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Abstract

The concept of software architecture, also said system
structure or system configuration, is especially important to
design complex software systems, providing a model of the
large scale structural properties of systems. Module inter-
connection languages (MILs) introduced the idea of creat-
ing program modules and connecting them to form larger
structures. However, MILs do not support the description
of important architectural elements. A new class of descrip-
tion languages, referred to as architectural description lan-
guages (ADLSs), have recently emerged. Most ADLs, how-
ever, support only the description of static software archi-
tectures and not dynamic or reconfigurable software archi-
tectures. A further limitation of current ADLs is that they
focus mainly on the formal notation and usually do not of-
fer proof systems and tools to enable designers to formally
verify the properties of their designs. We have developed
the ZCL framework, which is a formal framework, speci-
fied in Z, to describe and reason about dynamic distributed
software architectures. In this paper, we use a simple case
study - the client-server system - to demonstrate how our
formal framework ZCL can be used to specify and verify
reconfigurable software architectures.

1. Introduction

The concept of software architecture, also said system
structure or system configuration, is especially important to
design complex software systems, providing amodel of the
large scale structural properties of systems. These proper-
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ties include the decomposition and interaction among parts
as well as global system issues such as coordination, syn-
chronization and performance[3]. Structural issuesinclude
the organization of a system as a composition of compo-
nents; global control structures; the protocolsfor communi-
cation, synchronization, and data access; the assignment of
functionality to design elements, the composition of design
elements; physical distribution; scaling and performance;
dimensions of evolution; and selection among design alter-
natives[21].

The idea of connecting components to form larger sys-
temsis not new. DeRemer and Kron [8] introduced the idea
of creating program modules and connecting them to form
larger structures separately from programming the modules
themselves. The result was the first module interconnec-
tion language (MIL). Nevertheless, MILsarejust afirst step
towards describing software structures. They allow the de-
signer to reveal the structure of asystem at the configuration
level. In order to do that, typical configuration languages
include the following features[4], although not al configu-
ration languages have al features:

1. The grouping of processes into component types, and
of componentsinto further (larger) components. This
feature is known as composition;

2. The parameterisation of components;

3. The instantiation of components from their types, in-
cluding multiple instantiations;

4. The binding of communication among processes in
one component with those in another, together with
checking of the communication type;



5. The expression of an entire configuration of a dis-
tributed system as a set of such components and bind-
ings;

6. The expression of the mapping of the software config-
uration onto a hardware one, and the realization of the

mapping;

7. The expression of constraints so that invalid configu-
rations and mappings can be detected; and

8. The specification of conditionsfor achange of config-
uration and the implementation of the change.

Although having alot of benefits, MILs have some draw-
backs, like failing to distinguish between implementation
and interaction relationships between modules[21]. They
do not support the description of important architectural
elements such as a connector (which explicitly describes
the interaction between the components) and architectural
styles (which define generic and reusable architectural de-
scriptions). Therefore, MILs are not suitable to deal with
some architectural issues.

A new class of description languages, referred to as
architectural description languages (ADLS), have recently
emerged [21]. ADLs “focus on the high-level structure of
the overall application rather than on the implementation
details of any specific source module’[16]. Due to the nov-
elty of the studies, there are some questions in the research
community on what an ADL is and what aspects of an ar-
chitecture should be modelled by an ADL. Another source
of discord isthelevel of support an ADL should provideto
developers. In[20], the authorslist six classes of properties
that an ADL should provide:

1. Composition/Decomposition

An architectural language must allow a designer to
divide a complex system hierarchically into smaller,
more manageable parts, and conversely, to assemble a
large system from its constituent elements.

The elements must be sufficiently independent that
they can be understood in isolation from the system
in which they are eventually used.

It should be possible to separate concerns of imple-
mentation level issues (such as choice of agorithms
and data structures) from those of architectural struc-
ture.

2. Abstraction

The architectural level of design requires a different
form of abstraction to reveal high-level structure so
that the distinct roles of each element in the structure
areclear.
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3. Reusability

It should be possible to reuse components, connec-
tors and architectural patternsin different architectural
descriptions, even if they were developed outside the
context of the architectural system. Thisform of reuse
differsfrom the reuse of componentsfrom libraries.

4. Configuration

A language for architectural description should sepa-
rate the description of composite structures from the
elements in those compositions. Dynamic configura-
tion is needed to allow architectures to evolve during
the execution of a system.

