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Abstract

In this paper, we address the correct refinement
of abstract architectural models into more platform-
specific representations. We consider the challenging
case of dynamic architectures which can perform run-
time reconfigurations. For this purpose, the underly-
ing platform has to provide the necessary reconfigu-
ration mechanisms. To conceptually model such plat-
forms including provided reconfiguration mechanisms,
we use architectural styles formalized by graph trans-
formation rules. Based on formal refinement relations
between abstract and platform-specific styles, we can
then investigate how to realize business-specific scenar-
ios on a certain platform by automatically deriving re-
fined, platform-specific reconfiguration scenarios.

1. Introduction

Software architectures play an important role in
software development [25]. As abstract models of the
run-time structure they help bridging the gap between
user requirements and implementation. In the context
of e-business, self-healing, or mobile systems, dynamic
architectures gain more and more importance. They
represent systems that do not simply consist of a fixed,
static structure, but can react to certain requirements
or events by run-time reconfiguration of its components
and connections. The availability of those reconfigura-
tion operations depends on the chosen run-time plat-
form which has to support the desired modifications.
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The development of such dynamic architectures is
a complex task which is usually driven by a step-
wise refinement approach. The software architect de-
rives a first abstract model of the architecture from the
user requirements. This model mainly covers the func-
tional aspects and business-related components. Later
in the design process, more and more non-functional re-
quirements like security concepts and implementation-
specific aspects are integrated into the core function-
ality. This leads to a sequence of refined architectures
down to the real system design for implementation.

A recent example of this general modeling principle
is the Model-Driven Architecture (MDA) [22] put for-
ward by the OMG. Here, platform-specific details are
initially ignored at the model-level to allow for max-
imum portability. Then, these platform-independent
models are refined by adding details required to map to
a given target platform. Thus, at each refinement level,
one imposes more assumptions on the resources, con-
straints, and services of the chosen platform.

The goal of this paper is to define a notion of refine-
ment which preserves both semantic correctness and
platform consistency. This means that a concrete ar-
chitecture must satisfy the same requirements as the
abstract architecture, and that it must be consistent
with constraints and mechanisms imposed by the cho-
sen target platform.

In software architecture research, architectural styles
are used to describe families of architectures by com-
mon resource types, configuration patterns and con-
straints [2]. We already proposed in [5] to consider the
restrictions imposed by a certain choice of platform as
an architectural style. Moreover, to account for compo-
nent interactions and platforms that support dynamic
reconfigurations, we extend the classical notion of ar-



chitectural style, which is restricted to structural con-
straints, by also describing platform-specific communi-
cation and reconfiguration mechanisms.

As described in [5], the architectural styles are for-
malized as graph transformation systems including ar-
chitectural types, constraints, and graph transforma-
tion rules. Based on that, we define refinement rela-
tions between abstract and concrete styles in this pa-
per. They enable us to check for correct refinement of
two given architectures. We do not only consider struc-
tural refinements of fixed configurations but also behav-
ioral refinement, which means refining abstract scenar-
ios of component interactions and reconfigurations into
platform-specific scenarios.

Since refinements are often tedious and error-prone,
a further goal is to (semi-)automate the construction
of desired refinements. Indeed, the maximum gain of
reusing platform-independent models is achieved if the
mapping to various target platforms can be automated.
For this purpose, we propose a formulation of the be-
havioral refinement problem as a reachability problem
which can be solved by classical graph transformation
and model checking tools. This allows, within the usual
limitations, an automated refinement of architectures.

The rest of this paper is organized as follows. We
survey related work in Sect. 2. In Sect. 3, we intro-
duce a short running example. Then, we review the
basics of modeling architectural styles based on graph
theory (Sect. 4) and describe the analysis of reacha-
bility properties as a basis for behavioral refinement
(Sect. 5). In Sect. 6 we use this formal framework to
define our concepts for structural and especially behav-
ioral refinement. Sect. 7 concludes the paper.

2. Related work

Our work mainly interferes with three different re-
search directions: architecture description languages,
graph transformations, and architectural refinement.

There are many proposals for Architecture Descrip-
tion Languages (ADLs) like Rapide [19], Wright [3], or
Darwin [20]. To model dynamic architectures, several
approaches apply graph transformation [16, 17, 18, 26,
28] using this formal framework to reason about the
consistency of reconfiguration operations with struc-
tural constraints and component interaction. Our pa-
per is in this tradition, but it combines the formal ap-
proach with the notion of style-based refinement.

