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Abstract

The steadily increasing complexity of embedded systems requires comprehensive methodolo-
gies, that support the design process from the highest possible abstraction level. In most of the
currently available frameworks, the joint description of hardware and software ends with the parti-
tioning. Within this paper, we want to propose a new view of object-oriented systems, that allows
the refinement of such systems from the abstract object-oriented description of the underlying al-
gorithms down to the register transfer level within one single framework. The key contribution of
this work is the separation of the representation of behaviour and its usage. We introduce a graph
based model for the structural representation of concurrent object-oriented systems, that supports
alternative behaviours as well as inheritance, polymorphism, reconfiguration and mobility.

1 Introduction

At the beginning of many system design approaches, the underlying algorithms already exist in a sequen-

tial, object-oriented description. There is an increasing demand for tools and methodologies that assist

the system designers in the modelling process towards an implementation of a concurrent system based
on such algorithms.

During the design process, several problems have to be faced, like refinement, hardware software
partitioning, design space exploration, scheduling, simulation, verification, etc.. To provide tool support
for these tasks from the highest abstraction levels down to RTL within one environment, a comprehensive
methodology is needed. We are currently working on an internal representation to be used in system level
design, that addresses these emerging challenges in such a design process.

The main motivation for the development of this new representation model has been the nearly com-
plete distinction between hardware and software in common hardware software codesign flows today,
especially in combination with object-oriented modelling. At the highest abstraction levels, hardware
and software are usually treated equally, because only the abstract behaviour is studied. During the
refinement, system designers or appropriate tools partition the design more or less irreversibly into hard-
ware and software parts, since there is no comprehensive methodology to keep them together during
the further development process. Although many codesign, cosimulation, cosynthesis and coverification
tools are available today - if repartitioning becomes necessary, it is still a crucial task.

If, on the other hand, the starting point of a design proteas existing algorithm implemented in a
sequential (object oriented) programming language like-Ghere is not much tool support for design
space exploration, modelling of resource consumption and automated transformation at early stages of
the design process. Even though e.g. SystemC [OSC] allows the designer to include arbitrary C
code, the benefits of object-orientation and explicitly modelled concurrency are not combinable without
language extensions like SystemC-Plus [ODE, GO02] and a certain amount of redesign.

In this paper, we want to discuss the requirements for an internal representation for system-level
design, that provides a common framework for the modelling of hardemdeoftware. The proposed
methodology supports various abstraction levels from sequential object-oriented algorithms down to RTL
hardware in a series of small refinement steps. This implies of course the support of object-orientation
at all levels of abstraction.
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In section 2 we discuss the prerequisites of an object-oriented approach and give a brief overview of
related work on the subject of high-level modelling, especially under object-oriented aspects. We reason
about the main dierences between hardware and software, components and objects, alternatives and
inheritance and formulate basic principles, a methodology should adhere to. From this observations we
conclude, that a novel approach is possible and reasonable.

Usually, concurrent systems are designed these days as a set of concurrent, active components, some-
times calledactors[Agh86]. These actors exchange data through a certain communication model like
abstract channels etc.. Object-oriented (software) designs are usually characterised byoppsgive
whose behaviour is invoked externally through a well-defined interface. We propose a structural rep-
resentation scheme for high-level system design in section 4, which combines both the modelling of
interconnected components and the benefits of object-orientation. To achieve a reasonable combination
of the above approaches, the representation of a system’s component is split into the definition of an ex-
ternal interface, the representation of associated behaviour (alternatives) and the “usage” of a component.
This separation is the key contribution of our work.

Prior to that, we introduce the basic communication concept of our approach in section 3. We con-
centrate on the aspects of communication tligtch the structural modelling more or less directly. The
representation of concrete behaviour, resource consumption and constraints, the definition of a reason-
able set of primitive data types and related operations goes beyond the scope of this paper and will be
published separately.

In section 5, we discuss the consequences of our approach on system level design and refinement.
In addition, code and behaviour reuse, reconfiguration and mobility (the continuation of a computation
at another location) are taken into account as well. We conclude the paper in section 6 and outline the
directions of further research.

