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Abstract. In this paper, we address the refinement of abstract architectural models into more platform-specific representations. For each level
of abstraction, we employ an architectural style covering structural restrictions on component configurations as well as supported communication and reconfiguration operations. Architectural styles are formalized
as graph transformation systems with graph transformation rules defining the available operations. Architectural models are given as graphs to
which one can directly apply the transformation rules in order to simulate
operations and their effects.
In addition to previous work, we include process descriptions into our
architectural models in order to control the communication and reconfiguration behavior of the components. The execution semantics of these
processes is also covered by graph transformation systems.
We propose a notion of refinement which requires the preservation of both
structure and behavior at the lower level of abstraction. Based on formal
refinement relationships between abstract and platform-specific styles,
we can use model checking techniques to verify that abstract scenarios
can also be realized in the platform-specific architecture.
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Introduction

In the development of complex software systems, a model of the software architecture [30] allows for early reasoning on the system at a high level of abstraction. An architectural model covers the involved run-time configuration of
system components, the communication between these components, and possible
reconfiguration operations that enable the system to react to upcoming requirements and events. Such dynamic architectures gain increasing attention in the
context of e-business, self-healing, and mobile systems.
Since software architectures3 are intended to bridge the gap between system
requirements and implementation, they have to conform to both business-driven
requirements as well as restrictions and mechanisms imposed by the chosen runtime infrastructure. In order to integrate both aspects, we propose a stepwise
refinement approach starting with an abstract, business-level architecture which
3

We use the term software architecture as a synonym for the model of an architecture.

can be derived from user and business requirements. This business-level architecture is then refined into a more concrete description which also integrates
platform-specific aspects like supported reconfiguration operations and communication mechanisms.
A recent example of this general principle of model refinement is the ModelDriven Architecture (MDA) [26] put forward by the OMG. Here, platformspecific details are initially ignored at the model-level to allow for maximum
portability. Then, these platform-independent models are refined by adding details required to map to a given target platform. At each refinement level, more
assumptions on the resources, constraints, and services of the chosen platform
are incorporated into the model.
Similarly, as described in a previous paper [3], we use architectural styles [2],
formalized as graph transformation systems, for defining the assumptions on a
certain level of platform abstraction, i.e., the vocabulary, structural constraints,
and available communication and reconfiguration mechanisms. Then, an architecture at a certain level of abstraction has to conform to the corresponding
architectural style.
In our previous work, we applied the available style-specific reconfiguration
and communication operations to an architecture without further control. In
this paper (see Section 4), we provide an extension which allows the definition of
processes and their operational semantics. These processes control the order in
which available operations are invoked by the individual software components.
This leads to a more detailed picture of the architectural behavior.
We do not consider architectural refinement as the internal decomposition of
components into subcomponents, as done by other authors, but rather focus on
porting an abstract architecture to a more platform-specific level which usually
requires additional platform-related entities and resources. For this purpose, we
define different architectural styles for different levels of platform abstraction,
namely a generic, platform-independent style for business-level architectures and
a more specific style for architectural models at the platform-specific level.
When refining software architectures from the abstract to the concrete level,
we have to preserve both structural and behavioral properties. This leads to the
following two requirements:
1. Architectural consistency: After being ported to the lower level of abstraction, the concrete architecture has to satisfy the same functional requirements as the abstract architecture. Therefore, we have to refine configurations of components, connections, and other resources in a way that all
business-relevant entities of the abstract architecture are also preserved at
the concrete level.
2. Behavior preservation: Similarly, the concrete architecture has to preserve
the abstract communication and reconfiguration behavior. In particular, we
require that all business-relevant scenarios of the abstract architecture are
also realizable in the concrete architecture.
While porting the abstract behavior to the platform-specific level we have to
respect the capabilities of the chosen target platform according to its reconfigu-

ration and communication mechanisms. In many cases, depending on the current
situation where an operation is to be applied and the effects of preceding actions,
the refinement of an abstract action varies from other situations and cannot be
decided locally. Thus, we believe that behavior preservation cannot be solved by
a fixed syntactic mapping between abstract and concrete operations but has to
be dealt with at a semantic level.
Further requirements include a high degree of reusability which means that
the refinement relationship between certain levels of platform abstraction should
not only apply for one specific system, but should be reusable for other architectures as well.
Since refinement is not an easy task and thus error-prone and cost-intensive if
done by hand, we are also aiming at tool support. However, it is difficult to automate the construction of refined architectures, because this is a creative process,
and computers cannot invent details for the concrete level that are not existent at the abstract level. Nevertheless, we intend to investigate tool support for
checking if a concrete architecture satisfies the formal refinement relationship we
prescribe for the refinement from abstract to concrete level. Combined with user
interaction for modifying invalid concrete models, we achieve a semi-automated
approach for creating refined architectural models.
The refinement relationship, as already proposed in [5], is style-based meaning
that it is defined between two architectural styles rather than between individual
architectures. Since this relationship can be applied to any instances of the styles,
we achieve the desired degree of reusability.
To check for architectural consistency, we have to compare the businessrelevant entities of the abstract and the concrete model. For this purpose, we
use an abstraction function which lifts concrete models to the abstract style. To
check for behavior preservation, we have to prove that all states of an abstract
scenario are also reachable in a corresponding concrete scenario, preferably with
the help of model checking techniques. For this purpose, we employ a contravariant translation function which transforms abstract states into requirements for
states at the platform-specific level. A model checker can then search for concrete
states satisfying these requirements.
The rest of this paper is organized as follows. We survey related work in
Section 2. In Section 3, we revisit the modeling of architectural styles based on
graph theory, and in Section 4 we extend the proposed architecture description
technique by processes for controlling architectural behavior. In Section 5, we
use this formal framework to define our notion of refinement under the obligation of architectural consistency, and Section 6 covers the problem of behavior
preservation by a semantic requirement that can be checked by model checking
tools. Section 7 concludes the paper.

