

name. Consider a composite state C'S,, , it has the following forms:

1. A linear sequence of states (possibly composed) weakly composed. The com-

posite state name is written as C'S,,_-W. See the example in Figure 7.2(a).

2. A linear sequence of states (possibly composed) and connected by strict se-

quence. The composite state name is written as C'S,,.S. See the example in

Figure 7.2(b).

3. A Choice with alternatives, it has an initial and final state connected by strict
sequences. The state with different outgoing transitions is the choice state and
it must be a simple state. The composite state name is written as C'S,,_S. See

the example in Figure 7.2(c).

4. Several concurrent states (possibly composed), and they are either weakly or
strictly composed. The composite state name is written as C'S,,_.S or C'S,,_W.

See the example in Figure 7.2(d).

5. A strict while loop starts with a choice state (simple state), then the loop body
and follow-up states (possibly composed), all transitions have a strict sequence
type. The name of the composite state is written as C'S,,_S. See the example

in Figure 7.2(e).

6. A weak while loop is written as C'S, WL, and starts with a choice state
(simple state), then the loop body and follow-up composite states. The tran-
sitions between the initial choice state and the body and follow-up states are
strict sequences. However, the transition from the Body state back to the ini-
tial state is a weak sequence. The Body and Follow-up states have a “Body”

and “Fup” suffixes, respectively, in the names of the states. See the example in

Figure 7.2(f).

The transitions between the states are “completion transitions”, which means they are
triggered without an event and executed as soon as all actions (entry, exit, and do actions)

of the state have been completed. The completion transition between simple states s; and
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Figure 7.2: Graphical representation for different input models (written in HSM notation)
of the tool.
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S9 is written in the linear Umple syntax inside s; as “ — > s5”. Since Umple does not
support the completion transition between composite states, we use a completion transition
with a “true” guard to solve this problem (as a workaround). The completion transition
from composite state C'S; to state sy is written inside C'Sy as “ [true] — > s5”. In order
to implement these naming conventions and the associated semantics, an extension of the

Umple meta-model is required and it is described in the following section.

sm1_S {
CSn_S {
si_r1 {
-> s2_714;
}
s2_r4 {
-> s3_r3;
}
final s3_r3 {
}

}

Listing 7.1: Global input model written in Umple syntax for the composite state in

Figure 7.2(b)

The models in Figure 7.2 represent the graphical representation of the tool input and
correspond to global input models written in Umple linear syntax. For example, the linear
Umple syntax for the composite state C'S,,_S in Figure 7.2(b) is shown in Listing 7.1. The

state machine smy_S has strict sequence as indicated in its name at line 1.

The following are the assumptions and constraints for the global input model of the

tool:

e All alternatives in a given choice must end together in the same simple state, and

this makes the derivation of the design model easier (see Section 5.2).

e If a composite state contains concurrency (concurrent state machines), the sequencing

type of the composite state will be applied to all state machines inside. The reasoning
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Figure 7.3: Do test activity written in the notation of extended HSM (figure generated
by Umple Online).
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D

behind those assumptions will be discussed later in this chapter.

The example in Figure 7.3 shows a global model of a doTest collaboration written in
the notation of the extended Hierarchical State Machine (this example was inspired by the
Test collaboration in [2]). It defines the global behavior of a doT'est involving the patient
p, a nurse n, a doctor dr, and the data logger di. The corresponding tool input model

written in Umple syntax is shown in Listing 7.2.

The doTest_S (see line 2 in Listing 7.2) state machine has a strict sequence type and in-
volves four composite states: Testing W, BloodTest_S, UltraSound_.S, and CheckResult_S,

and several simple states like patient Ready_p, prepareSystem_n, and Query_dr. For all

W

composite states, we showed the type of sequencing after “.” as mentioned before.

class A {
doTest_S {
Testing_W{
[true] -> CheckResult_S;
BloodTest_S {
[true]-> UltraSound_S ;
patientReady_p {
-> doBloodTest_n;
}
doBloodTest_n {
-> logBloodResult_dl;
}
final 1logBloodResult_dl{
}
}
UltraSound_S {
prepareSystem_n
{
-> patientReadyForImage_p;
¥
patientReadyForImage_p{

-> doUltraSound_n;
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doUltraSound_n {

-> logResult_dl;
}
final 1logResult_dl{
}

}
CheckResult_S A{
Query_dr {
-> Report_dl;
}
final Report_dl{
}

}3

Listing 7.2: The do test example of Figure 7.3 written in Umple syntax

7.2 Extension of the Umple Meta-Model

We extended the Umple state machine meta-model to include the features which are re-
quired for modeling the global requirements model using HSM. Listing 7.3 describes the
extended State class, it includes the following new attributes: initRoles, ter Roles, and
partRoles, which are used to store the initiating roles (or IR), terminating roles (or TR),
and participating roles (or PR), respectively. For a simple state, the role that executes the
do action is initiating, terminating, and the participating role at the same time. However,
a composite state has in general different sets of initiating, terminating, and participating

roles. We will discuss this in detail in the next sections.

The “flowMessages”, and “cimMessages” attributes in Listing 7.3 are used to store
the coordination messages which are needed during the implementation of the derivation
algorithm. We will describe why these messages are required (see Section 7.4), and will

discuss how they are calculated by the tool, and how they are used. The new extended
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attributes in the StateMachine class meta-model is shown in Listing 7.4, we added the

“smSequencingType” attribute to store the state machine sequencing type.

1 class State

2 {

depend cruise.umple.parser.Position;

isA Node;

name;

Boolean isConcurrent = { numberOfNestedStateMachines() > 1 }
Set<String> initRoles = new HashSet<String>(); // new attribute
Set<String> terRoles = new HashSet<String>(); // new attribute
Set<String> partRoles = new HashSet<String>(); // new attribute
List<String[]> flowMessages = new ArrayList<String[]>(); // new
attribute

List<String[]> cimMessages = new ArrayList<String[l1>(); // new

attribute

1 -- % Activity;
0..1 -> *x Action;

* —-—- 1 StateMachine;

Listing 7.3: Snippet from the State class in the Umple meta-model

1 class StateMachine

depend cruise.umple.util.*;

Integer recentSearchDepth = -1;

name ;

Boolean containsHistoryState = false;

Boolean containsDeepHistoryState = false;
String smSequencingType = ""; // new attribute
* -- 0..1 UmpleClass;

* -- 0..1 UmpleTrait;

Listing 7.4: Snippet from the StateMachine class in Umple meta-model
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7.3 Calculation of Initiating and Terminating Roles

The initiating, terminating, and participating roles are important for the derivation algo-
rithm [4] and in the tool as well. These roles are needed for the calculation of coordination
messages which are required in the distributed design models. In this section, we discuss
how these roles are calculated in our tool. The tool calculates the initiating (IR), partici-
pating (PR) and terminating roles (TR) for each state, and stores them in the attributes
init Roles, part Roles and ter Roles mentioned above. These roles are calculated using the
function calculateStartingEndingRoles(StateMachine sm); this function is called recursively
for each composite state. The simple state is associated with one role, and it is simultane-
ously operating as initiating, terminating, and participating role. For the composite states,
these aforementioned roles types are calculated based on the rules presented in Figure 5.3

(taken from Table 2 in [4]).

The rules in Figure 5.3 describe how the sets of initiating (also called starting roles),
participating, and terminating roles, are calculated in any global model (whatever the
global model used, such as: collaboration, activity diagram, PO-charts, or state machine),
and based on the sequencing operators used. It can be used to calculate these roles for
a state machine or a composite state. The function calculateStartingEndingRoles() is
called recursively from the upper parent state going down to the bottom simple states.

The calculation of the roles is starting from the bottom up to the top.

Consider a composite state C'S,, containing a strict sequence between C'S; and C'Ss,
based on the rules as defined in Figure 5.3, the initiating role for C'S,, or I Rcs, = I Rcosi,
the Terminating role T Res, = T Rcse , PRosn, = PRos1 U PRogor.

Figure 7.4 presents two examples of state machines with different sequencing types.
The [true| guard inside the state C'S5_S in Figure 7.4 (a) should be on the transition
between the composite states C'S;_S and C'S5_S and it was not placed correctly by Umple
Online (the same problem occurs in Figure 7.4 (b) and other examples in this chapter).
The global state machine sm7_S in (a) is strictly sequenced and contains three states, s,
composite state C'Sy, and sg. The composite state C'S;_S has another state machine inside

with a strict sequence between C'Sy and C'Ss. For the state C'Sy, IRcs, = [Res, = {1},
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PRcsl = (PR032 U PRCS3) = {7“1,7’277“3}, and TRCsl = TR053 = {Tg}.

For the state machine smg_S in Figure 7.4(b), the state CS; is weakly composed
(CSy 5 CS3). Because of weak sequence and based on the rules above, IR, = [ Rog, U
(IRcsy,—PRes,), [ Ros, = {rd} since C'S, has a strict sequence, [ Reg, = {rz2, r3} since C'Ss
has a weak sequence, and PRcg, = {r4,71,72}, then I Rcs, = {rs,r3}. TRcs, = TReogs, U
(TRes, — PRes,) = {ra,r3} U {{r2} —{rs,m}} = {re,r3}, PRes, = {11,792, 73, and r4}.

Another example of a composite state which contains concurrent state machines (see
smg_S) is shown in Figure 7.5. All state machines in C'S; have weak sequence type, while
they have a strict type in C'S;. The initiating roles of a composite state that contains
concurrency is the union of the initiating roles of each state machine inside the composite
state as described in the table above (see Figure 5.3), and this rule is applied for the
terminating roles as well. The IRcg, = {r2, 73} U {r1,ra} = {r1,re,r3}. IRcs, = {r2} U
{r} ={r1,r2}, TRcs, = {ro,rs} U{ri,ra} = {r1,ro, 13}, TRcs, = {rs} U{rs} = {rs,r5}.

In Java, since IR, PR, and TR are sets, we implemented the union between sets using the
addAll(set) function, for example I Rog, Ul R, is written in Java as I Rog, .addAll(I Res,).
The set difference is implemented using the removeAll(set) function, for example I R(C'S1)—
IR(CS2) is written in Java as I Rcg,.removeAll(IRcs,).
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Figure 7.5: State machine smg_S with concurrent composite states.
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7.4 Calculation of Coordination Messages

The derivation algorithm, which the tool implements (explained in Section 5.2), introduces
flow messages (if required) for the coordination of actions related by a strict sequence as
proposed in [8, 62]. It also introduces a choice indication message (cim) to inform a role that
does not participate in a given alternative when this alternative is chosen. For example,
flow messages were introduced for a strict sequence CS; ;s C'Ss to ensure that all actions
in composite state C'S] are completed before any action in C'Sy can start. Also, since these
flow messages must be distinguished to avoid ambiguities, we solve this by using different

message names distinguished by numbers.

In this tool, we calculate the required coordination messages before starting the behav-
ior transformation (derivation of the design models). This is required to ensure consistent
message names between the roles which send and receive the messages. Consider a strict
sequence between the states s;_r; and sy _ry (written as s;_r1 ;s $9_12), in the design model
of the role 1, a message fm, must be sent to ro, and at the role ry, the same flow message

(with the same number) must be received.

The calculated flow and cim messages are stored in the lists flowMessages and

cimMessages, respectively, at the sending state object of the global model (see Listing 7.3)

7.4.1 Flow Messages for a Strict Sequence

In each state machine or each composite state, and in the case of a strict sequence, we
calculate the required flow messages between states. Namely, the coordination messages
that must be sent from the terminating roles (TR) of a given state to the initiating roles
(IR) of the next state. Each entry in the flowMessages list (See Listing 7.3) contains three
elements: the role that sends the message, the role that receives it, and the flow message
number. The following entry {“r,”, “r,”, “fm,”} (stored at the sending state which is
executed by the role r,) means: the message fm; should be sent from r, to r,. Calculating
the flow messages before deriving the design model is important for the consistency and

correctness of the coordination messages.
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Figure 7.6: State machine smyy_S.