2 Prerequisites and related work

In this section, we want to provide a brief overview of existing specification models and languages
for system level design and codesign. Beyond the “classical” models like CDFG’s, State charts, Petri-
Nets, FSM's (see for instance [Je99, Pan02]) and established hardware description languages like VHDL
and Verilog, many other models and specification languages have been developed. There are many
efforts underway to reduce the design gap in the design process of complex systems, even declarative
programming is used in system design these days (e.g. Confluence [Haw04]). Since we want to propose
an object-oriented approach, that supports alternative behaviours and reconfigurable systems, we want to
focus on these aspects of system modelling.

Actors vs. Objects The majority of existing approaches can be caletbr-oriented [LNWO03]. This
widely-accepted concept composes a (concurrent) system as a set of communicating components. Since
the proposition of this approach by G. Agha [Agh86] in the mid eighties, mditgrdnt communication
frameworks have been developed to interconnect such components. The channel concept of for example
SystemC [OSC], SpecC [STOC] and even signals from VHDL and Verilog are examples from hardware
modelling. Within the PTOLEMY project [Le01], a complex framework covering the advantages of
heterogeneous, interacting actors has been developed.

On the other handhbject-orientationis a widespread concept of modelling complex software sys-
tems. The main object-oriented aspects are data encapsulation and inheritance. In the field of parallel
softwaredevelopment, a plethora of object-oriented languages and models have been developed. A
survey on the dierent ways to include parallelism into object-oriented languages or object-orientation
into parallel languages is given in [Phi00]. When modelling concurrent systems, the concepts of actors
is usually already included in object-oriented approaches, since communication becomes an important
issue.

In sequential software development, “objects” are passive components of a system, that expose an
interface of “methods” to the outer world. Their state can only be changed through invocation of these
methods, which results in an encapsulation of data and the related transformations. This is a major



difference to component based systems, where data tokens are often modelled to “flow” through the
system and are modified on their way.

Hardware vs. software While object orientation is commonly used within the development of soft-
ware, several approaches to apply these concepts to hardware were proposed. In addition, these models
focus on the synthesis of object-oriented hardware descriptions (like [Rad00] as an extension to VHDL).
Although the emerging industry-standard SystemC [OSC] is based ornt+dilrary, true support for
object-oriented concepts had to be developed as language extensions like SystemC-Plus [GOO02].

The dificulty to combine softwarand hardware lies in the implicit assumption, that components
can access their attached behaviour at any time. In object-oriented software, this is achieved through
function pointers, which means, that basically an infinite number of objects can share the same code
within the memory. Contrary to that, when modelling “hardware objects”, the associated behaviour is
assigned implicitly to every object again. Within the ODETTE project, the solution to this problem
(for synthesis) lies in the separation of “data objects”, where the behaviour is synthesised at the current
location of the contained data, and global “static objects”, which are accessable through a handshaking
protocol (see e.g. [GO02]). This requires again a quite irreversible decision, which objects are what at
early design stages. Therefore, we want to propose a combination of explicitly modelling “objects”, that
can be refined to hardware and software within the same framework. As a result, the following paradigm
is given:

Paradigm 1 Theusage of behaviolus to be modelled explicitly. \

This means, that an object is to be assigned to a concrete “location”, which holds the behaviour (and
the “memory”) to provide the access to the object. We call this “locationhatanceof a certain type
and distinguish between arbject(see 4.4), and aimstance(4.3). Since in the software world, infinite
numbers of objects can be bound (5.2) to one single instance (the program code) and in hardware usually
one object maps one instance, we introduce the following:

Paradigm 2 Every instance has a parametgize € {1, ..., oo}, which denotes the number offérent
objects, that can be bound concurrently to this instance.

As a result, the resolution of references (see 5.3) becomes easy and controllable during the refinement
process. To the authors’ knowledge, these two paradigms or similar assumptions have not been applied
to existing object-oriented hardwgseftware codesign frameworks, like ODETTE [ODE], BALBOA
[DOSGO02], ODYSSEY [GHMO03] or OASE [SKKRO01], yet. For details, please refer to the according
references.