5. Heterogeneity

There are two aspects of heterogeneity: the ability
to combine different architectural patternsin a single
system; and the desirability of combining components
that are written in different languages. Heterogeneity
is not very commonly found in the existing ADLSs.

6. Anaysis

The need for enhanced forms of analysis are partic-
ularly important for architectural formalisms, since
many of theinteresting architectural propertiesare dy-
namic ones.

As stated in item 4 above, dynamic configuration is
needed to alow the evolution of a system during its ex-
ecution. Architectures describing these kind of systems
must be represented by ADLSs that permit the specification
of changes. Most of existing ADLSs typically support only
static architecture specification and do not provide facilities
for the support of dynamically changing architectures. The
most common operations that can change the architecture
of asystem are[15]:

1. Addition of new components. it can be necessary to
include new components to an architecture. The ADL
must allow the inclusion of a component that was not
being used before;

2. Upgrading existing components: a component can be
replaced by another with the same signature (inter-
face), but with better performance. Theideal situation
is to keep the original component running, if needed,
whileit is being upgraded;

3. Removal of unnecessary components: if a component
is no longer being used by the architecture, it can be
removed;

4. Reconfiguration of application architecture: after
adding or removing components, it can be necessary
to reconnect components and connectors; and



5. Reconfiguration of system architecture: it can be nec-
essary to move a component from one machine to an-
other. The architecture must support the modification
of the mapping of componentsto processors.

There are, however, few ADLs which support the de-
scription of dynamic architectures. Examples include
C2[18], Darwin[13] and Rapide[12]. Darwin and Rapide
support only constrained dynamic manipulation of archi-
tectures, where all run-time changes must be known a pri-
ori, while C2 supports pure dynamic manipulation, where
no restrictions are made on the types of alowed dynamic
changes at architecture specification time.

A further limitation of current ADLs is that they focus
mainly on theformal notation and usually do not offer proof
systems and tools to enable designersto formally verify the
properties of their designs.

In this paper, we demonstrate how our formal frame-
work ZCL[11, 6, 5] can be used to specify and verify re-
configurable systems. Section 2 gives the motivation and
an overview of formal models for dynamic software archi-
tectures. In section 3, we briefly describe ZCL. In section 4,
we present a case study - the client-server system - to show
how ZCL can be used to specify and verify reconfigurable
systems. In section 4.2, we summarise the main ideas pre-
sented in this paper and give directionsfor future work.

2 Formal Modelsfor Software Architectures

Software architectures are usually represented infor-
mally by boxes and lines diagrams. The problem with this
approach is that each author gives a different semantic to
the same elements (boxes and lines) [1]. Module intercon-
nection languages and the modularization facilities of pro-
gramming languages are both unsuitable to describe soft-
ware architecture, because they require the system designer
to trandate architectural abstractions into low-level primi-
tives provided by the programming language. One impor-
tant step towards a more scientific basis for designis an ap-
propriate formal foundation for software architecture. For-
malisms can be used to provideprecise, abstract modelsand
to provide analytical techniques based on these models. Us-
ing formal models, designers can select proper abstractions
to an architectural description having the precision of afor-
mal model. Several aspects of software architecture can be
formalized [21]:

1. The architecture of a specific system: formalisms of
thiskind allow the software architect to plan a particu-
lar system;

2. An architectural style, which is a pattern of system
structure: this kind of formalism can be used to de-
scribe architectural abstractions for families of sys-
tems;
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3. A theory of software architecture: these formalisms
can clarify the meaning of generic architectural con-
cepts, such asarchitectural connection, hierarchical ar-
chitectural representation, and architectural style and;

4. Forma semantics for architectural description lan-
guages. this kind of formalism treats architectura
description as a language issue and applies tradi-
tional techniquesfor representing the semantics of lan-

guages.

We are interested in providing formal ADLs and theo-
ries, which enable designers to formally specify their ar-
chitectures and consequently be able to prove properties of
their designs. Our work provides a description, which sup-
port both static and dynamic software architecture descrip-
tions.

As previoudy stated, one of the limitations of most
ADLsisthelack of tools, which support for automatic anal-
ysis and proves. We overcome this limitation by providing
a formal framework based on the well-known formal lan-
guage Z [22, 23].