Le Métayer [18] describes architectures by graphs
and the valid graphs of an architectural style by a
graph grammar. Reconfiguration is described by con-
ditional graph rewriting rules. By static type checking,
the rewriting rules are proved to be consistent with

the respective style. In comparison to our work, his
graphs represent computational entities but no connec-
tors, specifications, or other resources. And, instead of
a graph grammar, we use a declarative type graph to
define the valid graphs of the architectural style.

Wermelinger and Fiadeiro [28] provide an algebraic
framework based on Category theory where architec-
tures are represented as graphs of CommUnity pro-
grams and superpositions. The allowed ways to apply
connectors to components is restricted by an architec-
tural style, given as a type graph. Dynamic reconfigu-
ration is specified by graph transformation rules over
architecture instances. Both, styles and rules are used
for modeling domain-specific restrictions rather than
the underlying platform as we do. Consequently, they
do not deal with refinement relationships between dif-
ferent levels of platform abstraction.

In his Ph.D. thesis [16], Hirsch uses hypergraphs
to represent architectures and hyperedge replacement
grammars to define the valid architectures of an archi-
tectural style. Furthermore, he uses graph transforma-
tion rules to specify runtime interactions among com-
ponents, reconfiguration, and mobility. Hypergraphs
and rules are textually represented using the concept of
syntactic judgements which enables formal type check-
ing proofs. Similar to the other approaches, refinement
relationships are not discussed.

The use of graph transformation techniques to cap-
ture dynamic semantics of models has also been in-
spired by work proposed by Engels et al. in [13] under
the name of dynamic meta modeling. That approach
extends meta-models defining the abstract syntax of a
modeling language like UML by graph transformation
rules for describing changes to object graphs represent-
ing the states of a model.

There are different notions of software refinement.
For instance, Batory et. al. [6] consider feature refine-
ment which is modifying models, code, and other arti-
facts in order to integrate additional features. For every
new artifact type, they require a special refinement def-
inition in order to compose software by generators. In
our case, we concentrate on the refinement of architec-
tural models and derive platform-specific models from
abstract ones without adding any extra-functionality.

Such refinement of architectures has first been dis-
cussed by Moriconi et al. in [21]. Building on a for-
malization in first-order logic, the authors describe a
general approach of rule-based refinement replacing a
structural pattern in the more abstract style by its re-
alization in the concrete style. The approach is com-
plementary to ours because it focuses on refinement of
structure rather than behavior and does not capture
reconfiguration. The general idea of rule-based refine-



ment, however, could be applicable in our context, too.
Garlan [14] stresses the fact that it is more powerful

to have rules operating on styles rather than on style in-
stances. He formalizes refinements as abstraction func-
tions from the concrete to the abstract style. We use a
similar approach to define the refinement relations (see
Sect. 6). Also, he argues that no single definition of re-
finement can be provided, but that one should state
what properties are preserved. In our case, we concen-
trate on the preservation of the dynamic semantics of
reconfiguration and communication scenarios.

Other proposals on architecture refinement like [1, 8,
10] 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 [7]. But, the paper pro-
vides only a sketch of the ideas without any concrete
definition. Moreover, the approach is targeted on the
translation from one ADL to another rather than on
the refinement between architectural styles that repre-
sent different levels of platform abstraction.

3. Example

This paper uses a simple room reservation system
as running example. The system involves three differ-
ent participants: clients submitting inquiries about ac-
commodations, a travel agency serving such requests
by contacting hotels, and hotel systems managing the
available rooms of a hotel.

System requirements include certain scenarios of
component interaction and reconfiguration. For in-
stance, after a client’s request, the travel agency has
to find appropriate hotels at the client’s destination
and to connect to their reservation systems. Then, the
business-related interactions can take place before the
connection is removed again.

If we move to design, such requirements lead to a
platform-independent architecture, which can be infor-
mally depicted by UML communication diagrams as
shown in Fig. 1. Reconfigurations are indicated by con-
straints attached to affected elements, e.g., {new} for
connections to be created and {transient} for connec-
tions to be created and removed again later. Interac-
tions are depicted as ordered and directed messages
along the connections.