Behaviour alternatives vs. inheritance The modelling of behaviour alternatives is an important tool
during the refinement of a system, since the definition of multiple alternative behaviours for a module
leads to more flexibility and expressiveness. Therefore, common hardware description languages like
VHDL have built-in support for this. On the representation side for example, an approach based on
a hierarchical graph-model is introduced in [HTREOZ2]. On the other hand, sub-typing, generalisation
and inheritance help to cope with the complexity of systems. But the modelling of alternatives can
be achieved through inheritance as well (see e.g. [TAB03]), whéfereint behaviours are expressed
through inheritance and overriding of specific methods. The key to combine these two approaches lies
in the following paradigm:

Paradigm 3 The state§alues of themembersof a moduleare syficient to represent the state of an
object regardless of its chosen implementation variant.

Then alternative behaviours preserve tyygeof an object, and inheritance should be used mainly to
specify additional behaviour (i.e. afffirenttype.



Reconfiguration and mobility (Dynamic) reconfigurable systems are still a hot topic in recent re-
search activities. Adhering to the above paradigms results in immediate support of the representation
of reconfigurability, if the creation of instances is allowed during run-time. Mobility, i.e. the continu-
ation of a computation at another location, is covered by dynamic binding, as described in section 5.2.
[MNC™*03] shall be mentioned as a prominent approach to model and synthesise dynamic reconfigurable
systems.

We want to present a model, which satisfies the above described requirements in a simple way and
allows us to mix them. Other important issues for the development of a comprehensive internal repre-
sentation like the modelling of intra-object concurrency, resource consumption and constraints will be
omitted here.

3 Communication

Modelling of communication betweenftirent parts of a concurrent system is one of the most important
aspects during the design process. In this section, we want to outline the communication framework
within our proposed methodology. Since the modelling of communication is not in the main scope
of this paper, we want to introduce only those parts that are more or less connected to the structural
representation.

During a system’s design, the modelling of the
communication between theffirent components of
the system is modelled at various abstraction Ievel
Prominent communication models are, message pass-
ing, discrete events, channels and signals, sharedmeph- ...
. Instance 1 _...--* Instance 2
ory and others. Of course, when talking about (even(opject A) (Object B)
object-oriented) software, synchronous remote proce
dure, method and function calls are to be mentioned
as well. As with the structural representation, we have

been looking for a way to support these (high level) Fig. 1: Simplified servicgrequest scheme
concepts within a simple framework.

3.1 Servicgrequest scheme

Our solution to this requirement is based servicgequestpairs, comparable to object request broker
architectures, like CORBA [OMG]: Objects are requestsagvicesof other objects. But instead of
talking to a centralised broker every time, which is quite far from hardware synthesis, we introduce
additional ports to model the structural connection offféirent components with our paradigm 1 in
mind. The aspects of the communication mechanism is shown in Figure 1: if an object A wants to access
a servicedo () of an object B, it issues Bequestvia aport. There can be synchronisation constraints
bound to theport and theservice

Services Every module (the basic parts of a system, see 4.1) defines asetvifes These services
are the passive part of the component. The related behaviour is started through an exqaesiif the
synchronisation conditions hold (see 3.2). Arguments of the services are dirénfedt(inout) and
passed by valuer by reference. For the modelling of references, see section 5.3.

Requests are started synchronously or asynchronously from within behavioural sections. These re-
guests could be blocked due to the synchronisation conditions associated to this request. Requests can
even fail, if the port, to which the request is bound, does not allow this request, no instance is currently
bound to this port etc.. Some of these situations are discussed in section 5ffékientinte between

two types of requests: Firstly, a request whereittstanceof an objectis known, and secondly when

we need to access a service of an object without knowledge of its current location. In the first case, the
request can be directly sent to the instance and thus allows structural interconnection during design time.
The latter concept is truly a “request” by the means of CORBA [OMG] and is needed to provide support



for higher levels of abstraction and the sophisticated modelling of references (see 5.3).