For example, in the state machine smyq (see Figure 7.6), a strict sequence exists between
CS; and C'S; and a coordination message must be sent from T'Rcg, to the IRcg,. The

TRcs, = {r1, r2, r4}, and [ Rcgs, = {r2}. Therefore, the following flow messages are stored

at OS]_ : ((,,,,1777 LL,,,,277’ “fm]_”} and {((?,,477’ LL,,,,277’ “meH}'

7.4.2 Choice Indication Message (cim)

The choice indication message (cim) is needed if a given role (other than the role which
made the choice) does not participate in one of the alternative branches and this branch is
chosen (for instance, the role r3 does not participate in the left branch in smy; in Figure
7.7(a)), a cim message must be received at that role, and this message is sent by the role
which made the choice (r; in this example). Consider the design model for r3 in Figure
7.7(b), since r3 does not participate in the left branch, cim; is received to inform rs if this
branch is selected. We calculate the required cim messages at each branch and store them

in the cimMessages list in the state object.

Table 7.1 shows the cim messages stored at s; in smy;. The “Next State” column in
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s1 dmChoiceSt

Figure 7.7:  (a) Smy;_S (state machine with a choice) (b) Design model for r5 in Smyy,
where “dm” in the state names means dummy state

the table is used to indicate for which branch this message is needed (e.g. the next state

sy means that the left branch is executed, and s; means the right one).

Another example is shown in Figure 7.8 (see state machine smy3). The following choice
indication messages (see, for instance, Table 7.2) are stored at the choice state s; in the
global model (smy3). As we see from the table, the message cim; is stored for 75 in the right
branch since it does not participate in that branch. The same for the role r,, which does
not participate in the left branch and should receive cims. The purpose of the messages

camCy and cimC; will be explained later in Section 7.5.5.2.

The following flow messages (see Table 7.3) are stored at s;, the flow message are

needed because of the strict sequence after the choice. Flow messages must be sent from
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’ To \ Message number \ Next State ‘

T3 ctmy S
T4 citMmo S9

Table 7.1: The cim messages stored at the state s; in smq;

4 cs1 S ) €S2 S
L
[efi(] [11efC]

[ s13 b ) ( 516 15 ) s20_r6

Figure 7.8: Sm2.S (state machine with choice and composite states in the alternatives).

To \ Message number \ Next State ‘

T2 cing 051
Ty cimCy CS,
s cimy S,
T4 cims CSy

Table 7.2: The cim and cimC messages stored at the state s; in smq»

’ To \ Message number \ Next State ‘

Ts fmo 051
Te fm1 051
T6 fmZ CSQ

Table 7.3: The flow messages stored at the state s; in smys
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the choice role “ry” to the initiating roles of the composite states after the choice.
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7.5 Generation of the Design Model

The tool implements the derivation algorithm for the design model from a global model
written in the extended HSM notation explained Chapter 5. The function calculate DM (sm, ;)
takes the global state machine sm as input and generates a design model for the role r,,.
In the next section, we discuss the tool implementation for different types of states and

sequencing operators.

7.5.1 Simple and Composite States

For each simple state, the tool keeps the state as is if the role r,, participates in that state.
Otherwise, the simple state is replaced by a dummy state (the state s,_r, is written as
Sp-dm when it becomes dummy). For each composite state, the function calculate DM is

called recursively.

7.5.2 Weak Sequence

As mentioned before, the distributed design model for weakly sequenced behavior does not
need any coordination messages and is only based on the local sequencing by each role. In
the case of weak sequence, the function calculateD M operates as follows. It will generate a
design model that has the same structure as the global state machine model, and the rules
explained in the previous section (see Section 7.5.1) for the simple and composite states

will be applied. This corresponds to the approach design model generation by projection

(see [4, 2, 27, 62]).

7.5.3 Strict Sequence

For the derivation of a global model with a strict sequence, coordination messages are used
to ensure the coordination of actions as described above. Consider a strict sequence between
the composite states C'S; and C'S,, a coordination message must be sent from T'R¢g, to

IRcs,. More precisely, in the design model for r,, a coordination message must be sent
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from r, to all roles in I R¢g,, except to r, itself if r,, € T'Rcg,. For this purpose, a new
state called “FINC'S;” is created, and the sending of coordination messages is implemented

as a do-action in that state.

For the reception of coordination messages at ('S, a flow message must be received
by 7, from all roles in T'R¢g, except for r, itself if r, € [Rcg,. For this purpose, a new
state called “PRELC'S,” is created, which has an outgoing transition that is triggered by
the reception of one of the flow messages to be received. If more than one flow message is
to be received, an additional intermediate state is created for each additional flow message
with an outgoing transition to receive the corresponding flow message. These additional

states are linked sequentially.

As an example, consider the state machine smy3 (with strict sequence type “smq3.S”)
in Figure 7.9(a). It has the following embedded composite states: C'S; is a composite state
with strict sequence (C'Sy ;5 CS3), C'Sy (has weak sequence), and C'S3 (strict sequence).
For weak sequence like the state C'Ss, the tool keeps the state if the role participates in
that state, and otherwise replaces it by a dummy state (as we mentioned before). For the

strict sequence, flow messages are introduced (if required).

Figure 7.9(b) shows the design model for 71 in smy3. The states where r; participates
are kept, (like state s5), and the other states become dummy (or .dm). The FIN states like
FINOC'S; are used to send the flow messages using the do action. The do-action in this
state is “do {rs.fms(); }” which represents the sending of the flow message “fms” from r;

(7’1 € TRCSQ) to r3 ( ry € ]RCS3)-

The same rules are applied in the design model for 75 in Figure 7.9(c). The do-action
for “FINOC'Sy” is “do {rs.fmi();}”, the message “fm,” is sent from 75 (ro € TR¢s,)
to r3 (rs3 € IRcg,). The do-action for the state FINOC'S; (this state is located after
the composite state C'S; and before the simple state sg) is “do{rs.fmo(); }”, the message

“fmg” is sent from 1y (19 € TReg,) to T3.

In the design model for the role ry in Figure 7.9(c), because of a strict sequence in
C'S3 between s4 and s5, 9 must receive a flow message from r3. For this purpose, the

“PRELOs5” is created containing no do-action but having an outgoing transition, which is
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Figure 7.10: (a) Example of a global model with concurrency, (b) Design model for r; in

(a)

triggered by the reception of the flow message “fm,”.

7.5.4 Concurrency

As mentioned before, the generation of a design model for a composite state that contains
several concurrent sub-states is obtained by projection without any additional coordination
messages since there is no interaction between the different concurrent sub-states. The
design model for such a composite state is constructed by creating a composite state that
contains the design model for the given role r, for each concurrent sub-state in the global

model.

As an example, consider the following state machine smy, in Figure 7.10(a) (the guard
[true] should be on the transition between C'S;_S and C'Sy_-W), which contains two com-
posite states with concurrency. As we said in the restriction of Umple state machine (see
Section 7.1), the sequence type of a composite state which contains concurrency will be ap-

plied to all concurrent state machines inside. Therefore, the two state machines in C'S;_S
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FINOCS1 {
do { r2.fm3();r5.fm4();r8.fm5(); } -> PRELOCS2;

}

PRELOCS2 {
fm2 -> CS2;

}

Listing 7.5: The Umple code for the generated new states in the design model of 7 in
Figure 7.10(b)

(since C'S] has a strict sequence) have a strict sequence, and the other two in C'S3_W have

a weak sequence.

The design models for 7 is shown in Figure 7.10(b). The same derivation rules described
in the previous section for the weak and strict sequences are applied here. The state
“FINOC'S;” implements the sending of the flow messages from the r; in CS) to IRgg,
(except 1), while the state “PRELOCS;” is followed by the reception of the flow message
“fmy” which is sent by the T Regs, {rs} (see for instance Listing 7.5). The flow message
“fmsy” was not placed on the correct transition by Umple Online and should be on the

transition between “PREL0CS;” and C'S;,.

7.5.5 Alternatives

In this section, we will discuss the generation for the global model that contains a choice
state with alternatives. As we said before in Section 5.2, the derivation of strict sequence
can also be applied in the case of alternatives where a choice state may have two or more

outgoing transitions.

As we said in the assumptions in Section 7.1, all alternatives in a given choice must end
together in the same state, this is needed to ensure that the composite state which contains
the alternatives has one set of terminating roles. If alternatives associated with the choice
would have different final states, this means, that the composite state would have different

sets of terminating roles which would make the derivation of the design model complicated.

Consider the state machine smy5 in Figure 7.11(a) where s; is the choice state, and

r1 is the choice role. The generated design model for r; (written in Umple) is shown
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Figure 7.11: (a) State machine sm5.5, (b) Design model for r; in (a).
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1 class A

5 {
3
3

1

5

boolean flag = true;
Sm_15 {
s1 {
[getLeftC()] -> FINOs1i;
['getlLeftC()] -> FIN1si;
¥
FINOs1 {

do { r2.fm0();r3.cim1();r4.cim2Q);

}
FINis1 {
do { r3.fm1();} -> s3_dm;
}
s2_dm {
-> PRELOs6;
}
PRELOs6 {
fm2 -> s6;
}
s3_dm {
-> s4_dm;
}
s4_dm {
-> sb_dm;
}
s5_dm {
-> PREL1s6;
}
PREL1s6 {
fmb -> s6;
}
final s6 { }

Listing 7.6: Design model for r in smq5 written in Umple
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Figure 7.12: (a) Wrong design model, (b) Correct design model, for the role 5.

in Listing 7.6, and the corresponding state machine (graphical representation generated
by Umple Online) is shown in Figure 7.11(b). As we see in the state “FINOs;” in the
left branch, the following coordination messages are sent (see the do-action for the state
FINOs; in Listing 7.6): fmg to ro because of strict sequence, and the choice indication
messages: cimy and cims to r3 and r4 respectively, since they are not involved in the left

branch, and to inform these roles if this branch is selected.

7.5.5.1 Dummy Choice State Problem

It is important to note a problem with choice propagation related to dummy choice states
(also called “inactive choice states” [77]). In the design model derivation for a given role

rn, the derivation algorithm, using the projection approach, generates a dummy state for
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the states executed by another role r (r # r,). If the dummy state is a choice state, the
algorithm generates a “dummy choice state” (our tool uses the name “dmChoiceSt” for
short). The dummy choice state must be followed by a reception of a message for each
outgoing transition in the design model. Therefore, all dummy states after the dummy

choice state will be deleted until a transition with a message reception is detected.

Consider the derivation of the design model for 5 in smy; (the global model smy; is
shown in Figure 7.11(a)), we have a dummy choice state since ry follows the choice made by
1 (see the design model for o in Figure 7.12(a)). As we said in Section 5.2, a dummy choice
state must be followed by a reception of a message at each outgoing transition. There is no
message reception (between s;_dmChoiceSt and s3_dm states) in the right alternative. We
solve this problem by eliminating all dummy states until we get a transition with message

reception, see, for instance, the correct design model for 75 in Figure 7.12(b).

The second problem happens when a given role does not participate in some alterna-
tives. The design model of 3 (see Figure 7.7(b) in Section 7.4.2) is an example, and this

problem is solved using a cim message as discussed before.

7.5.5.2 The Dummy Choice State Followed by Composite States

Another problem that should be addressed occurs when an dummy choice state, is followed

by a composite state. Consider the global model represented by smjg in Figure 7.13(a).

The design model for ro in Figure 7.13(b) is invalid since the dummy state is not
followed by a reception of a message in the left branch. The solution for such a problem
is to add a message reception for the transition of the left branch after the dummy choice
(note that the message cim; is needed because r5 did not participate in the right branch).

Y

We have two possibilities, either add the reception of the flow message “fm;” as an event
at this transition and remove it from C'S; since it is preceded by a dummy state, or do the
same but for the message “fms”, see for instance solution; in Figure 7.14. It is not easy

to derive such a solution automatically because of different possibilities.

Another solution is to wait for both flow messages: fm; and fms, then start the

concurrent executions in C'Sy (see, for instance, solutiony in Figure 7.15). This solution
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Figure 7.13: (a) State machine smyg, (b) The design model for 75 in smqg.

could be slower because both messages need to be received for the composite state to
start, and this is not necessary. However, it is easy to implement because of the message
reception pool [37] supported by Umple. It allows waiting for all required messages to be

received before starting the concurrent composite state.