The Z language[22] is based on set theory and first order
logic. It extends the use of these languages by alowing an
additional mathematical type known as the schema type.
Syntactically a schemais a box divided into two parts by a
horizontal line. There are two types of schema: state and
operation.

In a state schema, the upper half is known asthe declar-
ative part, and is used to declare variables and their types.
The second part of the state schema is known as the predi-
cate part, and in this part we show how the variables are re-
lated and constrained. Each schemahasadistinct name. Se-
mantically, a schema can be considered as having the same
type as the Cartesian product of the types of its variables,
without ordering, and with the state space constrained by
the schema predicates. State schemas describe the possible
states of asystem. Modularity isfacilitated in Z by allowing
schemas to be included within other schemas.

Operations affect state, and are characterised by their ef-
fect on the state. An operation schemarelates the state vari-
ables before and after the operation. The general operation
schema has a before state (unprimed state variables), an af-
ter state (primed state variables), inputs (question-marked
variables), outputs (exclamation-marked variables), and a
set of preconditionsfor the application of the operation.

Z isan idea means of formally presenting design struc-
tures. Through the use of an abstract specification we do not
restrict a specifier to any particular implementation; rather
it provides a general mathematical framework within which
general concepts can be defined. In addition, Z has been
successfully applied to industrial productsand offersanum-
ber of supporting tools for type checking, animation and
verification of specifications.



3. The ZCL Framework

The ZCL framework [11, 6, 5, 7] isaformal framework,
specified in Z [22], to describe and reason about dynamic
distributed software architectures. It focuses on the oper-
ations necessary for the construction of dynamic software
architectures. Configuration and reconfiguration operations
are considered. Each configuration operation has a corre-
sponding reconfiguration one. The ZCL framework is com-
plemented by an execution model, which is presented and
formalisedin[7]. So, thearchitect can concentrate on archi-
tectural issues or he/she can also analyse execution issues.

ZCL is based on the configuration language CL [9, 10],
which uses most of the principles of other MILs, but it has
introduced new concepts, like planned reconfiguration. In
this kind of reconfiguration, the designer can predict some
modifications as likely to happen.

Static verifications can be carried automatically. For ex-
ample, to verify whether acomponent being declared by the
architecture exists in the library of components. The initial
configuration is stored in the configuration table, which is
dynamically modified to reflect changes suffered by the ap-
plication architecture. The reconfiguration operations use
the configuration table to ensure that the applicationisin a
state suitable for modifications. All operations contain er-
ror cases also specified as schemas. When any constraint
of the operation is not obeyed, the error case schema of the
operation is used. The framework foresees some auxiliary
operations that are used whenever necessary to guarantee
the feasibility of reconfiguration operations.

3.1 ZCL architectural el ements

As aready mentioned, ZCL was specified in Z [22],
which is based on set theory and first order logic. In Z,
mathematical objects and their properties are encapsulated
into schemas: templatesto declarations and constraints. A
schema can be used to describe the state of a system and the
different ways this state can be changed.

To construct the framework ZCL, we have considered a
combination of state and operations. We modelled compo-
nents, composite components, instances, ports, connections
and configuration (top) in schemas separated from those of
the operations.

In ZCL, an architecture has an hierarchical structure in
which the configuration (architecture) is a composition of
components that can also be composite. Composite com-
ponents can be seen as (sub)architectures. Those com-
ponents that implement a functionality are simply called
components or task components. They are the smaller
unit of computation we are considering. An architecture
in ZCL is constructed by successive use of its operations.
Nevertheless, the components must aready exist in the
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library of components when the creation of an architec-
ture. ZCL includes auxiliary operations to allow the ar-
chitect to add components to the library. Those opera-
tions are: C'L_C'reate_Task, to create components; and
CL_Create_Group, to create composite components, also
called group components. The Z schemas that formalize
those operations can be found in [7].

In the following, we present the schema which depicts
the library of components. It is worth saying that a compo-
nent cannot be atask one and a composite at the sametime.
Thisrestriction is explicit in the schema.

— CL_Library
tasks : ID_Component + C'L_Component
groups :

ID_Component - C'L_Composite_Component

dom tasks N dom groups =0

Having the components in the library, the architect can
use ZCL operations to create or modify an architecture.
ZCL operationsassure that the architecture obeysthe model
adopted by ZCL and that any modification will only be done
when it leaves the architecture in a consistent state. The
checking to guarantee the architecture consistency are per-
formed automatically when the operations are used, since
they are specified as constraints to the operations.