2

Related work

Refinement is a long-known design principle in software engineering. First ideas
in the context of program development go back to Wirth [34]. In the sense of

a systematic top-down methodology, he argued for the expansion of high-level
program instructions to lower level macros and procedures.
While Wirth mainly investigated sequential programs, the refinement of concurrent systems became popular as action refinement in the context of process
algebras (cf. [17] for a survey on this topic). This field considers the refinement
of abstract actions into sequences of concrete actions, also called processes, and
the potential interleaving of multiple concurrent processes.
Our approach is different from this work for two reasons. First, we want to
avoid a fixed, sometimes even syntactically defined substitution of an abstract
action by a concrete process wherever the abstract action occurs. Instead, we
are aiming at a more flexible notion of refinement which also allows for alternate
refinements of an action depending on the context where the action occurs.
Second, we also want to enable refinement in those cases where the two levels
of abstraction are so different that it becomes hard to relate the corresponding
actions with each other.
Apart from action refinement, we also have to mention the different notions
of refinement in the field of software architecture. For instance, Batory et. al. [6]
consider feature refinement which is modifying models, code, and other artifacts
in order to integrate additional features with every refinement step. Different
to this work, Canal et. al. [9] consider refinement as the decomposition of a
software component into subcomponents and the specialization of components
under certain compatibility conditions.
In our case, we neither want to add any extra-functionality to the architecture
nor to look into the internals of the components, but we rather want to port a
business-level architecture to a more platform-specific level considering all the
restrictions and mechanisms of the chosen target platform.
Refinement of architectures in this sense has first been discussed by Moriconi
et al. in [25]. Building a formalization in first-order logic, the authors describe
a general approach of rule-based refinement replacing a structural pattern in an
abstract style by its realization in the concrete style. The approach is related to
ours, but focuses on refinement of the structure only and does not take reconfiguration and communication behavior into account. Also, applying the logic-based
theory to concrete architecture description languages is not trivial. The general
idea of rule-based refinement, however, is applicable in our context, too.
Garlan [16] stresses the fact that it is more powerful to have rules operating
on architectural styles rather than on style instances. He formalizes refinements
as abstraction functions from the concrete to the abstract style. We use a similar
approach to define refinement relationships (see Section 5). Also, he argues that
no single definition of refinement can be provided, but that one should state
what properties are preserved. In our case, we concentrate on the preservation
of architectural consistency and the dynamic semantics of reconfiguration and
communication scenarios.
Other proposals on architecture refinement like [1, 12] concentrate on structural refinements only, which is complementary to our work. The only formal
approach we are aware of that considers refinement of dynamic reconfiguration

can be found in [8]. But, the paper only sketches the ideas without any concrete
definition. Moreover, the approach is targeted on the translation from one Architecture Description Language to another rather than on the refinement between
architectural styles that represent different levels of platform abstraction.
Since we use graph transformation systems as the underlying formalism to
describe dynamic software architectures, which is in the tradition of [21, 22, 24,
31, 33], it is also worth to look at existing work on refinement of graph transformation systems. The general idea is to relate the transformation rules and, thus,
the behavior of an abstract graph transformation system to the rules of a more
concrete transformation system. One can judge these refinement relationships
along a continuum from syntactical relationships to more semantical ones.
Große-Rhode et. al. [18], for instance, propose a refinement relationship between abstract and concrete rules that can be checked syntactically. One of the
conditions requires that, e.g., the abstract rule and its refinement must have the
same pre- and post-conditions except for retyping. Based on this very restrictive
definition they can prove that the application of the concrete rule expression
yields the same behavior as the corresponding abstract rule. The draw-back of
this approach is that it cannot handle those cases where the refining rule expression should have additional effects on platform-specific elements that do not
occur in the abstract rule. And, similar to action refinement, the approach does
not allow alternate refinements for the same abstract rule.
Similarly, the work by Heckel et. al. [20] is based on a syntactical relationship between two graph transformation systems. Although this approach is less
restrictive as it allows additional (platform-specific) elements at the concrete
level, it is still difficult to apply if there are no direct correspondences between
abstract and concrete rules. Moreover, their objective is to project any given
concrete transformation behavior to the abstract level and not vice versa.
In our work, we propose a more flexible, semantic-based notion of refinement.
We do not define a fixed mapping between the various transformation rules but
only between the structural parts of the graph transformation system. Then, we
check whether all system states of an abstract model are also reachable at the
concrete level, no matter by which order of transformation rules. By avoiding the
functional refinement mapping between transformation rules, we can also relate
transformation systems with completely different behavior, and we are flexible
enough to cope with alternate refinements.

3

Graph transformation systems as architectural styles

As already introduced in [3], we use architectural styles as conceptual platform
models. Such a platform model has to define the vocabulary of elements to be
considered, to restrict the possible relationships among those elements, and to
specify communication as well as reconfiguration mechanisms supported by the
platform. We use different styles for different levels of platform abstraction.
In this section, we present the formal definition of architectural styles as typed
graph transformation systems [10] together with two exemplary styles, namely

an abstract style for business-level architectures and a platform-specific style for
service-oriented architectures. In Section 5, we explain how a refinement relationship between these styles can be used to refine business-level architectures, which
abstract from platform-specific vocabulary and restrictions, to service-oriented
architectures.
Informally, a typed graph transformation system consists of (1) a type graph
to define the vocabulary of architectural elements, (2) a set of constraints to
further restrict the valid models, and (3) a set of graph transformation rules
for communication and reconfiguration operations. A system architecture that
conforms to a given style is represented as an instance graph of the type graph.
Definition 1 (Graph and Graph Morphism). A graph is a tuple G =
(N, E, src, tar) with a set N of nodes, a set E of edges, and functions src, tar :
E → N that assign source and target nodes to each edge. A graph morphism
f = (fN , fE ) : G → G0 is a pair of functions fN : N → N 0 and fE : E → E 0
preserving source and target (src0 ◦ fE = fN ◦ src and tar0 ◦ fE = fN ◦ tar).
Definition 2 (Typed Graph). Given a graph T G, a T G-typed graph hG, tpG i
is a graph G equipped with a structure-preserving graph morphism tpG : G → T G.
We call T G type graph and hG, tpG i instance graph over T G. The category of
TG-typed instance graphs is called GraphT G .
The graphs we use are directed and unlabeled; for the sake of clarity, nodes
(and edges) can be named by unique identifiers. Type graphs can be represented
by UML class diagrams and instance graphs by UML object diagrams [19]. The
typing morphism tpG is depicted by referencing the type names. As an example,
Figure 1(a) shows the type graph of the business-level style we have defined
in [4]. Figure 1(b) shows a corresponding instance graph.
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Fig. 1. Type graph and exemplary instance graph of the business-level style