The easiest solution is to receive a cimC' message (choice indication message for com-
posite states) by the role for which we derive the design model for (ry in this example)
and which is involved in a composite state after the choice. The reception of cimC will
solve the problem after the dummy choice state. We have implemented this approach, see
for instance solutions in Figure 7.16. The cimC message in the figure is sent by the role
which made the choice. This solution could involves in general extra messages, but it is

easy to derive.

Table 7.2 above shows the required cimC' messages at the choice state s; in the global
model smys. The messages cimCy and cimC] are required by the role ry in both branches
since it participates in composite states after the choice (and it is not an initiating role for

that states)
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Figure 7.14:  Solution;: design model for ry in smys (Figure 7.13(a)).
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Figure 7.15: Solutiony: design model for ry in smyg (Figure 7.13(a)).
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Figure 7.16: Solutions: design model for ry in smyg (Figure 7.13(a)).
7.5.5.3 Example for the Derivation of the Choice

Having discussed the problems and assumptions related to the derivation of the design
models including a choice, we want in the following to show an example and discuss the
design models for the roles m; and 75 in the global model smjy above (see, for instance,
Figure 7.8 in Section 7.4.2). The design model for the choice role r; is presented in Fig-
ure 7.17; the do-actions in the fin states FINOs; and FIN1s; represent the sending of
coordination messages (flow and choice indication messages). The do-action in FINOs; in
the left branch is the following: “do {rs.fmq(); r¢.fmi(); r2.cimCo(); rq.cimg(); }”, where
the flow messages fmg and fm; in the do-action are sent to the initiating roles of the
next state C'S; (of the global model smy above); which are r5 and rg respectively, the
message cimCy is sent to 79 since it is part of a composite state and message cimg to r4
since it is not participating in this branch. The do action for FIN1s; in the right branch

is “do {re.fms(); r2.cimCi(); rs.cimqi(); }”.

The design model for r5 in smyy above is shown in Figure 7.18. Since s; is a dummy

choice state (see the state “s1_dmChState”), and since ry participates in a composite state
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Figure 7.17: Design model for r; in the global model smyy (Figure 7.8).

in both alternatives, a cim message of type C' must be received in both branches. See the

reception of the messages cimCy and cimCj in the left and right branches, respectively.

( cs1

sl_dmChState

(o) () )

[true] [true]
/ A \
[PI_\‘OCS 1) (PREL 0sl lj GREL0513] (PRELOs?.lj (FIN 1Cs 2]

r7fmé()

(5)

)i it lEn5 im7

Figure 7.18: Design model for ry in the global model smy, (Figure 7.8).
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7.5.6 Strict While Loop

The global model in Figure 7.2(e) before (see Section 7.1) is an example of a strict while
loop, where r; is the loop initiating role, C'S; represents the loop body, C'Ss is the follow-
up, and they are connected by strict sequence. The derivation of a design model for the
strict loop is recursive without any additional coordination messages since it consists of
alternatives and strict sequence, it is sufficient to apply the rules explained in the previous
sections to the occurrences of strict sequences and the alternative which make up the strict

while loop.

As an example, consider the design model for the loop initiating role r; in Figure
7.2(e) (Section 7.1), the design model for r; is presented in Figure 7.19(a). The role ry
is responsible for sending the coordination message to the roles of the composite states
CSy and C'S3 through the do-actions of the states FINOs; and FIN1s;, respectively, see
for instance, Listing 7.7). In addition, on the transition between the states C'Sy and the
initial state s;, we see the reception of the flow message fmg, this message is received by

r1 and sent by the role r3 (where 73 is the terminating role for C'Ss).

The design model for ry is presented in Figure 7.19(b). 7o receives the following coor-
dination messages: the choice indication message of type C' (cimCy) is received because rq
is part of the composite state C'Ss, and cimy is received because ry did not participate in

CSs.

// between sl and CS2
FINOs1 {
do { r2.cimC0();r3.cimC1(); } -> CS2_S;
}

5 // between s1 and CS3

6

FINi1s1 {
do { r3.cimC2();r2.cim0(); } -> CS3_S;
}

Listing 7.7: The do actions for some states in the design model of r; Figure 7.19(a)
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['getLoop()]

For FlNoN

do{
r2.cimCo();
r3.cimC1();}

For FIN1s1:
do{

r3.cimC2();
r2.cim0();}

PRELO0s1

[getLoop()]

Cs3

P —

@

r3.fm2();

r2.fm1();

s1_dmChoiceSt

Cs2

s2_dm

Y
PRELO0s3
fm1

r3.fm4();

¥
s4_dm
A —
(b)

Figure 7.19: Design models for: (a) r1, (b) 7o, in Figure 7.2(e).
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7.5.7 Weak While Loop

The tool supports the automatic generation of a state machine that contains a weak while
loop; it implements the derivation algorithm for the weak while loop (see for instance
Section 5.2). The global model in Figure 7.2(f) above (see Section 7.1) is an example of a
weak while loop, where r; is the loop initiating role, C'Ss represents the loop body, C'S3 is
the follow-up part. As we said, the suffix “WL” in the state machine or composite state
name is used for the detection of a weak while loop. Also, the suffixes “Body” and “Fup”

in the composite states are used to identify the loop body and follow-up parts, respectively.

A weak while loop is a special kind of a composite state, and it has two sequencing
types. The transitions between the choice state and the body and follow-up states are
strict sequences. However, the transition from the Body state back to the initial state is
a weak sequence. We assume that the composite state of a weak while loop includes two
composite states, Body and Follow-up, and both of them of strict type. The assumption
that they are strict sequences is not necessary since both states could have a weak sequence
type or being a while loop. However, the tool forces the suffixes “Body” and “Fup” for
these states, and it does not accept any additional suffixes (“S”, “W” or “WL”) for the

names of these states.

As we said before in the derivation algorithm for the weak while loop, a termination
race could occur at some role, and the addition of a sequence number as a parameter was
proposed in the received messages. However, the sequence number is not needed in all
messages within the loop when a termination race exists, as described in (Section 4.3) and
[77].

In this tool, we did not check for the termination race; the sequence number solution
is applied for all coordination messages inside the loop body and in the follow-up part.
The derivation rules of the design model for a weak while loop are described before (see,
for instance, Section 5.2). For solving the termination race using the message parameter,
our implementation algorithm uses Faleh’s approach [31, 6] to ensure that all messages are

received and processed in the correct order (see also [77]).

In the design model for the loop initiating role (or the choice role), the same rules
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used for the derivation of choice and the strict sequence will be used here. In addition, an
additional parameter (called sequence number [4, 31, 76]) is sent as a parameter with the
coordination messages. It is used to indicate how often the body was repeated. A new
state is created called “iniState” to initialize the sequence number to 0 before starting the
loop. Two types of coordination messages are sent by the choice role; either flow message
because of strict sequence, or a cim message if some role participates in the body and not

in the Follow-up, or the other way around.

For the design model of the other roles following the choice and starting the execution
with the reception of a message, it will be implemented using Faleh’s approach (see [31]).
A new state called “iniState” is created where two variables a and b, are initialized to -1.

These roles will receive two coordination messages:

e A coordination message which triggers a transition to the loop body state: the re-
ceived message has a sequence number, the role stores the received parameter in
variable a, and executes the loop body state. The role then either goes again to the

choice state and wait for the next message if (a # b), or goes to the follow-up state

if (a =b).

e A coordination message which triggers a transition to the follow-up body state: the
received message has a sequence number, the role stores the received parameter in
variable b, and then goes to a new intermediate state called “INstate”. The role then
either executes the loop again if (a # b), or goes to the follow-up state if they are

equal.

An example of the derivation of a design model for the loop choice role in Figure 7.2(f)
above is shown in 7.20(a). The role r; is responsible for initiating the sequence number
and sends it in the coordination messages as a parameter. In FINOs; and FIN1sy, r; sends
the required coordination messages to the body and Follow-up states (in this example,
sends the flow messages to the initiating roles for these states), see for instance Listing
7.8. As we see in Listing 7.8, the flow messages fmg and fm; are sent to the role ro with

the sequence number r1Count.
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Figure 7.20: Design models for: (a) rl, (b) r2 , in Figure 7.2(f).

In the design model for ry (in Figure 7.20(b)), the two variables a and b are initialized to
-1 before the loop starts (inside the state iniState). The role o receives the coordination
messages fmo (on the transition to the state C'Sy (or Body state)) and fm; (on the
transition to the C'S3 (or Follow-up state)) with parameters and stores them in the variables
a and b, respectively. The loop terminates if both variables a and b are equal, or otherwise,
the role goes back to the initial state for another iteration. Using this implementation with
a sequence number, even if the message fm; is received before some instance of message

fmo, it will not be consumed until all fmy messages are received and consumed.

Figure 7.21 shows the design model for r3. The flow messages fm3 and fm, are received
with a sequence number. These messages are removed from the composite states C'S; and
C'S3, respectively, and placed on the outgoing transitions of the s;_dmChoiceState to solve
the problem of the dummy choice state. The same implementation (using the sequence
number and message parameter) which was described before is applied for the design model

of rs.
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Figure 7.21: Design model for r3 in Figure 7.2(f).

FINOs1 { // between sl and CS2
do { r2.fm0(ri1Count); } -> CS2;
}
FIN1isl1 { // between sl and CS3
do { r2.fmi1(ri1Count); } -> CS3;
}

Listing 7.8: The do actions for some states in the design model of r; in Figure 7.20(a)

A composite state could contain a weak while loop like the state C'S;_WL in smy7 (see
Figure 7.22). Since C'S; represents a while loop, the derivation of this state is discussed
above. Because of the strict sequence between C'S; and s7, flow messages are required.

The terminating roles for the weak while loop (or C'S1) = (T Rcs, UT Res,) = {r2,r3}.

Since C'S; represents a weak loop, the derivation for this state is discussed above. The
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Figure 7.22: Global model smy; contains a weak while loop.
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Figure 7.23: Design model for 75 in smy7.

design model for the role 75 in smq7 is shown in Figure 7.23. Since 75 is a terminating role
for the weak loop in C'Sy, it sends a flow message to ro (do {ry.fmg(); }) inside the state
Fin0C'S;. Since 73 is also a terminating role, r3 will send a flow message (in the design

model for r3) but with different message number.

7.6 Chapter Summary

This chapter presents the overall architecture of the derivation software tool. This tool
is developed to implement the derivation algorithm of distributed design models which is

described in Chapters 4 and 5.

Our tool does the transformation of a global Hierarchical State Machine Diagram (writ-
ten in the extended HSM notation as described in Chapter 5) into local UML State Machine

Diagrams (one for each role).

These local state machines can be easily implemented by any suitable tools that generate

code from a design model written in UML HSM. This will be explained in Chapter 8.
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Chapter 8

Evaluation and Testing

In this chapter, we are testing our tool (see Chapter 7) with an illustrative example of a
Travel Management System. We will show the generated design models for the different

roles which are involved in the system.

In addition, we test the correctness of the generated design models (generated by the
tool) for the illustrative example. We have used Zakariapour’s distributed implementation
environment [85] which is supported by Umple for Java code generation for each design
model. The generated code is executed using Zakariapour’s environment in order to test
the execution order of actions at each role in a distributed environment and see if this

conforms to the correct order of actions in the global model.

8.1 Illustrative example: Travel Management System

A Travel Management System (inspired from [83]) is an online service used for hotel and
flight reservations. The system is composed of the following roles: Client (C), Management

System (M), Hotel System (H), Airline System (A).

The following are the steps of the typical behavior of the Travel Management System:

1. The Client (C) logs into the Management system (M), M validates the Client login

information, and the Client is confirmed.
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2. The Client enters the trip information, including the trip destination, travel dates,

and preferences, and M confirms the data.

3. M sends a query to the Hotel and Airline systems to search for a suitable hotel and
flight. Hotel and Airline systems will prepare the options concurrently. M will then

confirm the available options.
4. M then adds its own profits to the searched prices.
5. M prepares the choices, and the Client views the choices.