Let’s assume that the development team considers
different platforms to implement the travel application
on and eventually selects a service-oriented architec-
ture (SOA) platform, e.g., Web Services. In SOA, ser-
vice providers like the hotels and the travel agency ex-
pose their software functionality as services over a net-
work to their clients. In order to enable dynamic service

c:Client t:TravelAgency h:Hotel-System

p2:Journey-
Provider

p3:Hotel-
Requester

p4:Hotel-
Provider

p1:Journey-
Requester

:JourneyConnector {new}

:HotelConnector {transient}

1: findAccommodation(..)

1.1: checkAvailability (..)

Figure 1. Room reservation system and scenario

discovery, each provider publishes a service description
via third-party discovery agencies which deliver them
in response to queries from service requesters. As soon
as the requester retrieves a description that meets its
requirements, it can start to interact with the service.

In order to integrate SOA-specific features like ser-
vice discovery into the system design, the domain-
specific architecture has to be refined into a SOA-
specific architecture. This does not only involve struc-
tural refinements like introducing discovery services
and service descriptions but also behavioral refinement
of the reconfiguration scenarios. For instance, the cre-
ation of new connections might require service discov-
ery operations beforehand.

In the following sections, we show how our approach
applies to this sample refinement problem. We ex-
plain the use of architectural styles as conceptual plat-
form models and exemplify our notion of behavioral
refinement for two sample styles: a generic one for the
platform-independent architecture and a SOA style for
the platform-specific architecture.

4. Architectural styles

In this section, we revisit our approach to use ar-
chitectural styles as conceptual platform models [5].
We formalize the styles as typed graph transforma-
tion systems, which helps to solve reachability prob-
lems (Sect. 5) and to automate and prove correct re-
finements (Sect. 6).

Informally, a graph transformation system consists
of (1) a type graph to define the architectural elements,
(2) a set of constraints to further restrict the valid
models, and (3) a set of graph transformation rules.
A system architecture that conforms to a given style
is represented as an instance graph of the type graph.
The transformation rules represent both communica-
tion and reconfiguration mechanisms of the considered
platform. For this reason, communication-related infor-
mation is structurally included in our graphs, e.g., by
special nodes modeling messages with edges to their



sender and receiver components. Then, a certain re-
configuration and communication scenario is modeled
as a sequence of transformation rules which is applied
to the initial instance graph.

Since a complete architectural model has to com-
prise both application-specific component types as well
as the run-time configuration of their instances, a type
graph contains (meta-)types for both component types
and instances (similar to the meta-model of UML).
This allows the reconfiguration rules of the style to op-
erate on both levels at the same time, which is neces-
sary for, e.g., adding a new type or checking type com-
patibility before creating new instances.

4.1. A generic architectural style

At first, we define a generic architectural style which
can be used to model platform-independent architec-
tures (for example, the first architectural representa-
tion of our reservation system). It distinguishes be-
tween components and connectors as first-class archi-
tectural elements. Components have ports that are
typed by provided and required interfaces. Commu-
nication through connections is based on message ex-
change, and creation and removal of connections are
the only supported reconfiguration operations.

The structural elements are defined in a type graph
as depicted in Fig. 2. According to [9], for a fixed type
graph TG each valid instance graph G ∈ GraphTG is
equipped with a structure-preserving mapping to the
type graph formally expressed as a graph homomor-
phism tpG : G → TG.

As usual in object-oriented modeling, we use class
diagrams to represent type graphs and object diagrams
to represent instance graphs. Example instance graphs
for the depicted type graph are presented in Fig. 4.

Component

PortTypeInterface
provides
requires

Connector Connection

Port

ComponentInstance

address:String
end

connects
22role

connects

1
type instance

type instance

type instance
1

1

1
ownssupports

isInstanceOf

isInstanceOf

isInstanceOf

Operation

defines
1..*

Message

source

target

received
sent

0..1

0..1

sentVia
0..1

respondsTo
0..1

sends
receives

Request Response

0..1

calls

refines

Figure 2. Type graph of the generic style

Along with the type graph comes a set C of con-
straints that further restrict the set of valid instance
graphs. Simple constraints, already included in the
class diagrams, are cardinalities that restrict the mul-
tiplicity of links between the elements. Omitted cardi-
nality means 0..n by default. More complex restrictions
can be defined by OCL constraints. Interested readers
can refer to [4] for the full specification.