Figure 1 illustrate how the schemas which specify the
architectural elementsof ZCL are related.

Task components, composite components and commu-
nication ports are the basic elements of an architecture in
ZCL. Communication ports congtitute the interface of a
component through which it communicate to other compo-
nents. A link is a connection between two communication
ports.

The CL_Component, shown below, represents a task
component. It specifies the component interface
(inter faces) as a set of ports (PortNames). It port has
attributes (Port_Attributes) such as. the port direction
(DIR), toindicate if it is a port which receives (entryport)
or sends (exitport) data; the port mode (M ODE), which
can benoti fy, toimplement asynchronouscommunication,
or reqreply, to synchronous communication; and the type
(TY PE) of data supported by the port. It is also possi-
ble to specify application specific attributes by using the
component_attr function.

Port_Attributes
dir : DIR
mode : MODE
type : TYPE




CL_TOP_

CONFIGURATION

ECL_EXEC_
STATE

tab_inst

tab_conn

CL_GLOBAL_
STATE

CL_TABLE

CL_COMPOSITE_
COMPONENT

CL_LIBRARY

/o

CL_COMPONENT_

BOUNDARY

CL_INSTANCE_
LIBRARY

CL_COMPONENT

Figure 1. Overview of ZCL state schemas
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__ CL_Component
component_attr : Indices + Attributes
inter faces : FFPortNames
port_attr : PortNames -+ Port_Attributes

dom port_attr C inter faces

As we are worried about run-time issues, we want not
only to specify an architectural component, but also to
be able to represent a component that can be executed.
This operational component is said to be an instance (in
our specification, it is Nodes) and it is depicted by the
CL_InstanceLibrary schema. In this schema, we repre-
sent information related to all existing instances of a specific
component, their location in the network, and their partic-
ular attributes by which the architect can transform the use
of a component into a more specific behaviour. Moreover,
we represent instances of portswhich inherit port attributes.
The schemaswritten in Z arein general too long. Although,
we do not show the schemas of ZCL in this paper, the reader
can find the compl ete specification of ZCL in [7].

A composite component is represented by the
CL_Composite_Component. It uses components in-
stances to construct the structure of an application.
Information concerning instance and connections are also
kept, as well as those concerning sub-architectures which
are part of the composite component. In ZCL, connec-
tions between ports are modeled by the C'L_C'onnection
schema, which knows each pair of connected ports. A
composite component has a special interface composed by
virtual ports that are connected to the ports of its interna
components.

The architecture or structure of an application is called
its top configuration and is represented by the schema
CL_Top_Configuration. A top configuration is a com-
posite component with no communication to other compo-
nents, because it is in the higher level of the application
hierarchy.

Theglobal state of an application can be depicted consid-
ering its top configuration (C' LT op_-C'on figuration) and
its configuration table (C'L_T'able). When a component is
declared to be used by an architecture, it must have been
included in the library. The InContect set contains infor-
mation about the declared components.

_ CL_Global_State
CL_Top_-Configuration
CL_Table

(InContext C dom tasksV
InContext C dom groups)
InstNodes C dom node_parent




3.2 Operationsover an architecture

An architecture specification in ZCL is done by us-
ing operations which change the application global state
(CL_Global_State). The operations are successful when
the constraints imposed by the architectural elements of
ZCL are obeyed. All ZCL schemas have error cases.

To create an architecture using ZCL, we have to follow
some steps:

1. Todefineacontext (C'L_Define_Context): the com-
ponents that the architect wants to use in the applica
tion architecture are declared and the framework verify
their existencein thelibrary. The configurationtableis
updated.

— CL_Define_Context
ZCL_Library
ACL_Global _State

c? : ID_Component

(¢? € dom tasksV ¢? € dom groups)
c? € InContext =

InContext' = InContext U {c?}
c? € dom tasks =

components’ = components U {c?}
c? € dom groups =

composites’ = composites U {c?}

CL_.Use= CL_Define_Context A Success)V
(Error_.CL_Define_Context A Failure)

2. To create instances (C'L_Create_Instance): the op-
erational components are created with a unique iden-
tifier and the machine in which it will be executed is
informed. The component must have been declared.