6. The Client either selects one of the choices, performs the payment, and confirms the
selection with M, and then the Hotel and Airline systems will confirm the reservation,
or repeats the search to check other options (different hotel-flight types, dates or

destinations).

8.2 Representation of the Travel System Example in
our Proposed Global Modeling Notation

In this section, we represent the Travel Management System illustrative example in our

proposed extended HSM for describing the global requirements model.

Figure 8.1 shows the graphical representation for the global model, which represents the
travel management system written in the extended HSMs notation. The state machine has
a strict sequence type, and the suffix “S” in the composite state names also refers to a strict
sequence. The suffix in the names of simple states refers to the role associated with the
state. For example, the simple state “validateUser” is associated with the Management
“M” role. As we said before, the participating roles are C, M, H, and A. The Umple
syntax for the global model is shown in Listing 8.1. We add print statements, which
describe the executed event (and the role) in each simple state, in order to obtain a trace

of the execution, which is useful to verify the generated design models.
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Figure 8.1: Graphical representation for the Travel Management System written in ex-
tended HSM notation (inspired from [83])
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class TravelSystem

{

TravelSystemSM_S {
Login_S{
[true] -> SearchData_S;

login_C{

entry / {System.out.println("Client: Login.");}

-> validateUser_M;

3

validateUser_M{

entry / {System.out.println("Management System: Validate User.")

-> confirmed_C ;
¥

final confirmed_C A

entry / {System.out.println("Client:

}
}
SearchData_S{
[true] -> Query_S;

enterDatesDestination_CH{

entry / {System.out.println("Client:

destination") ;}
-> confirmData_M;
¥

final confirmData_M {

Login confirmed.");}

Enter flight data, dates and

entry / {System.out.println("Management System: Confirm data.");}

}
Query_S {
[true] -> appendProfits_M;

queryReqHotelSys_M {

entry / {System.out.println("Management System: Query Request

Hotel System.");}

-> prepareHotelOptions_H;
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38

39

40

60

prepareHotelOptions_H
{

entry / {System.out.println("Hotel System:

)}
-> confirmHotelOptions_MNM;

}

final confirmHotelOptions_M

{

Prepare Hotel options"

entry / {System.out.println("Management System: Confirm Hotel

options. ");}%}
}

Il
queryReqAirSys_M{

entry / {System.out.println("Management System: Query Request

Air System.");}

-> prepareAirOptions_A;

}

prepareAirOptions_A

{
entry / {System.out.println("Air System:
-> confirmAirOptions_M;

}

final confirmAirOptions_M

{

Prepare Air optioms.");}

entry / {System.out.println("Management System: Confirm Air

options.");}
X
}
appendProfits_M
{

entry / {System.out.println("Management

-> DisOptions_S;
}
DisOptions_S{
[true] -> chooseResult_C;

prepareChoices_M{
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67 entry / {System.out.println("Management System: Prepare choices."
)5}

68 -> viewChoices_C;

69 }

70 final viewChoices_C{

71 entry / {System.out.println("Client: View choices.");}

72 }

73 }

74 chooseResult_C

75 {

76 [tacceptable] -> SearchData_S;

77 [acceptable] -> Payment_S;

78 }

79 Payment_S

80 {

81 [true] -> confirmClientSelection_S;

82 pay_C

83 {

84 entry / {System.out.println("Client: Pay.");}

85 -> receivePayment_NM;

86 }

87 receivePayment_M

88 {

89 entry / {System.out.println("Management System: Receive payment."
)}

90

91 }

92 }

93 confirmClientSelection_S {

94 confirmHotelSelection_M {

95 entry / {System.out.println("Management System: Confirm Hotel
selection.");}

96 -> confirmReservationHotel_H;

97 T

98

99 final confirmReservationHotel_H
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100

101

102

103

104

105

106

107

108

109

110

111

entry / {System.out.println("Hotel System: Confirm Reservation")

}
Il
confirmAirSelection_M {
entry / {System.out.println("Management System: Confirm Air
selection.");}

-> confirmReservationAir_A;

final confirmReservationAir_A
{

entry / {System.out.println("Air System: Confirm Reservation");}

Listing 8.1: Umple representation for the Travel Management System written in extended

HSM notation.

8.3 Usefulness of Representing the Global Model Us-
ing Extended HSM

8.3.1 Advantages of State Machines for Modeling Global Re-

quirements and Communication Protocols

Using the UML state machines for the design model is common for systems that interact
with their environment and where the order of interactions is important. In addition, many

tools support the implementation of a state machine model, Umple [12] is an example.
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The HSM notation simplifies the modeling of complex systems. In addition, it for-
mally defines the syntax and semantics of concurrency and nesting concepts that are not
supported by simple state machines. As can be seen by Figures 8.5 through 8.9, the dis-
tributable design model of the Travel System example can be easily modeled using the

HSM notation.

In our work, we also use an extended HSM for defining the global model, as shown in
the example of Figure 8.1. Using one kind of modeling paradigm for both, the design and
the global models, is advantageous. It makes the derivation algorithm easier, and simplifies
the understanding by the developer. Lamarti [5] used Activity Diagram for modeling the
global requirements and the design models. However, the availability of code generation

tools from a design model written in Activity Diagrams is limited.

8.3.2 Advantages of Using Local Actions and No Explicit Mes-

sage Passing

In our global modeling notation, we do not use explicit message passing between roles
like in MSC (see Section 2.3). Instead, each local action for a given role is represented
as an action in the state (written in the do-action of the state). Adding messages in the
global model could lead to many difficulties such as race conditions, the problem of implied
scenarios, and others (see [2] for more details). We should note that the race condition
could still happen in the design model between the flow messages which are introduced by
the derivation algorithm. However, because of the reception pool at each role, this does

not present a problem.

8.3.3 Comparison with Another Notation (Activity Diagram)

HSM allows a hierarchical representation of the global requirements model; this makes the
model more readable compared to other notations. Figure 8.2 shows the representation
of the Travel Management System example using Activity diagrams [16]. A hierarchical

approach is used here, where the suffix “*” indicates that an activity is defined by another
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activity diagram. These “internal” Activity diagrams for the activities “Login”, “Seach-
Data”, and “Query” are shown in Figures 8.3 and 8.4. We can see that using Activity
diagrams for modeling the Travel System example needs separate diagrams. Therefore,
this is an example that shows that the integrated hierarchical representation of HSM en-
hances the readability of the global model. Hierarchical representation using separate
diagrams (such as with Activity diagrams) is a good solution for modeling a very complex
system where the global model is too large to fit on a single page. However, we note that

Umple and our tool do not support separate diagrams for a model.

It is worth mentioning that Activity Diagrams allow to clearly represent the responsi-
bility for each activity by using swimlanes. However, HSM needs suffixes in the state, as

we have shown in this work.
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[ appendProfits M j
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Figure 8.2: The representation of the Travel System example using the Activity Diagram
notation.
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[ enterDatesDestination_Cj
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[ validateUsr_M j
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(@) Login activity (b) SearchData activity

Figure 8.3: Internal Activity Diagrams for the following activities in Figure 8.2: (a) Vis-
itWebsite*, (b) Seach*.
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Figure 8.4: Internal Activity Diagram for the Query* activity in Figure 8.2.
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8.4 Design Model of the Travel Management System

In this section, we show the graphical representation of the design models that are generated

by our tool for the participating roles in the Travel System example.

Figures 8.5 through 8.9 show the graphical representations for the generated design
models for the roles: Hotel (H), Airline(A), Client (C), and Management System (M).
The corresponding Umple codes for all roles are shown in Section A.1 (Appendix A). Note
that the Umple codes for the design models of all roles are generated by our tool, and the

graphical representations are generated using Umple Online [20].

Figure 8.5 shows a complete design model for the role Hotel (as generated by the
tool), Figure 8.6 shows an improved representation for this design model. The Figures
8.7, 8.8, and 8.9 also show such an improved representation for Airline(A), Client (C) and

Management System (M) roles, respectively.

In the improved representations, we did the following modifications to enhance the

readability:

e Elimination of dummy states: We replaced a composite state in which the role does
not participate, by a simple dummy state (see the states: “Login”, “SearchData”, and
“Payment”). Also, we removed the state machine inside the concurrent composite
state when all states are dummy. For example in the “Query” state in Figure 8.6,
we removed the dummy states related to the Airline System, and we did the same in

the composite state “confirmClientSelection”.

e Improve the layout provided by Umple Online: Some messages or guards (e.g. [true])
are not placed on the correct transition by Umple Online. For example, the message
cim(C's inside the composite state “Payment” in Figure 8.5 should be on the transition

between the states “chooseResult” and “Payment”.

e Showing the sending of messages: The sending of coordination messages is performed
in the do action of the FIN states, and this is not shown in the graphical representa-

tion generated by Umple Online (see Figure 8.5). In the improved version in Figure
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SearchData
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Query

[vab‘dmeUserﬁdmj ( enterDatesDestination_dm ) I ®

[cenﬁrmad_dm j ( confirmsData_dm j [ queryRegHotelSys_dm j ( queryRegAirSys_dm j

( PRELOprepare HotelOptions ) ( prepareAirQOptions_dm ]
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[ prepareHotelOptions ) [ confirmAirOptions_dm j

chooseResult_dmChoiceSt

[ FINOprepareHotelOptions )

confirmClientSelection

confirmHotelOptions_dm T T
\\‘

confirmHotelSelection_dm confirmAirSelection_dm

( PRELOconfirmReservationHotel j ( confirmReservationAir_dm )

confirmReservationHotel

Figure 8.5: The generated design model for the Hotel (H) role.

8.6, we added the sending of messages on the transition after the FIN states. For
example, the role Hotel sends the message fmy to the Management System Role

(written m.fmy()) inside the composite state “Query”.

Figure 8.7 shows the improved design model for the Air system (C) role. Figure 8.8
represents an improved design model for the Client (C) role. For example, in the final
state “FINOchooseResult”, the Client sends the coordination messages cimCy, cimC', and
cimCsy, to the roles Management, Air, and Hotel systems, respectively (where m, a, and h
in the Figure refer to the roles Management, Air and Hotel systems, respectively). Figure

8.9 is the improved design model for the Management system (M) role.
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Figure 8.6: The generated design model for the Hotel (H) role (improved version).
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Figure 8.7: The generated design model for Airline(A) role (improved version).
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Figure 8.8: The generated design model for the Client (C) role (improved version).
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Figure 8.9: The generated design model for the Management System (M) role (improved

version).
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8.5 Improvements for the Tool and the Global Model

The following improvements could be considered as future work:

8.5.1 Dynamic Sessions Establishment

In the current system, all roles are statically defined. One of the improvements for our tool
is to establish dynamic sessions, which means the roles which are active in the application
at a given time are dynamic [69, 86, 87]. At each point of execution of the activities in the
application, there is a subset of the roles involved. For example, in the Travel System, the
Management first establishes a session with the user (Client). Then, several sessions are
established as required between the Management system and the reservation agents (Hotel

and Airline systems).

Suppose that we have two types of hotels: Budget and Value hotel systems and based
on the user selection (Budget or Value), the Management will establish a session with the
required system. For example, if the Client preference is a budget hotel, then a session
will be created with the Budget hotel only. If the Client accepts one of the choices after
the Query state, the Management system will confirm the selection with the Budget hotel.
If the result was not accepted, the Budget hotel will be notified, and the session will
terminate. In both cases, the Value hotel system will not be involved. In our global model

here, the roles are fixed. All roles are active at the same time, and this is a limitation.

8.5.2 Elimination of Dummy States

As we said in the derivation tool chapter (see Chapter 7), the simple state becomes dummy
if the role, for which the design model is derived, does not participate in that state. How-

ever, our tool keeps these states.

One of the improvements for our tool is the elimination of simple dummy states. Also,
the composite state, which contains dummy states only, should be replaced by a simple

dummy state.
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8.5.3 Data Transfer between the Roles

One of the features which was not described in our global model is the data storage at the
different roles and the data flow between them. Data can be described in the global model
by defining local variables at each role where the information related to that role is stored
[49]. For example, the Hotel system role stores a list of hotels and the state for each one

(available or occupied).