According to this type graph, architectures consist of ComponentInstances
which externalize their functionalities through Ports. They can interact with each
other through a Connection between their Ports. The state of a communication
is encoded by Request and Response message nodes.
Besides the elements for run-time configurations, the type graph also defines
nodes for the application-specific types of these elements. For example, Component, PortType, and Connector nodes can be used to describe certain types of
components, ports, or connections; PortTypes are characterized by provided and
required Interfaces. This way, a corresponding instance graph incorporates both
the actual configuration at a certain run-time state as well as application-specific
type information about the involved entities.
For example, the instance graph in Fig. 1(b) defines a system that consists of
an instance a of component A and an instance b of component B. Both component
instances own a port of type A-Port and B-Port respectively, which could be
connected by an instance of the AB-Connector. The A-Port provides the interface
Int with the operation op, while the B-Port requires this interface.
Along with the type graph comes a set C of constraints that further restricts
the set of valid instance graphs. Simple constraints already included in the class
diagram are cardinalities that restrict the multiplicity of links between the elements (omitted cardinality means 0..n by default). More complex restrictions
can be defined, e.g., using expressions of the Object Constraint Language (OCL),
which is part of the UML.
Graph transformation. Graph transformation rules [13] are used to define rewriting operations on graphs. Since our instance graphs represent system configurations, transformation rules nicely fit to define reconfiguration operations provided by the platform. If we encode communication-related information into
the graphs, as done by the Message node and its subtypes in Fig. 1(a), then
transformation rules are also suitable to represent communication mechanisms.
A certain reconfiguration and communication scenario can be modeled as a sequence of transformation rules which are applied to an initial instance graph.
The set of meaningful sequences can be restricted by additional control processes
as discussed in Section 4.
Formally, a graph transformation rule r : L ; R consists of a pair of T Gtyped instance graphs L, R such that the intersection L ∩ R is well-defined (this
means that, e.g., edges which appear in both L and R are connected to the same
vertices in both graphs, or that vertices with the same name have to have the
same type, etc.). The left-hand side L represents the pre-conditions of the rule
while the right-hand side R describes the post-conditions. The left-hand side can
also state negative pre-conditions (negative application conditions, NAG).
According to the Double-Pushout semantics (DPO [14]), the application of a
rule r is performed in three steps, yielding a transformation step G ⇒ H:
1. Find an occurrence oL of the left-hand side L in the current object graph
G. Formally, this is a total graph morphism oL : L → G which maps the
left-hand side L to a matching subgraph in G. The occurrence is only valid,
if oL (L) cannot be extended by the forbidden elements of a NAG.

2. Remove all the vertices and edges from G which are matched by L \ R. We
must also be sure that the remaining structure D := G \ oL (L \ R) is still
a legal graph, i.e., that no edges are left dangling because of the deletion
of their source or target vertices. In this case, the dangling condition [14] is
violated and the application of the rule is prohibited.
3. Glue D with a copy of R \ L to obtain the derived graph H. We assume
that all newly created nodes and edges get fresh identities, so that G ∩ H is
well-defined and equal to the intermediate graph D.

connect

As an example, consider the reconfiguration rule connect depicted in Fig. 2.
According to the left-hand side, the rule can be applied if there are two component instances with free ports whose types can be connected by a connector.
According to the right-hand side, an application of this rule, e.g., to the graph
in Fig. 1(b), results in the creation of a new connection between the two ports.
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Fig. 2. Reconfiguration rule connect

Definition 3 (Typed graph transformation system). A typed graph transformation system G = hT G, C, Ri consists of a type graph T G, a set of structural
constraints C over T G, and a set R of transformation rules r : L ; R over T G.
r1 (o1 )

rn (on )

A transformation sequence s = (G0 =⇒ G · · · =⇒ G Gn ) in G, briefly
∗
G0 =⇒G Gn , is a sequence of consecutive transformations such that all graphs
G0 , . . . , Gn satisfy the constraints C. As above, we assume that fresh identifiers
are given to newly created elements, i.e., ones that have not been used before
in the transformation sequence. In this case, for any i < j ≤ n the intersection
Gi ∩ Gj is well-defined and represents that part of the structure which has been
preserved in the transformation from Gi to Gj .
Besides the rule connect, the graph transformation system for the businesslevel style contains about 10 transformation rules which handle, for instance,
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creation and deletion of ports and connections as well as sending and receiving
of messages. The complete specification of the style can be found in [4], where we
also define a platform-specific style for service-oriented architectures as follows.
A SOA-specific architectural style. In service-oriented architectures (SOA), software components expose their functionality as services over a network to service
requesters. The objective of SOA is to enable dynamic service discovery at runtime, even if service providers and requesters do not know each other in advance.
For this purpose, the service provider has to deliver a detailed description of the
service with all necessary information about its interface, access point, quality-ofservice, and so forth. The service description is usually published to third-party
discovery agencies where service requesters can retrieve it from. As soon as the
requester finds a description that fits the requirements, it can use it to connect
to the component that provides the desired service.
For the definition of the SOA-specific architectural style, we extend the type
graph of the business-level style as partially depicted in Fig. 3. The new subtypes
of Component can be used to define a software component as Service or, if functioning as discovery agency, as DiscoveryService. There are also special PortTypes
used for communication to discovery services. A central SOA element is the ServiceDescription which describes a specific ServiceInstance. The knows relationship
indicates which components have access to the description. Besides ordinary Request and Response messages, there are additional SOA message types for service
discovery, namely ServicePublication, ServiceQuery, and QueryResult.
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For the creation and deletion of ports and connections, the SOA-specific style
contains the same transformation rules as the business-level style, except for setting up a connection to a service which requires that the requester knows the service description beforehand. The SOA-specific variant of the connect rule, which
includes this requirement as an additional precondition, is depicted in Fig. 4.
To model SOA-specific platform mechanisms for dynamic service discovery, the
SOA style contains additional transformation rules for publishing and querying
service descriptions. Altogether, there are about 20 transformation rules which
can be found in [4].
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4