Available communication and reconfiguration mech-
anisms of a style are defined by graph transformation
rules. As an example, consider the reconfiguration rule
connect depicted in Fig. 3. According to the left-hand
side, the rule can be applied if the component instances
are not yet connected (negative application condition)
and if they own ports whose types can be connected be
a connector. According to the right-hand side, the re-
sult of the rule application is the creation of a new con-
nection between the two ports.

p2:Port

:connects

ci1:ComponentInstance

p1:Port

con:Connectorpt1:PortType pt2:PortType
:connects

:owns :owns

:isInstanceOf :isInstanceOf

ci2:ComponentInstance

:Connection :connects:connects

p2:Port

:connects

ci1:ComponentInstance

p1:Port

con:Connectorpt1:PortType pt2:PortType:connects

:owns :owns

:isInstanceOf :isInstanceOf

ci2:ComponentInstance

c:Connection :connects:connects

L:

R:

Figure 3. Reconfiguration rule connect

Formally, a graph transformation rule r : L ⇒ R
consists of a pair of TG-typed 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 application of a graph transformation rule is
performed in three steps. First, we find an occurrence
oL of the left-hand side L in the current object graph
G. Second, we 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 be-
cause of the deletion of their source or target vertices.
In this case, the dangling condition [12] is violated and



the application of the rule is prohibited. Third, we glue
D with a copy of R \L to obtain the derived graph H.
We assume that all newly created objects, links, and
attributes get fresh identities, so that G ∩ H is well-
defined and equal to the intermediate graph D.

Figure 4 demonstrates the application of the rule
connect creating a connection between the client and
the travel agency component of our room reservation
scenario. The source configuration G consists of two
component instances named c of type client and t of
type travelAgency. Also, a connector is available to con-
nect the corresponding ports. Thus, we can apply the
rule connect known from Fig. 3, which leads to the tar-
get configuration H. The complete set of about 8 rules
can be found in [4].

:isInstanceOfc:Component-
Instance

client:
Component

p1:Port

:owns
journeyRequester

:PortType

:supports

:isInstanceOf

:isInstanceOft:Component-
Instance

travelAgency
:Component

p2:Port
:owns

journeyProvider
:PortType

:supports

:isInstanceOf

:owns

journeyConnector
:Connector

p3:Port hotelRequester
:PortType

:isInstanceOf
:supports

:connects

:connects

:isInstanceOfc:Component-
Instance

client:
Component

p1:Port

:owns
journeyRequester

:PortType

:supports

:isInstanceOf

:isInstanceOft:Component-
Instance

travelAgency
:Component

p2:Port
:owns

journeyProvider
:PortType

:supports

:isInstanceOf

:owns

journeyConnector
:Connector

p3:Port hotelRequester
:PortType

:isInstanceOf
:supports

:connects

:connects

c1:Connection
:isInstanceOf

:connects

:connects

⇒connect

G: H:

Figure 4. Application of the rule connect

Putting the pieces together, a typed graph transfor-
mation system G = 〈TG, C,R〉 consists of a type graph
TG, a set of structural constraints C over TG, and a
set R of rules r : L ⇒ R over TG.

A transformation sequence s = (G0
r1(o1)=⇒ · · · rn(on)

=⇒
Gn) in G, briefly G0 ⇒∗

G Gn, is a sequence of consecu-
tive transformations using the rules of G such that all
graphs G0, . . . , Gn satisfy the constraints C. As above,
we assume that fresh names are given to newly cre-
ated elements, i.e., ones that have not been used be-
fore 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 .

4.2. A SOA-specific architectural style

In this section, we define a style specific to service-
oriented architectures as introduced in Sect. 3. Figure 5

shows a part of the type graph of the SOA style. It con-
tains similar elements to those of the generic type graph
but adds SOA-specific entities like Service, Discovery-
Service, ServiceDescription, and port types used for SOA
operations like publication and retrieval of service de-
scriptions. For the complete type graph the interested
reader is referred to [4].

Component

PortType

Connector Connection

Port

ComponentInstance

DiscoveryService-
Instance

ServiceInstance

end

connects

22role

connects

1

1

1

1

owns
supports

isInstanceOf

isInstanceOf

isInstanceOf

Service-
Description

Service

DiscoveryService

describes

1

FindPT
PublishPT

RequesterPT

ProviderPT

knows

Figure 5. SOA types for structural elements

The set of transformation rules specific to SOA con-
tains some new reconfiguration rules like for publish-
ing and querying service descriptions, and some of the
generic rules are adapted to SOA-specific platforms.