Ports are used to encapsulate requests and provide an additional layer between the requests (which
are issued somewhere in the represented behaviour of a module) and the target of the request. These
ports basically consist of a subsets#rvicesof a certaintype(see 4.1), and describe a minimal set of
required services. This allows the separation of the connectivity aspecteseédt components within

the system from the behavioural representation. The behavioural model simply talks to a local port
without caring of the actually connected component. Firstly, these ports can be bound tinstatices

during “compile-time” and provide therefore a way to model the (physical) interconnectiofferfedit
instances. Secondly, these bindings are allowed to change during run-time, which might be necessary
for the modelling of software and dynamically reconfigurable systems (see 5.2).

The other common communication mechanisms are representable within this framework. Remote
procedure calls, method and function calls and message passing are supported out of the box, since
these concepts are closely related to this concept. Channels are representable simply by defining own
components with a certain interface (see section 4). For simple channels like signals, FIFO's etc., we are
working on reference implementations.

3.2 Synchronisation

The modelling of concurrent systems always needs to consider the synchronisation of the distributed
computations. Constraints, when certain computations are allowed, e.g. the mutual exclusive access to
shared resources or explicit serialization, are to be modelled at every phase of the design process.

Additionally, if we try to benefit from an object-oriented framework in a distributed world, we
have to face a problem called “inheritance anomaly”. This phenomenon denotes the necessity of re-
implementation of inherited behaviour due to changes within the synchronisation constraints. For in-
stance Crnogorac et al. have classified these anomalies in [CRR98]. In [CRR97], they have shown that
these anomalies are not completely avoidable. But ffueteof re-implementation can be mitigated, if
inheritance of computation and synchronisation code is possible independently of each other.

Therefore, we have adopted the commonly used concept of “method guards” within our framework
to reduce the inheritance anomaly and model synchronisation issues separately from computational tasks.
A guard consists of gre-condition a pre-actionand apost-action Since we are using the abstraction
of portsaround everyequest(i.e. method call), we extend this concept slightly: We do not only allow
these guards to be applied to behaviour, but to ports as well (see 4.2).

The access to the guarded item is blocked, untijfteeconditionevaluates tarue. pre-actionand
post-actionare executed atomically before, respectively after the access is performed. If multiple guards
are assigned to a resource, they are all evaluated duringduestof a service The combination of
multiple guards is basically a conjunction of thee-conditions and the sequential computation of the
pre- andpost-actions There is a unique ordering implied (port guards on the request side are wrapped
around guards on the service side, additionally see 4.3), this combined synchronisation is well-defined.

4 Structure

Our proposed representation of a system’s structure can be divided into four main\padigdes re-
spectivelytypes implementationdgnstancesaindobjects These parts shall be described in this section.

4.1 Module and type

Every part of a represented system within our framework has an assoniathde declaratior(see
definition 4), that defines the visible interface of a system’s component. This declaration is performed
incrementally, to provide sub-typing and inheritance.

Definition 4 A module declaratioM is defined as a tuple M (T, S, N, P, S) with
e aset T ofparameters



a setS of module declaratiorig/pes
and a set N omembers

a set P ofports

a set S obervice prototypes

Parameters The set of parametefis=: parameter&M) of a moduleM are those configurable options,

that do not change during runtime, or more precisely during the existence of an instance (see 4.3). They
are introduced to increase the reusability of system descriptions, for example abstract signals which can
contain arbitrary data tokens.

The concept is closely related to template parameters known frem & generics known from
VHDL. Therefore, they are not inherited, but have to be included within the declaration every time. We
call the combination of a module with values for its parameters a congymteSince we do not want to
discuss the handling of the parameters and especially their influence on the inheritance mechanism here,
we will usemoduleandtypeas synonyms in the following.

Inheritance relationships between modules, i.e. the types, that are (directly) extended by a module
M, are denoted through a set of super-modes: supefM). To avoid inconsistencies like circular
inheritance, it is necessary to specify, which relationships are considered as valid.