Processes for controlling architectural behavior

With the architectural styles presented in the previous section, we can formally
define software architectures as instance graphs to which we can apply the rulebased reconfiguration and communication operations. However, such a rule-based
behavior specification consisting of pre- and postconditions only is not sufficient
to completely express architectural behavior.
The main problem is that a rule can be applied non-deterministically whenever and wherever its precondition is satisfied. This can lead to non-meaningful
sequences of operations, for instance the deletion of a connection while the connected components are still running a certain communication protocol. Instead,
we would like to be able to restrict the behavior of a system, e.g., in order to
coordinate reconfiguration with communication and to specify communication
protocols.
A solution to this problem should satisfy the following requirements:
1. Process descriptions: For each component type of a software architecture,
we require the description of a process that restricts the order in which reconfiguration and communication operations of the underlying architectural
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style can be applied to any instance of the type. Thus, an individual action
of a process should correspond to the invocation of a transformation rule
which conforms to the current level of abstraction. We also require operational semantics for these process descriptions which smoothly suits to the
existing graph transformation framework.
2. Parameters: Since a process specifies the behavior of all instances of a certain component type, its actions have to relate the invocation of an operation
to the local context of the respective component instance. Thus, we have to
allow for input parameters that refer to dedicated elements within the system
architecture. Similarly, we have to equip actions with output parameters so
that the result of a rule application, e.g., a newly created port or connection,
can be referred to in subsequent actions.
3. Concurrent threads: Since an architecture may contain several run-time
instances of the same component type, we have to allow for a concurrent
execution of multiple independent threads of the same process. Moreover, one
can think of component types that follow different processes simultaneously
which results in a branch of concurrent threads for each component instance.
Other reasons for concurrency are situations where a server has to supply a
service to multiple concurrent client requests each of which is represented by
its own thread.
4. Synchronization: Many reconfiguration and communication operations involve more than one component instance, for example, when a connection is
created between two instances. In such cases, all involved components should
agree on the execution of the desired operation which gives rise to synchronization issues: The threads which first reach the shared action have to wait
until all other participating threads have also reached that action.
The process descriptions are required for models at all levels of abstraction.
As a solution, we propose an extension of the architectural styles introduced in
Section 3: We integrate a relatively simple meta-model for process descriptions
into the type graphs which allows us to include component-specific process descriptions into the instance graphs. Furthermore, we adapt the existing graph
transformation rules so that they respect the behavior restrictions imposed by
the processes. Eventually, we define a few additional transformation rules that
are required for managing, i.e., starting and terminating the individual threads.
Although many authors use process algebras [7], petri nets, or event structures to specify and reason about concurrent processes, we stick to graph transformation theory. One reason is that we can continue to apply standard graph
transformation tools for executing and analyzing the process-controlled transformation systems. Moreover, we can save additional efforts that would be required
to combine the operational semantics of graph transformations with the different
process formalisms.
Another witness for the suitability of graph transformation is existing work
that uses graph transformation systems for defining the semantics of process algebras like the π-calculus. In this context, graph-based approaches are especially
used for algebras that support structural changes, e.g., messages that carry ref-

erences to certain communication channels; of course, such structural changes
play an essential role in dynamic software architectures, too.
Type graph extensions for processes. Figure 5 shows the type graph extensions
related to process specification and thread management. Note that conceptually
these extensions are similar to a UML-like meta-model for process descriptions.
According to the left part of Fig. 5, each Component can follow one or more
Processes, and each ComponentInstance runs one or more Threads as instances of
a process. Each Process has a set of Actions ordered by the next association. A
Thread has a pointer, named previous, to the most recent action it has executed.
Together with the next association this determines the possible subsequent actions. A process can declare Variables, and threads can store values for these
variables as References to arbitrary model elements. For this purpose, we introduce the abstract type Element as a supertype to all other types in the type
graph.
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The right part of Fig. 5 shows some of the subtypes of Action. Besides the
NewThreadAction, which is used to create new process instances, and the StartAction, which indicates the entry point of a process, there is a special xAction
node for every transformation rule of the underlying architectural style (where x
is the name of the rule). For better readability, we use additional abstract action
types like PortDependentAction to group actions with equal parameters.
Parameters are defined by special associations outgoing from an action node.
We distinguish between constants and variables. Constants, named by a preced1

ing “#”, refer to elements that define application-specific types like, e.g., Component, Connector, PortType, Operation, or Interface which are already known
at design-time of the process. Variables, named by a preceding “ ”, refer to a
Variable node where elements that represent run-time instances like, e.g., ComponentInstance, Connection, Port, or Request can be stored at execution-time of
the process.
With the help of these type graph extensions, we can now include process
definitions in our instance graphs in order to specify component behavior.
Transformation rule extensions for processes. The semantics of an action in
a process is that the transformation rule it refers to can only be applied at
that point of the process. This introduces an additional precondition that has
to be checked before a rule is applied. Note that this is only a necessary but
not commensurate precondition: If the other preconditions of the rule are not
satisfied, then the rule cannot be applied immediately, and the process has to
wait until the remaining preconditions are satisfied, too. In order to properly
interpret actions in this way, we have to adapt the existing transformation rules
of our graph transformation systems and to restrict their applicability. We call
such adapted transformation rules process-controlled.
Consider, for example, the OpenPortAction in Fig. 5 which should create a
Component.openPort (in #portType:PortType, out _port: Port)
new port whose type is specified by the input parameter #portType and return
this port through the output variable port. The corresponding process-controlled
graph transformation rule is depicted in Fig. 6. The upper part of the rule (with
gray background) indicates the original reconfiguration rule which creates a new
port of the selected port type.
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Fig. 6. The process-controlled reconfiguration rule openPort