Data can be exchanged between different roles as a parameter in the existing flow
messages. The role that receives the flow message checks the message parameters (if any)
and updates its local variables. For example, the Client sends the trip search data, including
the dates and destinations, as parameters in the flow message to the Manager. Then, the

Manager receives these data and updates his local variables.

8.6 Travel Management System: Tests and Results

In this section, we test the correctness of the generated design models by the tool for the
Travel System example. First, we get the design models for the participating roles which
are generated by our tool (see Section 8.4). Then we have used Zakariapour’s distributed
implementation environment [85] which is supported by Umple for Java code generation for
each design model. The generated code will be executed using Zakariapour’s environment,
we test the execution order of actions at each role in a distributed environment and see if

this conforms to the correct order of actions in the global model.

8.6.1 Principles of Zakariapour’s System

As we said before, Umple is a model-driven development environment that can be used for
code generation. In [85], Zakariapour extended Umple to support distributed application

development using Java RMI (Remote Method Invocation) and web services.

The “basic Umple” uses procedure calls to communicate between the state machines

of different roles. In Zakariapour’s system, each state machine has a queue, and a Remote
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[ ] [ ] configuration.txt

{id=@; port= 8881; ip=localhost; {Air,Hotel}}
{id=1; port= 8082; ip=localhost; {Management}}
{id=2; port= 8083; ip=localhost; {Client}}

Figure 8.10: Configuration file with three components and four roles

Procedure Call (RPC) is used to put a message into the queue. This RPC is implemented
using Java RMI. The sending component makes a RPC to the destination component in
order to enter the message into the queue of the destination component, and then the
sender continues. The “basic Umple” does not have any distributed implementation, and
the state machines, by default, do not have a queue. Zakariapour’s system supports two
types of queues: FIFO and Pool queue, and we used here the Pool queue (see Chapter 4

for more details).

In Zakariapour’s system, a configuration file is needed to indicate the allocated state
machines (design models for the roles) to each component (called a “node” in Zakariapour’s
thesis [85]). Each component represents a Java run-time environment, and we can have
several run time environments (each with its own console) on the same machine. The
configuration file has information about the number of components (nodes), and for each
component, it has the following attributes: component ID, IP address, port number, and
the state machines allocated to that component. Figure 8.10 is an example of the configu-
ration file; it has three distributed components and four roles ( the roles “Air”, and “Hotel”
are run on the same component). All components in Figure 8.10 are running on the same
machine (ip=localhost). We should note that if the components are running on different
machines, a separate copy of the configuration file is required at each machine. Also, we
should mention that using Zakariapour’s environment, we are limited to four distributed

components.

In order to generate a distributable implementation for the roles, Zakariapour defines
the classes (the state machines which correspond to the design model for each role) as

distributable by adding the keyword “distributable” to each class. The example below
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(see Listing 8.2) shows the distributable Client class. Then, we should combine these
distributable classes for all roles in one Umple file, and use Umple Online [20] for the Java

code generation.

Zakariapour implements one type of communication protocol between all pairs of roles.
At this level, the system could this work can be easily extended such that different com-

munication protocols could be used for different pairs of roles.

class Clientd{
s {

distributable;

Listing 8.2: An example of the syntax for a distributable class

8.6.2 How to Use Zakariapour’s Environment for the Travel Sys-

tem Implementation and Testing

In this section, we explain how we used Zakariapour’s environment for a distributed im-
plementation of the Travel Management System and how to run the generated code in a

distributed environment.

The Umple file, which contains the design models for the participating roles in this
system, is shown in Appendix A (see Section A.2). This file will be used for Java code
generation using Umple Online [20]. In this Umple file, we did the following changes

compared to the design models generated by our tool (see Section A.1):

1. The code generated by Umple Online for the do — action (used to write a Java code
inside the state) does not work properly, therefore, in Listing A.2 we write the Java

code in the entry — action of the state instead of do — action.

2. Umple does not support a completion transition (transition without any triggering

event) from a composite state to another state. Therefore, we use a transition with a
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guard [true], which works like a completion transition (see Section 2.7.4.3). The Java
code generated by Umple for such a completion transition does not work properly.
To solve this problem, we add a completion transition in the last simple state inside
the composite state to the next state. In the Client class, for example (see Listing
A.2), the completion transition from the composite state “Login” to the next state

“SearchData”, we add this transition in the simple state con firmed.

We then use the configuration file in Figure 8.10 to run the generated Java code. We
run the components of Figure 8.10 in parallel (in separate Java run-time environments).
Listing 8.3 shows the commands which are used to run the generated distributable code at
each component. For example, the first component (including the roles Airline and Hotel)
has the Id=0 in the configuration file (see Figure 8.10). We use the following command
to run this component: java Test 0 >> TestResult.txt, where “Test” refers to the class
which contains the main() function, “0” refers to the component Id in the configuration
file, and the execution output will be written to the text file “TestResult.txt”. For the
other components, we use the class “UmpleRuntime” + component Id, as indicated in
Listing 8.3. In order to see the execution order of actions in a single file, all Java run-time

environments write onto the same file.

java Roles.Test 0 >> TestResult.txt
java Roles.UmpleRuntime 1 >> TestResult.txt

java Roles.UmpleRuntime 2 >> TestResult.txt

Listing 8.3: Running commands

8.6.3 Checking the Execution Order of Local Actions

Global testing at several points of observation in a distributed environment is not an
easy task [88, 89, 90]; it is hard to know in which order the events are happening at
different points. Verifying the relative order between two events that occur at two different
distributed points is difficult; the reason for this is that we do not know what kind of delay is

involved before the events are signaled to a central testing unit. One solution is to have one
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global clock at all distributed points, and each component makes a log of its executed events
with timestamps. At the test unit, we then merge these logs according to the order of the
timestamps. The precision of this solution is limited to the precision of the different clocks
at the different points of observation. Data exchange between different distributed points
is also important to identify the execution order of an event in a distributed environment.
If event X receives an input parameter from event Y, and both actions are located at
different distributed components, this will help determine the event’s execution order.

These references also discussed the use of inputs and outputs for testing (see also [3]).

In this Travel System example, we consider only local events which happened at different
places, and these events are neither inputs nor outputs. Since we do tracing for the events
that are executed by different roles at different places, we can consider these events as
output. In our system, we have only two inputs which happen when the user selects one

of the search options or accepts the travel reservation.

In this section, we do centralized testing where different distributed components write
to the same file. We used the file method append (>>) in order to allow different Java run-
time environment consoles to write to the same file. However, using the append method,
only one process can write to the file at a given time and, therefore, concurrency is not

possible.

Figures 8.11 shows the execution order of actions for the roles: Client, Management,
Hotel, and Air systems. At the beginning of the execution, the components (nodes) try to
connect to each other. Each line in the figure starts with the role name (the role which

executes the action) followed by a description of the action.

Now we check the actions which are executed at the Client component in Figure 8.11
and compare their order with the global model in Figure 8.1. The first simple states in the
global model (inside the composed state “Login_S”) which correspond to the Client (C) are:
“login_C” and “confirmed_C”. Then, the Client executes “enterDatesDestination_C” state
inside “SearchData_S”. The first three actions executed by the Client in Figure 8.11 are:
Login, Login confirmed, and Enter flight data, dates and destination, and this conforms

to the global model. The Client then executes the following states in the global model:
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[ ] @ TestResult.txt

connecting to node:
connecting to node:
connecting to node:
connecting to node:
connecting to node:
connecting to node:
connecting to node:
connecting to node:

[V -~ -~ N N~

Client: Login.

Management System: Validate User.

Client: Login confirmed.

Client: Enter flight data, dates and destination
Management System: Confirm search data.
Management System: Query Request Hotel System.
Management System: Query Request Air System.
Hotel System: Prepare Hotel options.

Air System: Prepare Air options.
Management System: Confirm Hotel options.
Management System: Confirm Air options.
Management System: Append profits.
Management System: Prepare choices.
Client: View choices.

Client: Choose Result

Accepted? (true or false?)

Accepted?true

Client: Pay.

Management System: Receive payment.
Management System: Confirm Hotel selection.
Management System: Confirm Air selection.
Hotel System: Confirm Reservation

Air System: Confirm Reservation

Figure 8.11: Example of execution order of actions for the roles: Client, Management,
Hotel and Air systems.

175



“viewChoices_C”, and then the choice state “chooseResult_C”. If the Client accepts the
result, he will continue for the payment “pay_C”, and if the result was not accepted, the
Client repeats the search again. In Figure 8.11, we see that the Client executes the actions

that correspond to these states in the correct order.

At the Management System component “M” (see the execution order of actions in
Figure 8.11), the following actions are executed: Validate user, Confirm search data, and
these actions correspond to the states “validateUsr_M” and “confirmData_M” in the Travel
System (see the global model in Figure 8.1). The Management System then performs the
concurrent actions Query Request Hotel System and Query Request Air System and then
the actions Confirm Hotel options, and Confirm Air options (correspond to the concurrent
composite state “Query” in the global model). This is part of the Management System

actions order.

Hotel system executes the action Prepare Hotel options (corresponds to the state “pre-
pareHotelOptions_H” inside the composite state “Query” in the global model) and then
the action Confirm Reservation (corresponds to the state “confirmReservationHotel H” in-
side the composite state “ConfirmClientSelection_S” in the global model). Airline system

executes similar actions in the same composite states.

We can see that the action execution order in Figure 8.11 conforms to the global model
in 8.1. However, as we said before, this is not a complete test due to the difficulties
which are associated with the distributed systems testing. In addition, since we have
concurrency, there could be several execution sequences based on different transmission

delays or different execution speeds at the different components.

If we want confidence that the generated code always conforms to the global model,

the following two points should be assured:

e The correctness of the principles for the derivation of the distributed design models

as described in Chapters 4 and 5.

e The fact that the Tool described in Chapter 7 implements these principles correctly.
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CS2 Body

—

Figure 8.12: Weak while loop example (global model)

8.7 Weak While Loop: Tests and Results

In this section, we show the testing results for the weak while loop, since the Travel System
illustrative example above does not include this kind of loop, and the weak loop implemen-
tation is complex, involving sequence numbers to solve the termination race (discussed in

the Sections 4.3 and 7.5.7). Figure 8.12 shows an example of a weak loop (global model).

Figures 8.13 through 8.15 show the improved representation for the generated design
models by the tool for the roles r1, 79, and r3. The Umple files of the generated design
models for the roles 1, ry, and r3 are shown in Listings B.1.1, B.1.2, and B.1.3, respectively

(see Section B.1 in Appendix B).

In the design model for 7 in Figure 8.13, the guard [loop| (in the global model) is
replaced by getLoop() (this getLoop() is created when the internal representation of the
role design model is translated back to Umple syntax). The sequence number r1Count is
initialized to 0 in the state iniState, and incremented in the states FINOsl and FIN1sl1.

This sequencer number is sent as a parameter in the messages fmg and cimg. In the design
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rlCount=8,

rFlCoUnt++ 5

réZ.cima@
{rlCount);

[!getLoop()]

C
FINOs5

53
55
Y

s6_dm
e

[true]

[getLoop()]

s2_dm

53 _dm

-

rlCount++,;
rZ.fm@(rlCount);

Figure 8.13: Generated design model for the role r;

variable a and var_F' stored in b, receptively.

are stored in the local variables a and b.
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model for 75 in Figure 8.14, the local variables a and b are initialized to -1. The messages

fmo and cimg are received by ry with the message parameters var_B stored in the local

In the design model for r3 for example (see Figure 8.15 and Listings B.1.3), the role
receives the messages fmy (sent by rs) inside the loop, and fmg after the loop (sent by ry).