For two modulesv, N from a set of module®t, we writeN + M, iff N € supefM). This defines an
relation+ C M x M. +* shall denote the reflexive, transitive closure-ofor the set of (direct) sub-types
of a moduleM, we write suqM) = {N € 9 : M + N}. Similarly we definesuper(M) and suly (M)
as the canonical extensions with respect’t@andtypes(M) = supef(M) U suly(M). Obviously,+*
defines a preorder k.

Definition 5 On a set of moduléest, a relation*C M x N defines dnheritance hierarchyf (M, +*) is
a partial ordered set.

Members The Members ilN = member@M) are module declarations, which are used to specify the
persistent state space of the modutdigects(see 4.4). As we will see in section 4.2, additional members

can be defined, which are needed for the execution of a specific behaviour alternative. These members
are not part of thenodule declarationmatching paradigm 3.

Additionally, N contains only those members, that are added with the declaratigh dhe com-
plete set of members that are used to describe an object’s state are to be extracted from the inheritance
hierarchy.

Services and ports The setsP =: portdM) andS =: service$M) denote sets of (re-)declar@drts
andservice prototypesf a moduleM. Similarly to the declaration of members, the complete set of
ports andservicesdeclared forM are to be extracted from the inheritance hierarchy as well. If a port
or a service is (re-)declared inftéirent super-modules, it has to be redeclared wiMinto provide a
deterministic choice. Since these declarations do not contain any behaviour yet, this is no limitation to
code reuse (see 4.2).

4.2 Implementation graph 3

There is a layered, directéohplementation grapl¥ associated with every modub, which defines the
modules’ alternative behaviour implementations and inner structures as well as the related inheritance
hierarchy. Strictly speaking, one single graph is associated with every disjoiyipe=t(M), since the
inheritance hierarchy is represented through layers in this graph. Prior to giving a more formal definition
of this concept, we want to motivate this idea and introduce tfferdnt node and edge types, that are
used.

Nodes These aspects are modelled within our graph vitedint types of nodes and edges In the fol-
lowing, letM be a module and the corresponding implementation graph. The images at the beginning
of the next paragraphs show the corresponding graphical representation of the described nodes and edges.



[ ] For each member df1, a correspondingrember nodexists in the graph. If a specifimple-
mentation(see below) requires additional variables, these are represented as nodes of this type as well.
We call the set of member nodeember€s).

[ < Every portp € portgM) has a correspondirmprt node pe portyJ). For every member node

m € memberEs), the implementation graph contains at least one port node, too. This is used to model
the fact, that the access to members is always taking place via requests to ports.

<> Similarly, every service prototypee service$M) is represented asservice nodelt should

be mentioned, that for the overriding of services and ports multiple nodes exist in the geagice §3)

denotes the set of nodes of this type.

> The implementations of a service corresponitplementation nodesmplementations con-
tain the possible behaviour of a service prototype. We vimitglementation() to denote the set of all
implementation nodes @&f.

/\ In section 3.2, we introduced the concept of synchronisation through gugrdsd nodes
g € guardg3) represent the available guards in the implementation graph.

(O  Last but not least, empty nodes are introduced to increase the capabilities to model alternatives.
We combine these nodes to a a#(3).

Edges The edges in the implementation graph are dfedent types, too. There are five types of
directed edges to describe the relationships between the nodes.

—> A providesedge is used to represent the capability of a node to provide the semantics of another
node. This could be for instance the connection oinaplementation nodwith aservice node

—&@ Dependencies are modelled throuwtgpendsdges. An edge/(w) =: d € depend() denotes,

that the abstract semantics\ofequire the presence of

<4—» conflictsedges are introduced as well. These are the opposite of the depends edges, since they
mean for an edgev(w) = ¢ € conflictg3), that the semantics of andw are mutually exclusive.
Although there are already restrictions, which nodes can be allocated within one instance (see 4.3), these
edges are a way to model conflicts, that are implied by internal properties of the represented behaviour.
—» As stated before, inheritance is modelled througfedent layers within the implementation
graph. If a port or a service is overridden by a sub-module, there mramidesedges between the
corresponding nodes. These edgesoverride$3) are necessary for both inheritance and polymorhism.