The new, lower part of the rule restricts its application to those situations
where an OpenPortAction belongs to the next actions of the running thread and

where the #portType parameter selects the right PortType. According to the
lower right-hand side of the rule, which defines additional process-related effects,
the rule creates a Reference node for the current thread which refers to the new
port node as value for the output variable port. As another effect, all such
process-controlled transformation rules update the pointer to the previous action
like a program counter that is increased after completion of a command.
The concurrency requirements discussed at the beginning of this section are
implicitly satisfied by the process-controlled transformation rules because the
rules are non-deterministically applied wherever possible. And, since every rule
application represents the execution of one of the pending actions, this corresponds to a non-deterministic interleaving of the concurrent threads. Thus,
concurrency is the default behavior of graph transformation systems.
In addition, the management of threads is handled by the two special transformation rules in Fig. 7: The rule newThread presented in Fig. 7(a) creates new
instances of a process whenever a NewThreadAction occurs. The input parameter
#process determines which process has to be started. If the parameter refers to
the action’s own process, a new thread of the same process is started, e.g., if
multiple threads of the process are required to serve multiple incoming requests.
A thread terminates after an action that has no more subsequent actions
according to the next relation. In this case, the garbage collection rule clearThread
of Fig. 7(b) can be applied in order to remove the remaining Thread and Reference
nodes (crossed out elements are negative application conditions).
ci:Component- isInstanceOf1
c:Component
Instance
follows

runs

ci:Component- isInstanceOf1
c:Component
Instance
runs

runs

follows

t2:Thread
has

isInstanceOf4

previous

p:Process

has

a0:StartAction

p:Process

runs
holds

t:Thread

a0:StartAction

ci:ComponentInstance

ci:ComponentInstance

ref:Reference

previous

t1:Thread

t1:Thread

previous

a1:Action

next

#process

a2:NewThreadAction

#process

previous

a1:Action

next

a1:Action

next

a2:Action

a1:Action

a2:NewThreadAction

(a) newThread(in #process:Process)

(b) clearThread()

Fig. 7. Thread management rules newThread (a) and clearThread (b)

Synchronization between concurrent threads is required, if a reconfiguration
or communication operation involves more than one component. Then, it becomes necessary to get agreements from all involved threads before the corresponding rule can be applied. We satisfy this requirement by non-local rules
whose precondition comprises the current state of more than one component.

1

Remember, e.g., the reconfiguration rule connect depicted in Fig. 2. In this
case, both components should agree to the creation of the new connection beComponent.connect
(in _port:
Port)how this synchronization requirement is integrated as
forehand. Figure
8 shows
LHS
a non-local precondition into the left-hand side of the rule. This way, the two
involved threads synchronize at the virtually shared ConnectAction.
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comp1:Component

pt1:PortType
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isInstanceOf2
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ci1:ComponentInstance

allows

owns

has

p1:Process

a2:ConnectAction
_port
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next
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ref1:Reference

previous

a1:Action

comp2:Component

isInstanceOf1
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refersTo
holds

t1:Thread
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isInstanceOf2
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pt2:PortType

valueFor

t2:Thread
previous

a4:Connect-Action
_port

v2:Variable

next
has

declares

a3:Action
has

p2:Process

Fig. 8. The process-controlled variant of rule connect (left-hand side only!)

Although both the process-controlled transformation rules and the processaware instance graphs become more complex, we benefit from the uniformity
of the theory and its built-in operational semantics. Also, one can think of the
formal graph-based model representation as an internal format for tools only,
while software architects do not necessarily have to encode their architectures
and process definitions as instance graphs. In fact, they can rather use a better
concrete notation like UML component diagrams for structural aspects and UML
activity diagrams or statecharts for process definitions, which is then internally
translated by a suitable CASE tool. Moreover, one could also think of import
and export interfaces to other process description standards like the Business
Process Execution Language for Web Services (BPEL4WS [15]).

5

Refinement of architectural configurations

As already discussed in Section 1, refinement is an important concept for developing software architectures. This section deals with the refinement of architectural
configurations while preserving the provided system functionality (architectural
consistency). In an instance graph, functional elements are reflected by nodes for
component and connection types and run-time instances thereof (see Section 3)
as opposed to behavior-related elements for control processes (see Section 4).

1

We do not provide a functional refinement operator which takes an abstract
architecture and returns the corresponding concrete architecture, because such
a refinement is a creative, non-deterministic design process which includes several alternative options which can all lead to a valid refinement at the concrete
level. However, what we do provide is a formal criterion for deciding if a given
concrete architectural configuration is a valid refinement of a certain abstract
configuration or not.
At first, we define this criterion based on an abstraction function. In the
second part of this section, we illustrate this kind of abstraction by means of the
two architectural styles from Section 3.
5.1

Abstraction-based refinement criterion

Our notion of refinement is style-based, i.e., it is based on a relationship between
an abstract architectural style G = hT G, C, Ri, e.g., the business-level style from
Section 3, and a concrete style G 0 = hT G0 , C 0 , R0 i, e.g., the service-oriented
style from Section 3. The refinement of architectural configurations formally
corresponds to the refinement of the structural parts of an abstract instance
graph G ∈ GraphT G into a concrete instance graph G0 ∈ GraphT G0 .
In the previous section, we extended the type graphs by behavior-related elements in order to encode process descriptions into instance graphs. However,
to reason solely about structural aspects of an architecture, we have to distinguish the structure-related part T GS of the underlying type graph T G from the
process-related extensions defined in Section 4. From this distinction, we can derive a projection function on instance graphs which preserves structure-related
elements only and neglects all behavior-related elements.
Definition 4 (Projection). Given a type graph T G and a subgraph T GS ⊆ T G
thereof. The projection of instance graphs from T G to T GS is defined as a function projT GS : GraphT G → GraphT GS which returns for any G ∈ GraphT G
with nodes N , edges E, and typing tp : G → T G a graph GS ∈ GraphT GS with
nodes NS = {n ∈ N |tp(n) ∈ T GS }, edges ES = {e ∈ E|tp(e) ∈ T GS }, and
typing tp|GS . Note that GS is a subgraph of G (GS ⊆ G).
According to the requirements stated in Section 1, a refinement criterion has
to respect architectural consistency, meaning that for a valid refinement the concrete architecture has to preserve the functionality of the abstract architecture.
Thus, all structural entities like components and connectors of the business-level
model have to be preserved in the platform-specific model.
Since the two instance graphs to be compared are expressed in terms of different architectural styles, i.e., different type graphs, one cannot simply compare
them and check if the abstract graph is part of the concrete graph. Before we
can do so, we rather have to express one of the graphs in terms of the other
architectural style.
The canonical solution to this problem is by means of an abstraction function
abs : GraphT G0 → GraphT G which takes the concrete instance graph and, by