As an example, consider the SOA variant of the rule
for creating connections, which is shown in Fig. 6. In
comparison to its equivalent from the generic style (see
Fig. 3), the rule contains a stronger precondition: Be-
fore a service requester component can be connected
to the desired service, it has to know a ServiceDescrip-
tion. Thus, other actions might be required to establish
the knows relationship to the ServiceDescription before
the rule can be applied. These actions refer to other
rule applications and include the publication of the de-
scription to a discovery service and a lookup of the de-
scription by the service requester afterwards.

Altogether, the SOA style contains about 15 trans-
formation rules which also cover publication and query
of service descriptions, communication with a con-
nected service, and disconnection of services (cf. [4]).

5. Analysis of reachability properties

The operational semantics allows us to execute our
architectural specifications (simulation) and to analyze
them against various kinds of properties (verification)
as already discussed in a previous paper [5]. In this pa-
per, we concentrate on reachability properties that are
one specific class of properties.



p2:Port

:connects

ci:ComponentInstance sd:ServiceDescription si:ServiceInstance

p1:Port

con:Connectorpt1:PortType pt2:PortType:connects

:owns :owns

:isInstanceOf :isInstanceOf

:knows :describes

:Connection :connects:connects

p2:Port

:connects

ci:ComponentInstance sd:ServiceDescription si:ServiceInstance

p1:Port

con:Connectorpt1:PortType pt2:PortType:connects

:owns :owns

:isInstanceOf :isInstanceOf

:knows :describes

c:Connection :connects:connects

L:

R:

Figure 6. SOA-rule: connect to service

A reachability property holds for a given graph
transformation system G = 〈TG, C,R〉 and start graph
G0 if an instance graph that contains a certain target
pattern is reachable by applying available transforma-
tion rules. This means that an architecture can evolve
from the given start configuration to the desired target
configuration by performing style-specific operations.

Formally, a reachability property is expressed by a
rule r : S ⇒ T from a source pattern S to a target pat-
tern T . As an example, consider the statement: ”Any
two services of the start configuration may eventually
be connected”. The source pattern S of this reachabil-
ity property contains place holders for the two services
with their associated ports. In the target pattern we
have, in addition, the required connection.

In order to verify this property for all pairs of ser-
vices in the initial graph G0, we have to consider all
occurrences of S in G0 expressed via a homomorphism
oS : S → G0. For every such occurrence oS , we have
to find a transformation sequence from G0 to a graph
Gn which contains a connection between the two ser-
vices originally identified by oS .

Formally, the reachability property r is valid in G0

if for each occurrence oS : S → G0 of S there exists
a transformation sequence G0 ⇒∗

G Gn that realizes all
the effects required by r. This is the case if there exists
an occurrence o : S ∪ T → G0 ∪ Gn such that

• o|S = oS , i.e., the restriction of o to S yields the
occurrence oS of the source pattern S in G0,

• o(T ) ⊆ Gn, i.e., the target pattern is embedded
into the last state of the sequence, and

• o(S \T ) ⊆ G0 \Gn and o(T \S) ⊆ Gn \G0, i.e., at
least that part of G0 is deleted which is matched
by elements of S not belonging to T and, sym-
metrically, at least that part of Gn is newly added
which is matched by elements new in T .

Although reachability properties are quantified over
all possible occurrences of the source pattern S in the
initial graph G0, we sometimes want to check the reach-
ability for a specific, predefined instantiation of S only,
e.g., in order to verify that ”Service A may eventually
be connected to service B”. In this case, the graph ho-
momorphism oS : S → G0 is already fixed. Since this
is a subproblem of the general one, the general solu-
tion also covers this case.

The analysis of reachability properties helps to de-
cide if a required business-related scenario, e.g., the
reservation process of Fig. 1, is realizable on a certain
platform. In this case, we check whether the different
stages of the scenario are reachable from the initial con-
figuration. Usually we are not merely interested in a
yes-or-no answer, but we also want to know by which
sequence of platform-specific actions the scenario can
be realized. We call the problem to retrieve such se-
quence of rule applications from the start to the end
configuration a reachability problem.