@—©® A guard nodey € guardg9)t) can be connected througlinc edgegall of which are combined
within sync$3)) with nodes of arbitrary other types. This means, that the access to this note is “guarded”
by g. Only one guard per node is allowed. Multiple guards can be introduced through the addition of
appropriate, guarded empty nodes.

Every node is associated to exactly one module Therefore, the implementation graphcorre-
sponding to the modules withiype$(M) can be divided intdocal implementation graphslenoted as
3(M). These local implementation graphs consist only of those nodes that correspond to the Mhodule
and the edges between them. We do not distinguish betmeeamber@M), portgM), serviceg¢M) and
the related subsets of the nodeslin For example, we writenemberéV) € memberé&uper(M)) C
member€3). With this notation, we can define the implementation graph as follows:

Definition 6 Given a set of modulé® with an inheritance hierarchy* and M € 9, theimplementation
graphof type$(M) is a directed, layered graphl := (V, E), with the following properties:

() Theexternal interfac®ef every module M has a corresponding nod&in

- UMetypes(my memberéM) c member€S)

- UMetypeg(M) ports(M) < pOl‘tS(S)

- UmMetypes(m) ServicegM) c service£3)
(i) All (even internal) member nodes have an associated port node:

- ¥ me member&s) withm<— M : 3 p e portg3I) : (m, p) € providegI) A p— M
(iii) All, exceptprovidesedges are directed “upwards” only:



Fig. 2: Animplementation graplwith avalid ... Fig. 3: ...and amnvalid subgraph

- Y (v,w) € (V\provideg3)) with v Mj,w < My : My € supef (M)
(iv) At most onesyncsedge ends at every node:
- Y (v,w),(V,wW) € syncg3) :v=V
(v) All overridden services and ports are connected, duplicates are resolved
- YMs, Mt € supefM), Vs € service$Ms) N servicegMr) : s € servicegM)
- YMg, Mt € supe(M), Vs e portgMs) N portgMt) : s€ portg M)
- YMs € supef(M) : Vs e service§M) N service$Ms) :
Av,we V,ve— M,w— Ms : (V,w) € overridegJ)
- YMs € supef(M) : Vp € portdM) N portdMs) :
dv,weV,v— M,w— Ms : (v,w) € overridegJ)

The formal treatment of additional restrictions like the consistent connectialieshativevertices
shall be omitted here in favour of simplicity. A complete formal semantic is in preparation. But it should
be noted, thaprovidesedges are always directed (via empty nodes) either

o from implementation nodaswardsservice nodes,
o from member nodewardsport nodes,
o from port nodesowardsempty nodes, on which implementation nodes depend.

As mentioned above, the handling of parameterised inheritance is not discussed within this publi-
cation, too. An example of an implementation graph is shown in the figures 4 and 5 and discussed in
section 5.

4.3 Instance

Instances belong always to a certiype (M, t), with t is a valid allocation of parameter values. Again,

M shall denote a module ari®l the corresponding implementation graph. The main property of an
instance is the concrete allocation of behaviour, which is selected as (basically the nodes of) a subgraph
of 3. Figures 2 and 3 show simple examples of a (single-layered) implementation graph with marked
subgraphs.

We want to skip the formal definition ofalid subgraphere, and describe the requirements roughly.
Most important is the fact, thatl (even inherited) member nodes have to be included, butsmtyeof
the service and (external) port nodes need to be present. This allows fine-grained control of the allocated
behaviour and corresponds to the possibility of allocating ports, that require only some of the possible
services of a module. Of course, dependencies have to be fulfilled, conflicts must not occur, alternatives
must be chosen deterministically and for every overridden port or servitgaelM), the corresponding
behaviour has to be respected. Lastly, all guards, attached to nodes in the subgraph are forced to be
present. If no nodes, except the (always required) member nodes are allocated, we callgtiptihe



instanceof M, which is used, if only the storage of abjectis needed. The creation of instances (even
during runtime), the binding afbjectsto them and the extension wfstancego polymorphic instances
are discussed in section 5.