abstracting from all platform-specific details, lifts it to the abstract level. Then,
we can check if the resulting abstraction contains the same functional elements
as the original abstract graph. For this purpose, we regard the original abstract
graph as a property that has to be satisfied by the lifted concrete graph according
to the following definition:
Definition 5 (Satisfaction). Given a model represented as an instance graph
G and a property represented as an instance graph P , both typed over the same
type graph T G. Also, given a type graph distinction T GS ⊆ T G with a corresponding projection projT GS .
We say that G satisfies P , i.e., G |= P , iff there is a total, injective graph morphism m : projT GS (P ) → projT GS (G). This means that the relevant part of P
can be embedded into the relevant part of G.
Based on this definition, we can now formally define structural refinement
based on abstraction as follows:
Definition 6 (Structural Refinement). Given an abstract type graph T G,
a concrete type graph T G0 , and an abstraction function abs : GraphT G0 →
GraphT G . A concrete instance graph G0 ∈ GraphT G0 is a structural refinement
of an abstract instance graph G ∈ GraphT G , if abs(G0 ) |= G.
5.2

Abstraction function based on a type graph morphism

The abstraction function abs is a semantic mapping, associating with each concrete configuration a corresponding abstract configuration. There is a range of
possibilities for the concrete definition of abs depending on the characteristics
of the respective architectural styles. For example, it is sufficient to base the
abstraction function abs on a mapping between the abstract and the concrete
type graph, if the abstraction of a concrete instance graph consists of adapting
the types of business-relevant elements and omitting platform-specific elements.
Other cases, not discussed in detail in this paper, might require more complex transformations which map entire patterns of concrete elements to abstract
elements. For instance, a combination of two unidirectional channels at the
platform-specific level could be used to realize an abstract bidirectional channel. These complex mappings can be defined by graph transformation systems
or even more sophisticated methods like triple graph grammars [29].
In the rest of this section, we take the platform-independent (pi) style of Section 3 as abstract transformation system G pi = hT Gpi , C pi , Rpi i and the serviceoriented (so) style as concrete transformation system G so = hT Gso , C so , Rso i. We
define a mapping between the two type graphs T Gso and T Gpi and exemplify
how to derive an appropriate abstraction function from this mapping.
Type graph mapping. A type graph mapping is a partial graph morphism t :
T Gso → T Gpi which maps structure-related elements of the concrete type graph
T Gso to structure-related elements of the abstract type graph T Gpi as partially
shown in Fig. 9.

Abstraction mapping:
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1

TGso

t

t

t
t

ComponentInstance

Component

1

isInstanceOf1

ComponentInstance

Service

ServiceInstance

DiscoveryService

DiscoveryServiceInstance

t

Fig. 9. Part of the type graph mapping t

The concrete definition of t is driven by semantic correspondences between
the structure-related elements of the two type graphs. For instance, both Component and Service nodes in a service-oriented architecture represent what we call
a Component in the business-level style. Since there is no distinction between
private and published components at the abstract level, t maps both types to
the abstract type Component.
Those elements that represent purely platform-specific concepts not occurring
at the abstract level like, e.g., DiscoveryService, ServiceDescription, or the SOAspecific port types (see Fig. 3) are not mapped to the abstract type graph. For
behavior-related elements like, e.g., Process and Action nodes (see Fig. 5), the
type mapping is undefined, too, because the abstraction function only needs to
lift structural aspects to the abstract level.
Abstraction function. From the type mapping t, we can now derive an abstraction
function abst : GraphT Gso → GraphT Gpi that abstracts instance graphs typed
over T Gso to those typed over T Gpi . This abstraction informally consists of (1)
renaming the types of all elements whose type has an image in T Gpi according
to the definition of t, (2) deleting all nodes and edges which, due to the partiality
of t, have a type in T Gso but not in T Gpi , and (3) deleting all dangling edges
and those adjacent nodes whose number of connected neighbor nodes falls below
the lower bound of the relevant cardinality constraint.
Figure 10 illustrates the effect of the abstraction function abst for a small
instance graph in the service-oriented style (shown in the upper left corner). The
instance graph defines a service S that supports a port type AccessS for using
the service and another port type PublishDesc for sending a service description
to available discovery services. The represented run-time snapshot contains one
instance si of the service which owns a port for each of the supported port types.
Besides, there is a description document descr describing the service instance.
In a first step, we apply the type mapping t and rename the types of the
Service and ServiceInstance nodes into Component and ComponentInstance (1).

abstraction of instance graphs
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Fig. 10. Abstraction of a small instance graph

Then, we delete the ProviderPT and ServiceDescription nodes and the describes
edge because they have no mapping to T Gpi under t (2). The deletion of the
ProviderPT node leads to the deletion of the adjacent Port node in the third step,
because otherwise the cardinality constraint would be violated which says that
every Port requires a PortType. Eventually, all dangling edges are removed (3).
1

6

Behavior-preserving refinement

In addition to structural refinement, we also want to check if the refinement
preserves the architectural behavior. In this section, we extend our refinement
criterion by a corresponding semantic condition, discuss possibilities and requirements for an automated verification of this criterion, and exemplify the concepts
with the two style examples from Section 3.
6.1

Extended criterion for behavior-preserving refinement

While a single instance graph represents a certain system state, the application of
a transformation rule represents a transition from one state to a subsequent state.
This way, the potential behavior can be represented as a transition system whose
states are the reachable instance graphs and whose transitions are generated by
rule applications. If we also encode application-specific process definitions into
the instance graphs, as introduced in Section 4, then the architectural behavior
represents the concurrent execution of these processes.
Given the initial state of the architecture as a start graph, one can generate
and explore the transition system by continuously applying the transformation
rules to previously generated states. We can reduce the state space by considering