We can see that these messages are sent with a sequence number, the received parameters

For testing the design models, we prepared an Umple file that contains the design

models for r1, ro, and r3 together and use this file for Java code generation using Umple



CSs2

CS3
s2
Y ﬁlf
' FINOSZ r3.fm 2“ Ss_d]'l'l
L Y
' s3_dm s6_dm
— N——/

fmo(int var_B)/a=var_B

s1_dmChoiceSt

r2Count=0;
a=-1, b=-1;

iniState

cimO(int var_F) /b = var_F;

Figure 8.14: Generated design model for the role ry

52_dm
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a=-1, b-1;
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fm3(int var_F) /b = var_F; [a!l=b]
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Figure 8.15: Generated design model for the role r3
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Figure 8.16: A MSC shows the sent and received coordination messages in the design
models for the roles r1, o, and 3.

Online. The Umple file which is used for the code generation is presented in Appendix B
(see Section B.2). We added a counter (nN = 4) in the design model of role r1, in order

to execute the loop four times.

The MSC in Figure 8.16 shows the sent and received coordination messages in the
design models for the roles 71, ro, and r3 in case of negligible transmission delay (all these

messages are sent with a sequence number).

Figure 8.17 shows an example of the execution order of actions for the roles rq, 9, and
r3, in the weak while loop. We can see that the messages are received in the expected
order. For example, the message fms is received at r3 after all instances of the message
fmo are received. Therefore, we note that the message transmission delay is negligible

compared to the time of message execution at the different roles.

1 after (2)/ {
2 r2Count ++;

role3.fm2 (r2Count) ;
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] [ ] WeakLoop_Run.txt

'Rolel, sends fm@(1l) inside-loop
iRolel, sends fm@(2) inside-loop
1Role2, receive tTm@(1l) inside-loop
/Rolel, sends fm@(3) inside-loop
Role2, sends fm2(1) inside-loop
Rolel, sends Tm@(4) inside-loop
'Rolel, sends cim@(4) After-—loop
'Role2, receive fm@(2) inside-loop
'Role3, receives fm2(1) inside-loop
‘Rolez, sends fm2(2) inside-loop
‘Role2, receive fm@(3) inside-loop
'Role3, receives fm2(2) inside-loop
'Role2, sends fm2(3) inside-loop
'Role2, receive fm@(4) inside-loop
Role2z, sends Tm2(4) inside-loop
Role3, receives fm2(3) inside-loop
'Role2, receive cim@() [AFTER LOOP]
'Role3, receives fm2(4) inside-loop
'Role2 in CS3 [LOOP Follow-Up]
‘Rolel, sends fm3(4) [After-loopl
‘Rolel in CS3 [LOOP Follow-Up]
{Role3, receives fm3()!

;Role3 in CS3 [LOOP Follow-Upl

[

Figure 8.17: The execution order of actions for the roles r{, 5, and r3, in the weak while
loop (with no delay)

Listing 8.4: Transmission delay example

Since the messages fmo and fmg received at r3 are sent by different roles, it could hap-
pen that fmsg is received by r3 before the last instances of fmsy. If we apply a transmission
delay (of two seconds) before sending fms by re (see Listings 8.4), we get the execution
order of Figure 8.18. We can see that the message fmg is received at r3 before any instance
of the message fmsy. However, fms will not be processed and stays in the reception pool

of r3 until all instances of fmsy are received and processed.
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[ ] [ ] WeakLoop_Delay.txt

Rolel, sends fm@({1l) inside-loop
Rolel, sends fm@{2) inside-loop
Role2, receive fm@{(1l} inside-loop
Rolel, sends fm@(3) inside-loop
[Rolel, sends Tm@(4) inside-loop
Rolel, sends cim@(4) After-loop
Rolel, sends Tm3(4) [After-loopl
Rolel in CS3 [LOOP Follow-Upl
Role3, receives fm3()!

Role2, sends fm2(1l)} inside-loop
Role2, receive fm@{2} inside-loop
| Role3, receives fm2(1)} inside-loop
Role2, sends Tm2(2)} inside-loop
Role2, receive fm@{(3} inside-loop
Role3, receives Tm2(2) inside-loop
Role2, sends Tm2(3)}) inside-loop
Role2, receive fm@{(4)} inside-loop
Role3, receives fm2(3) inside-loop
Role2, sends Tm2(4) inside-loop
Role2, receive cim@()} [AFTER LOOP]
Role3, receives fm2(4) inside-loop
Role3 Process fm3()

Role3 in CS3 [LOOP Follow=Upl
Role2 in CS3 [LOOP Follow-Upl

Figure 8.18: The execution order of actions for the roles r1, 5, and r3, in the weak while
loop (with delay)

8.8 Chapter Summary

In this chapter, we are testing our tool (see Chapter 7) with a illustrative example of a
Travel Management System. We show the generated design models for the different roles

which are involved in the system.

In addition, we test the correctness of the generated design models (generated by the
tool) for the case study. We have used Zakariapour’s distributed implementation environ-
ment [85] which is supported by Umple for Java code generation for each design model.
It generates a distributable Java code from a UML state machine, which represents the

design model for a certain role.

The generated code is executed using Zakariapour’s environment in order to test the
execution order of actions at each role in a distributed environment and see if this conforms

to the correct order of actions in the global model.
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Chapter 9

Conclusion and Future Work

9.1 Summary and Contributions

This thesis is concerned with the transformation from a global requirements model, which
describes the behavior of a distributed system in an abstract manner by defining the local
actions to be performed by the different system roles, to a distributed design model, which
defines the behavior of each role separately, including its local actions plus the exchange
of coordination messages which are necessary to assure that the actions of the different
roles are performed in the required order. This problem is called realizability of the global
model. In this thesis, first, we consider a global requirements model in the form of partially
ordered actions written in the form of a Hierarchical Message Sequence Chart (HMSC) and
Collaboration. We study realizability of the global requirements model, and the problems
which prevent the global model to be directly realizable such as strict sequence, termination
race, alternatives if one role does not participate in certain alternative, competing initiatives
and others. In this context, we improve the derivation algorithm in [4] by minimizing the
required coordination messages which are needed by the derived design model in order
to conform to the global model. In the derivation of a weak while loop, we show under
which conditions the sequence number is not required in the coordination messages. For
the derivation of alternatives, we show that the choice indication message (cim) is not

required in many cases.
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In the literature, several notations were proposed to model the behavior of distributed
systems such as Message Sequence Chart (MSC), and Hierarchical Message Sequence Chart
(HMSC), Collaborations, Activity Diagrams, PO-Charts, Petri-Nets, and others.

In this thesis, we use the Hierarchical Message Sequence Chart (HMSC) [1], Collab-
oration [7], and UML Hierarchical State Machine (HSM) for modeling the requirements
model. HSM is a well-known notation and enables the modeling of complex system be-
havior concisely; each state is either a simple state or a composite state, which represents
another state machine. HSM formally defines the syntax and semantics of concurrency
and nesting concepts, which are not allowed by the simple state machine. We introduce
certain extensions to HSM in order to describe the different roles that may be involved in
the actions performed within one (composed) state and for distinguishing between strict
and weak sequencing. The composed state here may involve the actions of different system

roles.

We develop an algorithm which does a model transformation from an extended HSM,
which represents the global requirements model, into UML HSM, which represent the
roles design models, including all required coordination messages between the different
roles. The generated state machines can be easily implemented by any suitable tool which
supports code generation from a model written in UML HSM. Umple [12] is one of these

tools.

Finally, we build a tool which implements our transformation algorithm, where the
design models are derived automatically from a global requirements model written in our
notation of extended HSMs. In this context, we extend Umple to support our notation for
the global model and to derive distributed design models based on our derivation algorithm.
Then, a Travel Management System illustrative example is discussed to illustrate the rep-
resentation of the global model using the extended HSM notation and to demonstrate the

correctness of the generated design models by the tool.

The contributions of the thesis can be summarized as follows:

e Improvements to the derivation algorithm in [4], which derives a design models from

a global requirements model by minimizing the required coordination messages to
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realize the requirements model. In this context, we improve the realizability for the
choice and weak while loop. We show that in many cases, the message sequence
number is not required for the realizability of a weak while loop (RQ1), as presented

in Chapters 4 and 5.

e Suitable abstract notation for modeling the behavior of distributed applications

(global requirements model). Two notations are used: partial order and extended

HSMs (RQ2), presented in Chapters 4 and 5.

e An algorithm that generates a model of the behavior of all roles of the distributed
application, including the exchange of messages necessary for the coordination of the

activities, presented in Chapter 5.

e A study of the problem of competing initiatives in distributed applications and discus-
sion of some distributed design choices for this problem (RQ3), presented in Chapter
6.

e A tool that supports the proposed abstract modeling notation and uses the algo-
rithm to automatically generate the software to implement the application on all its

components (RQ4), presented in Chapter 7.

e An illustrative example of a global model using the extended HSM notation and
a demonstration of the correctness of the design models generated of by the tool,

presented in Chapter 8.

9.2 Threats to Validity

There are several threats to validity that must be assessed to better characterize the limi-

tation of our work.

The main threats are the following:

e The validation is limited to one complex example.
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e The solutions do not handle the case where messages may be lost, and where timers

are used to conclude that message loss occurred.

e The implementation (Umple code generation) is more deterministic than what is al-
lowed by the global requirements model. For example, the concurrency is constrained
by Umple implementation (priority is given to the concurrent state machines from

left to right).

e There are limitations for global testing in a distributed environment (as discussed in

Section 8.6.3).

9.3 Future Work

There are many opportunities to follow up on the thesis work. We summarize the future

work as follows:

e The integration of support for competing initiatives (discussed in Chapter 6) in our

tool.

e Tool improvements which include (see Section 8.5): dynamic sessions establishment,
elimination of dummy states, data transfer between the roles, and reducing the num-

ber of cim messages.

e Doing further experiments along the lines of those reported in Section 8.6 by: (1)
inserting random delays before executing actions, (2) executing the program many

times, and (3) measuring the conformance and coverage of the resulting global traces.

e Handling the case where messages are lost and where timers are associated with

message reception.

e The following research questions are not discussed in this thesis, and they are con-

sidered as future work:

186



— How can the interruption (see, for instance, [4]) of certain activities be handled

in a distributed environment?

— If a non-well-structured activity diagram is used for modeling the global model,
can we generate correct distributed design models? (Note: HSM restricts models

to be well-structured)
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Appendix A

Travel Management System Case

Study

A.1 The Generated Design Models in the Travel Man-

agement System (Umple syntax)

In this section, we show the Umple syntax for the derived design models generated by our

tool for the participating roles in the Travel Management System case study.

A.1.1 The Hotel Class

class Hotel

2 {

3

10

Sm_S {
Login {
[truel -> SearchData;
login_dm {
-> validateUser_dm;
}
validateUser_dm {

-> confirmed_dm;
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}

}

final confirmed_dm {

SearchData {

[true]l -> Query;
enterDatesDestination_dm {

-> confirmsData_dm;

}
final confirmsData_dm {
}
Query {
[true]l -> appendProfits_dm;

queryReqHotelSys_dm {

-> PRELOprepareHotelOptions;

b
PRELOprepareHotelOptions {

fm3 -> prepareHotelOptions;

}

prepareHotelOptions {

entry / { System.out.println("Hotel System:

options"); }

-> FINOprepareHotelOptions;

3
FINOprepareHotelOptions {

do { m.fm4(); } -> confirmHotelOptions_dm;

}

final confirmHotelOptions_dm {

queryReqAirSys_dm {

-> prepareAirOptions_dm;
}
prepareAirOptions_dm {

-> confirmAirOptions_dm;

}

final confirmAirOptions_dm {
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68

69

70

appendProfits_dm {

}
Di

}

-> DisOptions;

sOptions {
[truel -> chooseResult_dmChoiceSt;
prepareChoices_dm {
-> viewChoices_dm;
}

final viewChoices_dm { }

chooseResult_dmChoiceSt {

cimC2 -> SearchData;

cimC5 -> Payment;

}
Payment {
[truel -> confirmClientSelection;
pay_dm {
-> receivePayment_dm;

}

receivePayment_dm { }
}

confirmClientSelection {

-> PRELOconfirmReservationHotel;
}
PRELOconfirmReservationHotel {
fm9 -> confirmReservationHotel;
}
final confirmReservationHotel {

entry / { System.out.println("Hotel System:

confirmAirSelection_dm {
-> confirmReservationAir_dm;
}

final confirmReservationAir_dm { }

201
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A.1.2 The Airline Class

1 class Air

2

3

{

Sm_S {
Login {
[true] -> SearchData;
login_dm {
-> validateUser_dm;
}
validateUser_dm {
-> confirmed_dm;
}
final confirmed_dm {
}
SearchData {
[true]l -> Query;
enterDatesDestination_dm {