3. To connect ports (C'L_Link): communication ports
are connected in order to allow the communication be-
tween instances. A C'L_Connection is created. The
ports must have the same type, and compatible mode
and direction.

4. Toactivateinstances (C L_Activate): in ZCL, the exe-
cution of an instance does not start in the same moment
it is created. The instance must be explicitly activated.
So, it is possible to have a better control over paral-
lelism between components. The configuration table
is updated whenever an instance is activated.

An architect can create a static architecture using the op-
erations described above. Neverthel ess, we need operations
that allow us to change existing architectures. The changes
that can be carried out are:
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1. Todeactivateinstances (C L_Deactivate): aninstance
execution can be interrupted. The configuration table
must be updated.

2. To disconnect ports (C'L_Unlink): the disconnection
of two ports can occur when they are not changing
messages. Messages not consumed are lost. The cor-
responding C L_Connection must be destroyed.

3. To relink ports (C'L_Relink): in this operations, two
connected ports are disconnected, but messages not
read (consumed) can be transfered to a new connec-
tion in which one of the just disconnected portsis now
involved.

4. To delete instances (C'L_Delete_Instance): an in-
stance can be eliminated from an architecture. It must
not be activated or have connected ports.

5. To remove a component from the context
(CL_Remove_Component): when a component
is not been used anymore, it can be removed from the
context of an architecture. It must not have instances
and new instances of that component can not be
created.

Those alterations can occur when the application is in
execution. Therefore, the framework must guarantee that
the framework will bein a consistent state and that the exe-
cution can continue after the changes are done. In this sec-
tion, we have mentioned the operations used to change an
architectural description. In the following, we explain how
the execution level deals with those changes and how the
framework can check the application state.

3.3 TheZCL execution model

In order to analise how changes at the architectural level
affect the execution of an application, we have considered
instances and connections as state machines by which we
can know the state of an instance or of a connection when
needed. Each ZCL operation previously described, has a
new corresponding operation, also specified by schemasin
Z, which changes the state of instances and/or connections.
The architect can choose between using just the operations
over architectural elements or invoking the operations that
deal with execution states. Z allows usto compose schemas.
So, different schemas can be invoked together. In order to
illustrate schemas composition, we show below the compo-
sition of the operations to activate instances. The configu-
ration table is updated, as well as, the instance state. The
framework checks the instance state, which must be in the
passive state to be activated. All schemas specifying op-
erations at the execution model level are composed by a
schema to check the state at the moment and by another



schema to change the state of the instance or connection if
itisin an appropriate state to be changed. In the case of the
activation of instances, we have respectively the schemas
ECL_Activate_Cond and EC' L_Activate_Op.

_ ECL_Activate_Cond
=ECL_FExec_State
node? : Nodes

(node?, passive) € tab_inst

_ ECL_Activate_Op
AECL_Ezxec_State
node? : Nodes

tab-inst' = tab_inst & {node? — processing}
tab_conn' = tab_conn

ECL_Start=(ECL_Activate_Cond N Success)
ANECL_Activate_Op
ECL_Activate=C L_Activate } ECL_Start

The ECL_Exec_State schema represents the state
of an application, including its architectural description
(CL_Global_State) and the states of instances (tab_inst)
and connections (tab_conn) at execution time. The rela-
tionship between EC L_Ezec_State and the architectural
elements of ZCL isshownin Figure 1.

__ECL_Ezxec_State
CL_Global _State
tab_inst : Nodes + Inst_State
tab_conn : CL_Connection +» Conn_State

dom tab_inst C dom node_parent
dom tab_conn C connection

In summary, each operation used by an architect at the
architectural level has a corresponding one at the execution
model level, to change the states of instance and connec-
tions according to the operation performed. The framework
always checks conditions to guarantee that the constraints
are satisfied in order to permit the changes required. The
state diagramsthat include all sub-states an instance can as-
sume as well as, those related to connections, can be found
in[7].