isomorphic graphs as a single state only. This is sensible, because for isomorphic
graphs the same set of transformation rules is applicable, and the result of a rule
application is only determined up to isomorphism in the DPO approach anyway
(cf. [11]). Note that, however, in some cases the resulting transition system may
still be infinite.
Recently, the automated generation and exploration of transition systems
from graph transformation systems is supported by tools like GROOVE [27]
and CheckVML [28, 32].
Definition 7 (Graph Isomorphism Class). Two T G-typed graphs G and H
are isomorphic, briefly G ∼
= H, if there is a bijective graph morphism i : G → H,
called isomorphism, which also preserves their typings, i.e., tpH ◦ i = tpG .
An isomorphism class [G] is the set of all graphs that are isomorphic to G,
i.e., [G] = {H ∈ GraphT G | G ∼
= H}.
Definition 8 (Architectural Behavior). Given an architectural style represented by a typed graph transformation system G = hT G, C, Ri and an initial
system state represented by an instance graph G0 ∈ GraphT G , then the architectural behavior is defined by a transition system T SG0 = (S, ⇒) with
n
o
∗
– a set of states S = [G] | G0 =⇒G G consisting of isomorphism classes of
all graphs reachable in G, with [G0 ] ∈ S,
– a transition relation ⇒ ⊆ S × S which is defined by all possible rule applications in G, i.e., Gi ⇒ Gj iff Gi ⇒G Gj .
For the sake of simplicity, we continue to denote the states of the transition
system as graphs rather than as graph isomorphism classes. Thus, when speaking
of G ∈ S, we precisely mean [G] ∈ S. Moreover, the concatenation of consecutive
transitions starting from G and leading to H is called a path from G to H,
∗
denoted by G =⇒ H.
For the intended refinement criterion, we again consider an abstract architecture as instance graph G of a platform-independent style G = hT G, C, Ri
and a concrete architecture as instance graph G0 of a platform-specific style
G 0 = hT G0 , C 0 , R0 i. Besides structural refinement, we now also require that the
concrete architecture preserves the behavior of the abstract architecture.
This property is expressed in terms of structural refinements for all states
reachable in the abstract behavior. To be more precise, we demand, that for
every path G ⇒ G1 ⇒ . . . ⇒ Gn in the abstract transition system T SG there
∗
∗
∗
exist paths G0 =⇒ G01 =⇒ . . . =⇒ G0n in the concrete transition system T SG0
0
with Gi structurally refining Gi (that is, abs(G0i ) |= Gi ) for all i = 1 . . . n.
Since we are now dealing with isomorphism classes, we require that the abstraction function abs preserves isomorphisms: G ∼
= H =⇒ abs(G) ∼
= abs(H).
As a consequence, it is indifferent to which representative of an isomorphism
class the function is applied.
In terms of software architecture, a path represents a certain scenario of
communication and reconfiguration operations, and, for a behavior-preserving
refinement, we want to ensure that every abstract, business-level scenario can

also be realized at the platform-specific level. This criterion can be formulated
as a co-inductive definition as follows:
Definition 9 (Behavior-Preserving Refinement). Given an abstract architectural style G = hT G, C, Ri, a concrete architectural style G 0 = hT G0 , C 0 , R0 i,
and an abstraction function abs : GraphT G0 → GraphT G which preserves isomorphisms. A concrete instance graph G0 ∈ GraphT G0 with behavior T SG0 refines an abstract instance graph G ∈ GraphT G with behavior T SG , if
– abs(G0 ) |= G
– for every transition G ⇒ H in the abstract system T SG there exists a path
∗
G0 =⇒ H 0 in the concrete system T SG0 such that H 0 refines H.
According to this definition, a single transformation step G ⇒G H is refined
∗
by a transformation sequence G0 =⇒G 0 H 0 . This is because it might be necessary
to perform a number of platform-specific steps in order to realize the abstract
step. For example, consider an application of the reconfiguration rule connect
(see Fig. 2). In a service-oriented architecture, it is not directly possible to apply
the corresponding SOA-specific connect rule (see Fig. 4), because connecting to
a service requires knowledge about its description beforehand. If the description
is not known to the requester, other SOA-specific rules for service publication
and discovery have to be applied first as shown in Fig. 11.
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refines

G’

send
service
publication

refines
receive
servicepublication

send
service
query

find
service

send
query
result

connect

H’

Fig. 11. Refinement of an abstract transformation step

Since the behavior-preserving refinement solely depends on the structural refinement of reachable states, we do not need to provide a fixed mapping between
the transformation rules of the two involved styles. This is especially advantageous, if abstract and concrete operations are very different.
Moreover, this approach implicitly allows for alternate refinements of an abstract operation depending on the context of its application. In the above case,
for instance, the service description might have been published to the discovery
agency already. Then, the first two operations of the transformation sequence
in Fig. 11 can be omitted. Or, the description might already be known to the
requester due to some previous look-up so that even the query operations can
be omitted.
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6.2

Tool-based verification of behavior preservation

Based on the tools for automated state space generation mentioned above, one
can apply various analysis techniques like model checking to the resulting transition system. We propose to express the behavioral refinement check as a reachability problem in the concrete transition system that can be solved by model
checkers.
According to Definition 9, for a given abstract transformation step G ⇒ H
∗
the reachability problem consists of searching a path G0 =⇒ H 0 in the concrete
transition system with abs(H 0 ) |= H. Consequently, the abstraction function
abs has to be applied to every visited state in order to find an appropriate
target graph H 0 . Since this affects the computational complexity, we would rather
express the same property solely at the level of the concrete system.
For this purpose, we assume a second translation, contravariant to abstraction. A function trans : GraphT G → GraphT G0 associates an abstract instance
graph with a concrete one representing the reformulation of an abstract state
over the concrete type system. Note that the concrete graph does not necessarily represent a complete state of the concrete architecture, but rather a minimal
pattern which has to be present in order for the requirements of the abstract
graph to be fulfilled. Thus, we consider a concrete instance graph G0 as a valid
structural refinement of an abstract graph G if it satisfies this pattern, formally
G0 |= trans(G).
Since the abstraction function abs is in general not injective, there are various
alternative possibilities for translating an abstract configuration to the concrete
level which are all valid structural refinements. The translation function trans
selects for every abstract graph only one possible translation instead of returning
the set of all potential translations. Thus, the definition of trans already includes
certain design decisions determining the specific refinement of abstract elements.
As a consequence, not every concrete configuration that is a valid refinement
according to abs is a valid refinement according to trans, too. However, in the
opposite direction we require that the translation function has to be compatible
with the abstraction function so that a refinement according to trans entails a refinement according to abs. This is formally expressed as a satisfaction condition,
reminiscent of similar conditions in algebraic specification or logics.
Definition 10 (Satisfaction Condition). Given abstract type graph T G and
concrete type graph T G0 . A translation function trans : GraphT G → GraphT G0
is compatible to an abstraction function abs : GraphT G0 → GraphT G , if
the following satisfaction condition holds for all G ∈ GraphT G and all G0 ∈
GraphT G0 :
G0 |= trans(G) =⇒ abs(G0 ) |= G
Note that, due to the argument above, the opposite direction of the entailment is in general not true. This reflects the fact that the translation function
contains more information than the abstraction function. Thus, the left condition is more specific and not necessarily entailed by the right condition. It would
be different if we had defined the translation function as returning the set of all