-> confirmsData_dm;

}

final confirmsData_dm {
}
Query {

[true]l] -> appendProfits_dm;

queryReqHotelSys_dm {

-> prepareHotelOptions_dm;

}

prepareHotelOptions_dm {

-> confirmHotelOptions_dm;

}

final confirmHotelOptions_dm {
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39

40

41

queryReqAirSys_dm {
-> PRELOprepareAirOptions;
}
PRELOprepareAirOptions {
fm5 -> prepareAirOptions;
}
prepareAirOptions {

entry / { System.out.println("Air System:

)5 X
-> FINOprepareAirOptions;
}
FINOprepareAirOptions {
do { m.fm6(); } -> confirmAirOptions_dm;
}
final confirmAirOptions_dm { }
}

appendProfits_dm {
-> DisOptions;
}
DisOptions {
[truel -> chooseResult_dmChoiceSt;
prepareChoices_dm {
-> viewChoices_dm;
}

final viewChoices_dm { }

chooseResult_dmChoiceSt {
cimC1l -> SearchData;
cimC4 -> Payment;
}
Payment {
[true]l] -> confirmClientSelection;
pay_dm {

-> receivePayment_dm;
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69

70

79

80

receivePayment_dm { }
}
confirmClientSelection {
confirmHotelSelection_dm {
-> confirmReservationHotel_dm;
}

final confirmReservationHotel_dm {

confirmAirSelection_dm {
-> PRELOconfirmReservationAir;
}
PRELOconfirmReservationAir {
fm10 -> confirmReservationAir;
}

final confirmReservationAir A

entry / { System.out.println("Air System: confirm Reservation")

A.1.3 The Client Class

class Client
{
Sm_S {
Login {
[true] -> SearchData;

login {

entry / { System.out.println("Client:

-> FINOlogin;
b
FINOlogin A

do { m.fm0(); } -> validateUser_dm;

204
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}

}
validateUser_dm {
-> PRELOconfirmed;
}
PRELOconfirmed {
fml -> confirmed;
}
final confirmed {

entry / { System.out.println("Client:

SearchData {

[true]l] -> Query;

enterDatesDestination {

entry / { System.out.println("Client:

and Destination"); 2}

-> FINOenterDatesDestination;
¥
FINOenterDatesDestination {
do { m.fm2(); } -> confirmsData_dm;

}

final confirmsData_dm { }
}
Query {
[true] -> appendProfits_dm;

queryReqHotelSys_dm {

-> prepareHotelOptions_dm;
}
prepareHotelOptions_dm {

-> confirmHotelOptions_dm;

}

final confirmHotelOptions_dm { }

queryReqAirSys_dm {

-> prepareAirOptions_dm;
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79

80

81

prepareAirOptions_dm A
-> confirmAirOptions_dm;
}
final confirmAirOptions_dm { }
¥
appendProfits_dm {
-> DisOptions;
}
DisOptions {
[truel -> chooseResult;
prepareChoices_dm {
-> PRELOviewChoices;
}
PRELOviewChoices {
fm7 -> viewChoices;
}
final viewChoices {

entry / { System.out.println("Client: view choices."); }

}
chooseResult {
[tacceptable] -> FINOchooseResult;
[acceptable] ~-> FINichooseResult;
}
FINOchooseResult {
do { m.cimCO0();a.cimC1();h.cimC2(); } -> SearchData;
}
FINichooseResult {
do { m.cimC3();a.cimC4();h.cimC5();m.cim0();a.cim1();h.cim2();

Payment;

}
Payment {
[true]l] -> confirmClientSelection;
pay {

entry / { System.out.println("Client: Pay."); }
-> FINOpay;
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82 }

83 FINOpay {

84 do { m.fm8(); } -> receivePayment_dm;

85 ¥

86 receivePayment_dm { }

87 ¥

88 confirmClientSelection { confirmHotelSelection_dm {
89 -> confirmReservationHotel_dm;

90 }

91 final confirmReservationHotel_dm { }
92 [

93 confirmAirSelection_dm {

94 -> confirmReservationAir_dm;

95 }

96 final confirmReservationAir_dm { }
97 }

98 }

90 }

A.1.4 The Management System Class

1 class Management

2 {

3 Sm_S {

4 Login {

5 [true] -> SearchData;

6 login_dm {

7 -> PRELOvalidateUser;
8 }

9 PRELOvalidateUser {

10 fm0 -> validateUser;
11 }

12 validateUser {

13 entry / { System.out.println("Management System: validate User.
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}

-> FINOvalidateUser;
}
FINOvalidateUser {
do { c.fm1(); } -> confirmed_dm;
}

final confirmed_dm { ¥

SearchData {

[true]l -> Query;

enterDatesDestination_dm {
-> PRELOconfirmsData;
}
PRELOconfirmsData {
fm2 -> confirmData;
}

final confirmData {

entry / { System.out.println("Management System:

Query {

[true] -> appendProfits;

queryReqHotelSys {

entry / { System.out.println("Management System:

Hotel System."); }

-> FINOqueryReqHotelSys;
}
FINOqueryReqHotelSys {

do { h.fm3(); } -> prepareHotelOptions_dm;

3
prepareHotelOptions_dm {

-> PRELOconfirmHotelOptions;
}
PRELOconfirmHotelOptions {

fm4 -> confirmHotelOptions;
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69

70

final confirmHotelOptions {
entry / { System.out.println("Management System: confirm Hotel
options. "); }
}
Il
queryReqAirSys {
entry / { System.out.println("Management System: Query Request
Air System."); }
-> FINOqueryReqAirSys;
}
FINOqueryReqAirSys {
do { a.fm5(); } -> prepareAirOptions_dm;
}
prepareAirOptions_dm {
-> PRELOconfirmAirOptions;
}
PRELOconfirmAirOptions {
fm6é -> confirmAirOptions;
}
final confirmAirOptions {
entry / { System.out.println("Management System: confirm Air
options."); }
}
}
appendProfits {

entry / { System.out.println("Management System: append profits.");

-> DisOptions;
}
DisOptions {
[true]l] -> chooseResult_dmChoiceSt;
prepareChoices {
entry / { System.out.println("Management System: prepare
choices."); %

-> FINOprepareChoices;
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79 FINOprepareChoices {

80 do { c.fm7(); } -> viewChoices_dm;
81 }

82 final viewChoices_dm { }
83 }

84 chooseResult_dmChoiceSt {

85 cimCO -> SearchData;

86 cimC3 -> Payment;

87 }

88 Payment {

89 [true]l] -> confirmClientSelection;
90 pay_dm {

91 -> PRELOreceivePayment;

92 ¥

93 PRELOreceivePayment {

94 fm8 -> receivePayment;

95 }

96 receivePayment {

97 entry / { System.out.println("Management System: receive
payment."); }

98 }

99 }

100 confirmClientSelection { confirmHotelSelection {

101 entry / { System.out.println("Management System: confirm Hotel
selection."); }

102 -> FINOconfirmHotelSelection;

103 }

104 FINOconfirmHotelSelection {

105 do { h.fm9(); } -> confirmReservationHotel_dm;

106 }

107 final confirmReservationHotel_dm { }

108 I

109 confirmAirSelection {

110 entry / { System.out.println("Management System: confirm Air
selection."); 1}

111 -> FINOconfirmAirSelection;
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1

2

3

1

}
FINOconfirmAirSelection {

do { a.fm10(); } -> confirmReservationAir_dm;
}

final confirmReservationAir_dm { T

A.2 Umple File for Testing the Travel Management
System Case Study

For the Travel Management System case study. We prepare an Umple file contains the
derived design models in Section A.1 together. The design models are represented as
classes and must be distributable in order to generated a distributable code for the Travel

Management System. We use Umple online [20] to generate a Java code from this Umple

file.

namespace Roles;
class Client
{
1 -- 0..1 Hotel;
1 -- 0..1 Air;
distributable;
boolean acceptable = false;
pooled Sm_Client {
Login {
login {
entry / { System.out.println("Client: Login."); }
-> FINOlogin;
}
FINOlogin {

entry / { management.fm0(); } -> validateUser_dm;
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38

39

10

49

50

51

validateUser_dm {
-> PRELOconfirmed;
}
PRELOconfirmed {
fml -> confirmed;
}
confirmed {
entry / { System.out.println("Client: Login confirmed.");
-> SearchData;
}
}
SearchData {
enterDatesDestination {
entry / { System.out.println("Client: Enter flight data,
and destination"); }
-> FINOenterDatesDestination;
}
FINOenterDatesDestination {
entry / { management.fm2(); } -> confirmsData_dm;
}
confirmsData_dm {

-> Query_dm;

X
X
Query_dm{
-> appendProfits_dm;
X

appendProfits_dm {
-> DisOptions;
}
DisOptions {
prepareChoices_dm {
-> PRELOviewChoices;
}
PRELOviewChoices {
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68

69

70

~
N

73

~

!

fm7 -> viewChoices;

}

viewChoices {

entry / { System.out.println("Client: View choices.")

-> chooseResult;
}
}
chooseResult {
entry /
{

System.out.println("Client:

Choose Result");

System.out.println("Accepted? (true or false?)");

Scanner myInput = new Scanner( System.in );

acceptable = myInput.nextBoolean () ;

System.out.println("Accepted?"+acceptable);

3

[tacceptable] -> FINOchooseResult;

[acceptable] -> FINlichooseResult;

}
FINOchooseResult {
entry / { management.cimCO();
SearchData;
}
FINichooseResult {
entry / { management.cimC3();
Payment;
}

Payment {

pay {

air.cimC1 () ;hotel.cimC2();

air.cimC4(); hotel.cimC5();

entry / { System.out.println("Client: Pay."); }

-> FINOpay;
}
FINOpay {

entry / { management.fm8();

}

receivePayment_dm {
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89

90

91

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

118

119

120

>}

-> confirmClientSelection_dm;

3
}

final confirmClientSelection_dm {

3

class Management

{

1 -- 0..
1 -- 0..
1 -- 0..

1 Client;
1 Hotel;
1 Air;

distributable;

boolean
boolean
boolean
boolean
boolean

boolean

qH = false; // query Hotel

qA = false; // query Air

ccs_H = false; // confirm client selection Hotel
ccs_A = false; // confirm client selection Air
qryStDone = false;

ccsStDone = false;

pooled Sm_Manager {

Login

{

login_dm {

}

-> PRELOvalidateUser;

PRELOvalidateUser {

}

fmO -> validateUser;

validateUser {

}

entry / { System.out.println("Management System:

-> FINOvalidateUser;

FINOvalidateUser {

}

after (1) / { client.fmi1();

confirmed_dm {
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121 -> SearchData;

122 }

123 }

124 SearchData {

125 enterDatesDestination_dm {
126 -> PRELOconfirmsData;
127 }

128 PRELOconfirmsData {

129 fm2 -> confirmData;

130 }

131 confirmData {

132 entry / { System.out.println("Management System: Confirm search

data."); }

133 -> Query;

134 }

135 ¥

136 Query {

137 queryReqHotelSys {

138 entry / { System.out.println("Management System: Query Request

Hotel System."); }
139 -> FINOqueryReqHotelSys;
140 }
141 FINOqueryReqHotelSys {
142 entry / { hotel.fm3(); } -> prepareHotelOptions_dm;
143 }

144 prepareHotelOptions_dm {

145 -> PRELOconfirmHotelOptions;
146 }

147 PRELOconfirmHotelOptions {

148 fm4 -> confirmHotelOptions;
149 }

150 confirmHotelOptions {

151 entry / 1

152 qH= true;

153 qryStDone = qH && qA;
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160

161

162

163

164

165

166

167

168

169

170

179

180

System.out.println("Management System: Confirm Hotel options. ")