Besides knowing the state of each instance and con-
nection, the framework ZCL must know the instances be-
haviour to decide if a change in an architecture (reconfig-
uration) can be performed. We define the behaviour of an
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instance in avery simple way: it can be communicating or
computing (processing). We said it is computing whenever
it is not communicating. The specification of the ZCL exe-
cution machine, which controls the behaviour of instances,
is given by an executor (ECL_Component_Ezxecutor)
and a dispatcher (ECL_Ezecutor_Dispatcher). They
have the responsibility for controlling instances execution.
The executor knows the state of each instance. So, it knows
which of them are being executed or are blocked, for exam-
ple. The dispatcher is the one that decide which instance,
from those which are waiting to be executed, will be the
next one to be executed. We have also specified the com-
munication system in Z. Therefore, the architect can know
the state of connections to decide if a reconfiguration can
be carried out. The communication system is aways used
when acommunication command (send or receive) isfound
in an instance behaviour. ZCL also specifies some opera-
tions to allow the architect deal with execution queues in
order to analise the dynamic bahaviour of an application
when areconfiguration is requested.

Assaid in [17], if an architectural fact is not explicit in
the architecture, or deduciblefrom the architecture, then the
fact isnot intended to be true of the architecture. Therefore,
it is extremely important to construct a model in which all
relevant features of an architecture can be specified. Ob-
serve that the designer can use ZCL to both analyse static
architectures and run-time issues, such as dynamic recon-
figuration. Observe also that the ZCL framework is highly
modular and we separate the schemas related to structural
(static) analysis from those related to dynamic anaysis.
This means that the execution model can be easily replaced
or modified. In Figure 1, schemas named with the prefix
CL_ arerelated to architectural concepts and those named
with the prefix EC L_ are related to run-time concepts.

The ZCL framework enables us to perform some analy-
sison the specification. In the case of reconfigurations, it is
possibleto evaluate what type of pre-defined conditions can
be included in a configuration and their effect on the con-
sistency of the configuration. Another type of analysis that
can be doneisto establish invariant constraints for the con-
figuration and evaluate how they effect the reconfigurability
of the configuration.

In summary, ZCL is a formal framework which en-
ablesdesignersto hierarchically specify the distributed soft-
ware architecture of their systems, including reconfigura-
tion properties, and validate the architecture. In the next
section, weillustrate the use of ZCL in specifying and veri-
fying areconfigurable client and server application.

4 TheClient-Server System

This section presents a simple case study, which illus-
trates the key aspects of ZCL in the development of re-



Figure 2. Client-Server System

[\

Server j Client

Figure 3. Client-Server System using ZCL

configurable applications. The selected case study first ap-
peared in [2], where the authors have defined a reconfig-
urable model for the Wright ADL. The reader will observe
that the solution based on ZCL is better structured as a con-
sequence of the model being originally conceived to support
reconfiguration. In addition, designers can use Z tools such
asZ-Eves, asillustrated later in this section, to smulate and
verify their design.

The architecture of the Client-Server System, presented
in [2], is illustrated by a simple diagram, showing Client
componentslinked to a Server component (Figure 2). There
must exist at least one Client component and only one
Server. Each Client must be connected to the Server. These
are important constraints of this application.

Using the concepts of the ZCL, the architecture of the
Client-Server system can be represented by Figure 3, where
one instance of client is connected to the instance of server
through a communication port.

We can use the CL language]9, 10] as a notation to show
the steps to be followed to create an initial architecture of
the client-server systemin ZCL.:

system Cl i ent Server;

begi n

/* define context: component types */
use task dient;
use task Server;

/* create conponent instances */
create srv from Server;
create cltl fromdient;

/* link instances’ ports */
link cltl.require to srv.provide;

/* start instance execution */
activate srv, clti;

end;
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4.1. TheClient-Server System in ZCL

The software architecture of an application is specified
in ZCL by instantiating the operation schemas and defining
values for the required parameters.

As previoudly said, in ZCL, ports must have a direc-
tion type: exit or entry; and a transaction mode: notify
(one-way) or regreply (two-way). In the case of the Client-
server system, we assume that the client requires an exit
port and the server provides an entry port. The ports de-
fine a two-way transaction. We create a new task compo-
nent using the auxiliary operation C L_Create_Task. Each
port of the component’sinterface must be created using the
CL_Create_Port schema. After creating a new compo-
nent and its interface, we use the C L_Update_LibSimple
schema to include the new component in the Library. This
schema receives the identifier of the component as param-
eter and the library is responsible for binding identifiers
and components as the reader can see in the CL_Library
schema presented in section 3.1.