possible translations of an abstract configuration. But then, it would be more
difficult to reformulate the reachability problem solely for the concrete transition
system.
Under the assumption of the satisfaction condition, we can now easily derive
the following theorem which allows to express behavior-preserving refinement
solely at the concrete level.
Theorem 1. Given an abstract architectural style G = hT G, C, Ri, a concrete
architectural style G 0 = hT G0 , C 0 , R0 i, and compatible abstraction and translation
functions abs and trans. A concrete instance graph G0 ∈ GraphT G0 refines an
abstract instance graph G ∈ GraphT G according to Definition 9, if
– G0 |= trans(G)
– for every transition G ⇒ H in the abstract system T SG there exists a path
∗
G0 =⇒ H 0 in the concrete system T SG0 such that H 0 refines H.
Proof. Since trans is compatible to abs, we can conclude from G0 |= trans(G)
that abs(G0 ) |= G holds, too. The second clause already conforms to Definition 9.
A model checker like SPIN [23] can now be used to refine an abstract transformation step G ⇒ H by looking for a state that satisfies trans(H), technically
speaking a graph that contains trans(H) as a subgraph. With the help of temporal logics such as linear-time temporal logic (LTL), we can even formulate the
reachability of entire abstract sequences G ⇒ G1 ⇒ . . . ⇒ Gn as:4
♦(trans(G1 ) ∧ ♦(trans(G2 ) ∧ . . . ♦(trans(Gn )) . . .))
Since we require only one path to satisfy the above formula while an LTL formula
always refers to all paths of the transition system, we have to negate the above
formula and let the model checker look for a counter example. A counter example
that violates the negated formula can then be used as a witness for the original
formula.
Although we cannot verify the refinement of the complete abstract transition
system this way, we are able to check at least the most important scenarios of
business-level behavior.
6.3

Compatible translation function for a type graph-based
abstraction function

In order to satisfy the required compatibility, the definition of a translation function heavily depends on the definition of the contravariant abstraction function.
In this subsection, we revisit the abstraction function from Section 5.2, which is
based on a mapping between the concrete and the abstract type graph elements,
and we show how a compatible translation function looks like for this kind of
abstraction function.
4

The LTL operator ♦ means “at some time in the future”

In Section 5.2, we define a semantic mapping t : T Gso → T Gpi from the
concrete type graph to the abstract type graph. From this type graph morphism,
we derive the abstraction function abst on instance graphs which consists of
renaming concrete types to abstract types and, due to the partiality of t, deleting
purely platform-specific elements.
For the definition of a compatible translation function, we invert the type
mapping t. However, since t is not injective (e.g., both Component and Service
are mapped to Component in Fig. 9), the resulting inverse t is a relation between
the elements of the two type graphs, which can be expressed by a function
t : NT G → P(NT G0 ). If t maps a concrete node type nt0 to the abstract type nt,
then nt0 ∈ t(nt). Analogously, t can be extended to edge types as well.
From the inverted type mapping t, we can now derive a translation function
transt : GraphT G → GraphT G0 . For an instance graphs G ∈ GraphT G with
typing morphism tp, it
1. deletes all nodes n whose type has no image under t, i.e., t(tp(n)) = ∅
2. changes the type of n to a certain nt0 ∈ t(tp(n)) else.
The first case is relevant for behavior-related nodes, e.g., for process-descriptions,
which are also excluded from the original type graph mapping t. The second case
adapts the types of the remaining elements to the vocabulary of the concrete
style. Since there might be several alternatives returned by t for adapting the type
of an abstract element, the translation function cannot completely be defined at
the type level but requires additional user decisions at the instance level for
translating individual nodes.
Technically, these user decisions can be integrated by additional node attributes that are set by the engineer to determine the desired translation option
for a node. By evaluating the values of these attributes for a given instance
graph, the translation function determines the intended translation to the concrete level.
What remains is to show the compatibility of transt to the original abstraction function abst . According to Definition 10, we have to show that
G0 |= transt (G) =⇒ abst (G0 ) |= G
Proof sketch. For arbitrary G ∈ GraphT G and G0 ∈ GraphT G0 be
G0 |= transt (G)

(1)

Since t is the inverse of t, transt (G) contains only elements whose types are in the
domain of t. These elements are preserved by abstraction on both sides of (1).
Thus, the satisfaction relation still holds after application of the abstraction
function:
abst (G0 ) |= abst (transt (G))
(2)
Since the application of transt ◦abst is the identity for structure-related elements,
we receive:
abst (G0 ) |= G
(3)
t
u
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Conclusion

In this paper, we introduced a formal technique for modeling dynamic architectures as instances of graph transformation systems. Graph transformation
rules were used to express available communication and reconfiguration operations in a certain architectural style. Architectural models were enriched by
process descriptions with operational semantics that restrict and coordinate the
architectural behavior.
We have discussed semantic conditions for the behavior-preserving refinement
of architectural models under the obligation of architectural consistency across
different levels of platform abstraction. Style-based abstraction and translation
functions were introduced as formal refinement criteria that can be checked with
the help of analysis tools.
The presented approach is very flexible because it is not based on a fixed syntactical mapping between the different operations but on a semantic relationship
that also respects context-dependent alternatives for refining abstract behavior.
Future work includes further investigations on the verification of behavioral
refinement by existing simulation algorithms for related transition systems. We
are planning to support the approach by a coupling of CASE tools with editors
and analysis for graph transformation systems, presently conducting experiments
with existing model checkers.
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