According to paradigm 2, we want to model an instance’s ability to hold a specified number of objects
at a time. Therefore, we introduce an optional paramstee for every instance, which doest affect
the type of the instance.

4.4 Object

Lastly, the data, respectively the state in a temporal distribution is callethjantof a certaintype At

a given time, the object is solely determined by the state of the associated module’s members, if we
disregard running processes for the moment. The resulting state SjpéegM) of M can be described

in combination with the inherited members:

stategM) = stategN) U stategMs)
Msesuper (M)

An object can be bound toftierent instances atfiierent times, but not simultaneously. The binding
of objects to instances is discussed in section 5.2.

5 Consequences

After outlining the basic concepts of our framework, some fundamental considerations are presented and
the usability of this model in system level design is discussed. To provide an illustration for the following
remarks, we start this section with a simple example.

Example 7 Let C= (0,0, Nc, Pc, Ss) be the module declaration of a simple counter with

Nc := {val}, a member which holds the current value,

Sc = {c(}, a service which incremental by 1, every time, it is invoked,

Pc = {tick, out}, two public ports (for an implementation controlled through signals),
and the (local) implementation graph shown in figure 4.

Additionally, L= (0, {C}, N_, P_, S.) shall be a “lockable counter”, which extends C through

e N, :={is_1}, a member which stores the “locked” state,

e S| :={c(, lock()}, the overridden service() € Pc and an additional servicgéock (), which
shall toggleis_1 ,

e P = Pc, since both ports need to be overridden,

e and the implementation graph shown in figure 5. The inherited layer is marked (and not fully
drawn).

Fig. 4: Implementation graph for the counter ...  Fig. 5:...and for the lockable counter in example 7



Note the diferent implementation nodes for the servid@, especiallyim2 andim3. It can be seen,
that a refinement of () towards a signal controlled interface can be achieved through the addition of
an appropriate behaviotm3 and alternative connections of it to newly introduced either the introduced
external portsxick andout or internally via signhals_t ands_o.

5.1 Construction and Initialisation

The explicit separation of behaviour and its usage requires the separationstfuctionof instances,
where behaviour is chosen and “created”, andinitealisation of objects, where initial states are deter-
mined and concurrent processes are started.

During theconstructionof an instancd, we may need to allocate required resources and create
instances for the contained members. The ports of the contained members might be bound statically at
this time, too. This leads to some kind of “physical interconnection” of behaviour. ifitiglisation
creates ambjectwithin this instance (maybe at one of the multiple slots). This is closely related to the
binding of existing objects to an instance, since concurrent behaviour is to be started here, too.

5.2 Binding, mobility and polymorphism

The separation intmstancesandobjectsrequires, that an object is associated to an instance to access it's
properties. This binding is modelled via specially marked services in an instance, that have been omitted
so far. If no speciabind () service is defined for an instance, the binding of an object simply stores the
values of the members and no further actions are invoked. Otherwise, within this service, this storage and
arbitrary other actions can be modelled explicitly, even the modification of the instance itself is allowed.
Mainly, this is necessary for the starting or resuming of concurrent processes within the instance. For the
reverse operation, thenbind () service can be defined accordingly.

Sinceguardscan be used to restrict the use of services, even the delayed binding or unbinding can
be modelled. Further details on the semantics of this concept will be published separately.

The binding of objects of a certain subtype of the instance’s type is allowed as well. The semantics
are similar to the concept of “tagged types” in Ada95 [Eng97], which means that additional members are
simply discarded and services, that might have been overridden are of course replaced by those services,
that are available.

The binding and detachment of objects to instances containing running processes requires some
additional information. Within our frameworlsuspension pointsan be included within the explicit
modelling of behaviour. This means, thatatbind () request can be blocked, until all processes are
either stopped or reach one of those suspension points. According to paradigm 3, the object’s state is
fully determined by the state of the members, preventing information loss.