[qryStDone] -> appendProfits;
}

queryReqAirSys {
entry / { System.out.println("Management System: Query Request
Air System."); }
-> FINOqueryReqAirSys;
}
FINOqueryReqAirSys {
entry / { air.fm5(); } -> prepareAirOptions_dm;
}
prepareAirOptions_dm {
-> PRELOconfirmAirOptions;
}
PRELOconfirmAirOptions {
fm6é -> confirmAirOptions;
}
confirmAirOptions {
entry / {
qA = true;
qryStDone = qH && qA;
System.out.println("Management System: Confirm Air optiomns."); }
[qryStDone] -> appendProfits;
}
¥
appendProfits {

entry / { System.out.println("Management System: Append profits.");

-> DisOptions;
}
DisOptions {
prepareChoices {
entry / { System.out.println("Management System: Prepare

choices."); }

216



186

187

189

190

191

192

193

194

195

196

197

198

199

200

201

203

204

206

207

208

209

210

-> FINOprepareChoices;
}
FINOprepareChoices {
entry / { client.fm7(); } -> viewChoices_dm;
}
viewChoices_dm {

-> chooseResult_dmChoiceSt;

}
¥
chooseResult_dmChoiceSt {
cimCO -> SearchData;
cimC3 -> Payment;
}
Payment {

pay_dm {
-> PRELOreceivePayment;
}
PRELOreceivePayment {
fm8 -> receivePayment;
}
receivePayment {
entry / { System.out.println("Management System:
payment."); }
-> confirmClientSelection;
}
¥

confirmClientSelection {

confirmHotelSelection {
entry / { System.out.println("Management System:
selection."); %}
-> FINOconfirmHotelSelection;
}

FINOconfirmHotelSelection {

Receive

Confirm Hotel

entry /{ hotel.fm9(); } -> confirmReservationHotel_dm;
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final confirmReservationHotel_dm { }

confirmAirSelection {
entry / { System.out.println("Management System: Confirm Air
selection."); 1}
-> FINOconfirmAirSelection;
}
FINOconfirmAirSelection {
entry /{ air.fm10(); } -> confirmReservationAir_dm;
}

final confirmReservationAir_dm { }

}
class Air
{
distributable;
pooled Sm_AirSystem {
Login_dm {
-> SearchData_dm;
}
SearchData_dm {
-> Query;
}
Query {
queryReqAirSys_dm {
-> PRELOprepareAirOptions;
}
PRELOprepareAirOptions {
fm5 -> prepareAirOptions;
}
prepareAirOptions {
entry / {System.out.println("Air System: Prepare Air options.");}
-> FINOprepareAirOptions;
}
FINOprepareAirOptions {
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255 entry / { management.fm6(); } -> confirmAirOptions_dm;

256 }

257 confirmAirOptions_dm {
258 -> appendProfits_dm;

259

260 }

261 }

262 appendProfits_dm {

263 -> DisOptions_dm;

264 }

265 DisOptions_dm {

266 -> chooseResult_dmChoiceSt;

267 }

268 chooseResult_dmChoiceSt {

269 cimCl -> SearchData_dm;

270 cimC4 -> Payment_dm;

271 }

272 Payment_dm{

273 -> confirmClientSelection;
274 }

275 confirmClientSelection {

276 confirmAirSelection_dm A

277 -> PRELOconfirmAirReservation;

278 }

279 PRELOconfirmAirReservation {

280 fm10 -> confirmAirReservation;

281 }

282 final confirmAirReservation {

283 entry / {System.out.println("Air System: Confirm Reservation")
s

284 }

285 }

286 }

287 }

288 class Hotel

289 {
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290 distributable;
201 pooled Sm_Hotel {
292 Login_dm {

293 -> SearchData_dm;

204 }

295 SearchData_dm {

296 -> Query;

207 }

208 Query {

299 queryReqHotelSys_dm |

300 -> PRELOprepareHotelOptions;

301 }

302 PRELOprepareHotelOptions {

303 fm3 -> prepareHotelOptions;

304 }

305 prepareHotelOptions {

306 entry / { System.out.println("Hotel System: Prepare Hotel options."
)5 X

307 -> FINOprepareHotelOptions;

308 }

309 FINOprepareHotelOptions {

310 entry / { management.fm4(); } -> confirmHotelOptions_dm;

311 }

312 confirmHotelOptions_dm {

313 -> appendProfits_dm;

314 }

315 }

316 appendProfits_dm {

317 -> DisOptions;

318 }

319 DisOptions {

320 -> chooseResult_dmChoiceSt;
321 }

322 chooseResult_dmChoiceSt {
323 cimC2 -> SearchData_dm;

324 cimC5 -> Payment_dm;
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325 }

326 Payment_dm {

327 -> confirmClientSelection;

328 }

329 confirmClientSelection {

330 confirmHotelSelection_dm {

331 -> PRELOconfirmHotelReservation;
332 }

333 PRELOconfirmHotelReservation {

334 fm9 -> confirmHotelReservation;
335 }

336 final confirmHotelReservation {

337 entry / { System.out.println("Hotel System: Confirm Reservation");

341 }

342 class Test {

324 public static void main(Stringl[] args) {

345 Management _m = new Management () ;
346 Client _c = new Client(_m);

347 Air _a = new Air(_c,_m);

348 Hotel _h = new Hotel(_c,_m);

349 }

350 }
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Appendix B

Weak Wile Loop Umple Files

B.1 Generated Design Models for the Weak While

Loop

In this section, we show the Umple files of the generated design models for the roles 71, 7o,

and r3, in the weak while loop in Figure 8.12.

B.1.1 The Role r; Class

1 class Rolel
2 {
boolean 1loop;
! Integer ri1Count = 0;
Sm_WL {
6 iniState {
7 entry / { riCount=0; }
8 -> s1;
9 3
10 s1 {
11 [getLoop()] -> FINOsi;
['getLoop()] -> FINisi;
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FINOs1 {
do { riCount++; r2.fm0(riCount); } -> CS2;

}
FINis1 {
do { riCount++; r2.cimO(riCount); } -> CS3;
}
cs2 {
[true]l] -> s1;
s2_dm {
-> s3_dm;

}

final s3_dm { }
}
Ccs3 { sb {

entry / { System.out.println("after 1loop s5");
-> FINOsb5;
}
FINOs5 {
do { r3.fm3(riCount); } -> s6_dm;

}

final s6_dm { }
}

B.1.2 The Role r, Class

class Role2

{

boolean loop;

Integer a = -1;
Integer b = -1;
Sm_WL {

iniState {

entry / {
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r2Count=0;

-> sl1_dmChoiceSt;
}
s1_dmChoiceSt {
fmO0(int var_B)/{ a = var_B;} -> CS2;

cim0(int var_F)/{ b = var_F;} -> 1lNstate;

}
cs2 {
[a '= b] -> s1_dmChoiceSt;
[a == b] -> CS3;
s2 {
entry / { System.out.println("in loop s2_r1");
-> FINOs2;
}
FINOs2 {
do { r2Count++; r3.fm2(r2Count); } -> s3_dm;
}
final s3_dm { }
}
1Nstate {
[a '= b] -> s1_dmChoiceSt;
[a == b] -> CS3;
}
CcsS3 {
s5_dm {
-> s6_dm;
}
final s6_dm { }
}
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1

B.1.3 The Role r;3 Class

class Role3

{

boolean 1loop;

Integer a = -1;
Integer b = -1;
Sm_WL {

iniState {
entry / { r3Count=0;
a = -1;

b = -1;

-> sl1_dmChoiceSt;
}
s1_dmChoiceSt {
fm2 (int var_B)/{ a

var_B;} ->

fm3(int var_F)/{ b

var_F;} ->
}
cs2 {
[a !'= b] -> s1_dmChoiceSt;
[a == b] -> CS3;
s2_dm {
-> PRELOs3;
}
PRELOs3 {
-> s3;
}
final s3 { 3
}
1Nstate {
[a !'= b] -> s1_dmChoiceSt;
[a == b] -> CS3;
}
Ccs3 { s5_dm {
-> PRELOs6;
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35 }

36 PRELOs6 {

37 -> s6;

38 }

39 final s6 { }

B.2 Umple File for Testing the Weak While Loop

This section shows the Umple file which contains the design models for the participating

roles together (r1, 5, and r3) in the weak while loop (see Figure 8.12).

1 class Rolel
> {
boolean loop=true;
| Integer ri1Count = 0;
Integer nN = 4;

6 pooled Sm_x {

7 iniState {

8 entry / { riCount=0; }

9 -> s1;

10 3

11 sl {

12 [nN != 0]/{nN--;} -> FINOsl1;
13 [nN == 0] -> FINi1s1;

14 }

15 FINOs1 {

16 entry / {

17 riCount++;

18 System.out.println("Rolel, sends fmO("+ri1Count+") inside-loop");
19 role2.fm0(r1Count); } -> CS2;
20 }
21 FIN1s1 {
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30

31

32

33

38

39

40

1

3

5 {

entry / {

System.out.println("Rolel,

role2.cim0(ri1Count); }

-> CS3;

sends

sends fm3("+riCount+")

cim0 ("+riCount+") After-loop");

[After-loop]

System.out.println("Rolel in CS3 [LOOP Follow-Upl");}

}
cs2 {
s2_dm {
-> s3_dm;}
s3_dm {
-> s1;%}
}
Ccs3 {
s {
entry / {
role3.fm3(r1Count) ;
System.out.println("Rolel,
")
-> s6_dm;
}
s6_dm { }
}
}
class Role2
Integer a = -1;
Integer b = -1;

Integer r2Count = 0;
1 -- 0..1 Rolel;
pooled Sm_y {
iniState {
entry / { r2Count=0;
a=-1; b=-1;
}

-> sl1_dmChoiceSt;
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79

80

89

90

91

92

s1_dmChoiceSt {
fm0 (int var_B)/{
System.out.println("Role2, receives fmO("+var_B+") inside-loop");
a = var_B;}
-> CS2;
cim0 (int var_F)/{
System.out.println("Role2, receives cim0() [AFTER LOOP]");

b = var_F;}

-> 1Nstate;
}
cs2 {
s2 {
-> FINOs2;
}
FINOs2 {
entry / {
r2Count ++;
System.out.println("Role2, sends fm2("+r2Count+") inside-loop");
role3.fm2(r2Count) ;
}
-> s3_dm;
}
s3_dm {
[a '= b] -> s1_dmChoiceSt;
[a == Db] -> CS3; 1}
}
1Nstate {
[a = D] -> s1_dmChoiceSt;
[a == D] -> (CS3;
}
cs3 {
sb_dm {

entry / { System.out.println("Role2 in CS3 [LOOP Follow-Upl"); }
-> s6_dm;
}
s6_dm { }

228



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

115

116

118

119

120

5}

}

s class Role3

{

1 -- 1 Role2;
1 -- 1 Rolel;
Integer a = -1;
Integer b = -1;
Integer r3Count = -1;

pooled Sm_z{

iniState {

entry / { r3Count=0;

a=-1; b=-1;

3

}

-> sl1_dmChoiceSth;

s1_dmChoiceSth {

fm3 (int var_F)/{

System.out.println("Role3,
b = var_F;}

-> 1Nstate;

fm2(int var_B)/{

CSs2

re

System.out.println("Role3,

a = var_B;}

-> (CS2;

{
s2_dm {
-> PRELOs3;

}
PRELOs3 {

-> 83;

s3 {
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128 [a !'= b] -> s1_dmChoiceSth;
129 [a == b]/ {

130 System.out.println("Role3 Process fm3()");

131 } -> CS3;

132 }

133 }

134 1Nstate {

135 [a !'= b] -> s1_dmChoiceSth;

136 [a == Db] -> (CS3;

137 }

138 Ccs3 {

139 s5_dm {

140 entry / { System.out.println("Role3 in CS3 [LOOP Follow-Upl");
}

141 -> PRELOs6;}

142 PRELOs6 {

143 -> s6;

144 }

145 s6 { }

146 }

147 }

148}

110 class Test {
150 public static void main(String[] args) {
151 Role3 ¢ = new Role3();

152 Role2 b

new Role2(c);

153 Rolel a

new Rolel(b,c);
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