CL_Create_Task[comp_attr? := (,
ports? ;= {provide}]
ACL_Create_Port[port? := provide, d? := entry,
m? := reqreply,t? := string]
ACL_Update_LibSimple[nc? := Server]

As previoudly stated, Z is based on set theory, therefore
after each operation the sets are updated. For example, after
performing the above operation to include the component
Server inthe ZCL library, the set of tasks, which storesthe
information about the components and their interfaces, will
be updated.

In the case where the component has more than one
port in the interface, it is necessary to use the
CL_Create_Port for each port in the interface.

The architecture description of an applicationis rep-
resented by the C'L_Top_ Configuration schema. Af-
ter including the necessary components in the library, we
use the ZCL operations to create the desired architecture
step-by-step. Remember that each ZCL operation may con-
tain constraints (preconditions) which must be checked be-
forethe operation is executed. In addition, the designer can
specify application-specific constraints. For example, in the
case of the Client-Server application it isrequired that there
must exist at least one active server and one client during
the whole execution. This constrained is specified in the
EzampleC'S schema, where an instance of the component
server must exist, not be in the unborn state (an instanceis
in the unborn stated when deleted) and belong to the set of
active instances. The ExzampleC'S schema also states that



the instances of Client must be connected to the instance
of Server.

—_ ExampleCS
ECL_FExec_State
CL_Connection

#children(Server) > 1
#children(Client) = 1
3ASrv : Nodes | Srv € children(Server)e
Srv € Activelnst A tab_inst(Srv) # unbornA
(VClt - Nodes | Clt € children(Client)
edconn : CL_Connectione
conn = 0CL_Connection
[receiver := (Srv, provide),
sender := (Clt, require)]
Aconn € connection)

For completenessall schemas have error cases where the
preconditions are not satisfied. So the complete set of con-
straints for the Client-Server application is specified by a
digiunction of the above schema and the error schema:

CS= ExampleCS A Success)V
(Not_ExampleC'S A Failure)

In ZCL, we can verify application specific constraints
and analyse various run-time properties of the architecture.
We have used Z-Eves [19], a theorem prover for Z, to sim-
ulate and verify an architecture. Z-Eves allows Z specifica-
tions to be analysed in a number of different ways. Using
Z-Eves the state of the architecture, as defined by the sets
specified in state schemas, can be inspected and modified
after each operation.

In [2], the authors suggest three ways to simulate dy-
namism in Wright in order to allow the reconfiguration
of the Client-Server system in case of fault. In the first
proposed solution, they consider two servers: a primary
server, which is more desirable to use, but which may go
down unexpectedly, and a secondary server, which, while
reliable, providesalesser form of the service[2]. Inthisap-
proach, there are two instances of the Server component.
Nevertheless, just one is activated. When the primary in-
stance is not active, the secondary must be activated au-
tomatically. The problem with this solution is when both
instances go down, because the instances have been previ-
ously created and there is no possibility of creating a new
one dynamically.

The second approach suggested in [2] has two configu-
rations, each smplein itself, which alternate as the primary
server goes down and comes back up, in order to provide
constructs to describe the dynamics of the system explic-

itly.
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Wright does not have a notation for characterizing
changes in the architecture during a computation. There-
fore, a new notation should be introduced. Such a charac-
terization includes[2]:

1. What eventsin the computation trigger a reconfigura-
tion, and

2. how the system should be reconfigured in response to
atrigger

In ZCL, we can specify situations in which a reconfigu-
ration can take place. We can then reconfigure the system
maintaining its constraints using the ZCL operations. Re-
configurations in ZCL can be done at two levels. the ar-
chitectura level, involving just issues related to the design
level; and the execution level, including run-timeissuesthat
can cause areconfiguration. In thisway, ZCL isavery use-
ful tool to allow the designer to simulate somereal run-time
situations.

We adopted the third approach presented in [2] to alow
the solution of the system in Wright. In this approach, spe-
cia control events are introduced into a component’s al-
phabet, and alowed to occur in port descriptions. There-
fore, the interface of a component was extended to describe
when reconfigurations were permitted in each protocol in
which it participates (Figure 4). These control events are
used in a separate view of the architecture, the configura-
tion program, which describes how these events trigger re-
configurations.