Mobility and Reconfiguration = A common situation, when run-time binding is unavoidable, is param-

eter passing through service requests. If these parameters are passed “by value”, they are not connected
to an instance, yet. Therefore, there has to be a local instance (allocating the locally required services) to
bind () them to, prior to access their contents. For the “data objects”, as they are introduced in SystemC-
Plus [GOO02], a similar approach was chosen. This aspect is called mobility, since objects are moving
from one instance to another.

Within the methodology, there is no restriction, which objects are allowed to change their instance.
Usually, types that are using this feature are indeed “simple” types without an active process of their
own. Additionally, the modification of instances during run-time is not restricted per se, as well. This
allows the abstract modelling of dynamically reconfigurable systems.

Polymorphism The aspects of polymorphism are not covered by an instance, so far. To support the
“dynamic” choice of an overridden service or port, we need to introghatgmorphic instancesvhich

are usual instances with an associated subsesuli(M). If an instance belongs to typd. For these
sub-types, those allocated services in the instance that are overridden, have to be included. These can be
found by moving along theverridesedges within the implementation graphThese ports and services



imply the allocation of certain other nodes, according to their dependencies. Additionally, all newly
defined member nodes have to be allocated to allow the storage of a sub-typed object in this instance.

Afterwards, any object of a type withincan be bound to this polymorphic instance. The correspond-
ing behaviour can then be chosen statically during the binding. Therefore, during all of the following
accesses to this object, there is no further need to determine the correct behaviour within the instance.
This is one of the major advantages of the proposed framework. The selection of a reasonable subset
s C sub(M) on the other hand, is to be determined automatically by tools or even manually by the
designer. A formal discussion of this approach will be published separately.

5.3 Pointers and References

The modelling of references is necessary within a framework that claims to cover the aspects of object-
oriented software. In general, references or pointers are considered to be not synthesisable. Within
our framework, this is not entirely true. If there are accesses to objects, whose instance is known, the
resolution of the access is easily modelled. Consider an instance of the counter module from example 7,
which can holdn objects. We can refer all of thogecounter objects dynamically, if we know their
current position within the instance, which clearly is some kind of a pointer. Even some kind of pointer
arithmetic becomes synthesisable, since the storage of multiple objects within one instance can be seen
as a local memory.

To raise the abstraction level of representable systems, we do not want to limit the concept of refer-
ences to the above mentioned case. It has been reasoned in [SBFNJO01], that theessuresidevel by
the means of CORBA is a valuable level of communication abstraction. Within our model this means the
access of an object’s services, whose instance is currently not known. We need to consid&eteat di
situations: (i) service parameters “by reference” and (ii) reference members . (i) means, a parameter
of a service is already bound to an instance, which we did not know in advance. In case (ii), members
of an object do not actually contain data, but only a reference to an object (whose instance can change
dynamically!). In those cases, we need another type of request, which resolves the current instance of an
object implicitly. Possible ways to refine this locally cannot be introduced here.

6 Conclusion and further work

In this paper, we presented a new framework for the modelling of concurrent systems at various ab-
straction levels. The main advantage of the presented approach is the combination of object-oriented
techniques with common component based frameworks. This combination is mainly achieved through
the explicit representation of the usage of a certain behaviour.

Since it is possible and necessary to model the allocation of behaviour instances and binding of
abstract data objects to it, the proposed methodology assists during the refinement of a system'’s structure
starting from extensively object-oriented descriptions. While the concepts of object-orientation was
introduced to increase the level of “code reuse” during the design of complex systems through inheritance
and encapsulation, our framework focuses on the reuse of “behaviour” throughout all phases of the design
process. This is important for tasks like high-level scheduling, design-space evaluation and partitioning.

We are currently working on the formal semantics, including the handling of polymorphism and
detailed explanation how to map existing hardware and software representations into our framework.

Since the structural modelling is only one part of the representation of concurrent systems, we are
continuing our work on a complete internal representation for high-level system design. This includes the
development of an XML schema and an API for the inclusion of other tools as well as the development
of a simulation environment.

Additionally, we are planning the development of translators from and to our internal representation.
Aspects of synthesis approaches as they have been proposed by [ODE], [GHMO03], or [SKKRO01], will
be considered as possible entry and exit points of our representation.
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