The control events mentioned by [2] corresponds to the
configuration program (architecture description) supported
by ZCL. A reconfiguration can be planned in such way that
the system always keeps its constraints. We can determine
the creation of a new instance of a Server when the current
one is not running and ensure there is just one Server ac-
tivated at some moment. In our example, we assume the
Client behaviour to be defined by performing internal com-
putations (process action) between sending and receiving
a message from the Server. The behavior of the Server is
also defined by performing internal computations when not
communicating with the client. The behaviour of the com-
ponents are specified in ZCL asfollows:

inst_action = {(clt —
(process, send, process, recreply, process)),

(srv —
(receive, receive, process, process, receive)) }

where clt and srv are instances of Client and Server;
receive Says that the component is now ready to receive
data by one of its ports; sends saysthat the component will



Client ﬂ /‘ Primary
Configuror Secondary
Client 4\ Primary
Configuror \ Secondary

Figure 4. Alternating Configurations of Client-
Server System

send data by one of its ports; recreply says that the com-
ponent iswaiting for areply; and process indicates that the
component is not communicating.

Let’s now assume that our application has one instance
of Server, srv, and two instances of Client, clt1 and clt2.
Althoughtheinstance of Server isactive, itsstateisunborn
for some reason. So, our application is not in a consistent
state, becauseit is not obeyed the constraints imposed to it.

As previously described, the C'S schema is a combi-
nation of ExampleC'S schema and Not_ExzampleC'S,
which has as predicates the negation of those of
EzampleCS. The C'S schema produces as output the r!
variablewith value success when thefirst schemaistrue or
failure otherwise. When the instance of Server isunborn
(Remember that in ZCL, the state of an instance turn to
unborn when for some reason the instance is deleted.), the
simulation will return an error in the application, i.e. a pre-
condition of ExampleC'S is not true. The precondition of
an operation schema describesthe set of statesfor which the
outcome of the operation is properly defined [23]. When an
instanceisintheunborn state, it isnecessary to reconfigure
our application to have a new instance of Server and to obey
itsthe congtraints. That can be done step-by-step or creating
aschemato do that automatically when the error is detected.
Below we specify a sequence of operations using the Z op-
erator J to combine schemas to create a new instance of
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Server (ECL_Create_Instance), to connect that instance
to the existing instances of Client (EC L_Link) and finaly
to activate the new instance (EC L _Activate).

NewServer=

ECL_Create_Instance[node? := newsrv,
component? := Server, machine? := maql] 3

ECL_Link[sender? := (cltl, require),
receiver? := (newsrv, provide)] §

ECL_Link[sender? := (clt2, require),
receiver? := (newsrv, provide)]

ECL_Activate[node? := newsrv]

As previoudly stated, the state sets can be inspected dur-
ing the simulation (we have used Z-Eves). For example,
it is possible to detect when the active instances of Client
are connected to a Server by examining the existence of
the connection. If the connection does not exist, the cor-
responding ZCL operation can be used to reconfigure the
system and to connect the instances. More complex analy-
sisisaso possible. For example, the state of an instance or
of a connection can be tested to verify whether the configu-
rationisin avalid state in order to the reconfiguration to be
carried out.

4.2. Conclusions

ADLs offer a new direction to the development of com-
plex distributed component-based systems, as the design
structure can be clearly specified. This enables designers
to check various architectural properties such as scalability
and use of resources. It can also provide important founda-
tion for reusability, evolution and run-time reconfiguration.
Most of the existing ADLs, however, do not support speci-
fication of reconfigurable architectures. Darwin [14] is one
of the exceptions. Although the work enables us to verify
some properties of (dynamic) configurations described in
Darwin, it is more concerned with proving the correctness
of the Darwin elaboration mechanism, namely, that after
Darwin transforms a hierarchical configuration into a flat-
ten configuration, it preserves the correctness of the mod-
ules and their interconnections.

In this paper, we have shown that ZCL is useful in speci-
fying and verifying reconfigurable systems. By using afor-
mal language we can formally analyse and prove proper-
ties of a configuration and their changes. Our framework
dealswith operational aspects as to how the reconfiguration
takes place and provides a powerful method to verify prop-
erties of the configuration. In addition, a designer can eas-
ily specify asystemin ZCL just being familiarized with the
operations of the framework and he/she can use a theorem
prover, as we have used Z-Eves, to verify properties of the



specified system. We have aready developed some applica-
tionsusing ZCL [5, 7] but in order to apply it to industrial
cases we are developing a user-friendly graphical interface,
where designers will not have to directly manipulate the Z
specifications.
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