Note that, according to the definitions above, the
transformation sequence from G0 to Gn may have ar-
bitrary ”side effects”, besides the generation of the de-
sired connection. Since we have to avoid such irrelevant
changes when solving reachability problems for archi-
tectural refinement (see Sect. 6.2), we employ the con-
cept of open types [15], i.e., a specified subset of the
types of the type graph, such that only instances of
these types can have side effects in the above sense.
For all instance of the other (closed) types, such side
effects are forbidden.

For every chosen or predefined occurrence of the
source pattern S, the search problem of reaching Gn

from G0 can be dealt with by both model checking
and simulation. If it is desired, such analysis can be re-
peated for several or all instantiations of S in G0.

5.1. Model checking

Model checking graph transformation systems has
already been investigated by Varró in [27]. There, the
main idea is to derive a transition system from a given
graph transformation system and initial graph. The
states of the transition system represent all graphs that
are reachable from the initial graph by the transforma-
tion rules. Thus, this approach is inherently suitable to
analyze reachability problems.

In order to optimize the efficiency of the analy-
sis, Varró proposes a sophisticated encoding of graph
transformation rules [27] and a prototype tool (Check-
VML) [23] to automate the translation into Promela,
the language of the SPIN model checker. The desired
target pattern of a reachability property has to be en-



coded as an LTL formula that is satisfied as soon as a
suitable state is reached.

A drawback of the approach is that model check-
ing has to be a priori restricted to a finite state space.
Therefore, one has to fix an upper bound for the num-
ber of nodes that can be created by the transforma-
tion rules. If the analysis is not successful, one can in-
crease the bound and try again (within certain limits).

5.2. Simulation

We can also use classical graph transformation tools
to solve reachability problems by simulating the trans-
formations. The PROGRES [24] tool is especially suit-
able since it supports depth-first search and backtrack-
ing. In PROGRES, we can define a type graph, the set
of transformation rules, and the given start graph. A
so-called test graph models the target pattern, e.g., the
two services with a connection in between.

The interpreter simulates the execution of the trans-
formation rules by non-deterministically choosing ap-
plicable rules. If the system runs into a dead end, back-
tracking is used to roll back the current state. As soon
as an occurrence of the test graph is found in the cur-
rent host graph, the search successfully terminates.

Since the tool performs depth-first search in an infi-
nite state space, it might run into an infinite path. For
this reason, one has to program cuts in PROGRES that
interrupt the backtracking at certain points and guar-
antee termination by limiting the search depth.

6. Refinement of dynamic architectures

Our notion of refinement is style-based, i.e., it is
based on a reusable refinement relation between an ab-
stract architectural style G = 〈TG, C,R〉 and a con-
crete style G′ = 〈TG′, C ′, R′〉, where the latter has
more fine-grained elements and transformation rules.

The refinement relation is based on a type map-
ping t : TG′ → TG, formally a partial surjective graph
homomorphism, which maps elements of the concrete
type graph TG′ to the elements of the abstract type
graph TG (partially shown in Fig. 7 for the two sam-
ple styles).

The definition of t is driven by semantic correspon-
dences between the elements of the two styles. If the
concrete type graph TG′ is an extension of the abstract
one, it should contain equivalent elements for all el-
ements of TG. In our case, TG is even a subgraph of
TG′. Thus the abstraction mapping easily becomes sur-
jective; e.g., t maps Component to Component.

Style-specific variants of abstract elements are de-
fined as subtypes in TG′. The type mapping t maps

Component Component-
Instance

DiscoveryService-
Instance

ServiceInstance

1 isInstanceOf’

Service

DiscoveryService

Component Component-
InstanceisInstanceOfTG

TG’

t
t

t

t

t

Figure 7. Part of the type graph mapping t

these subtypes to the images of their supertypes in
the abstract type graph. Consider, for instance, the
mapping of the subtypes Service and ServiceInstance in
Fig. 7. Other entity types of the concrete style, which
represent entirely new, platform-specific concepts and
thus do not have any equivalent in the abstract style
are not mapped to TG, e.g., DiscoveryService.

Based on the type mapping, we now define correct-
ness criteria for the refinement of instance graphs and
transformation sequences.

6.1. Refinement of instance graphs

From the type mapping t, we can derive an abstrac-
tion function abst : GraphTG′ → GraphTG that ab-
stracts instance graphs typed over TG′ to those typed
over TG. In our example, this abstraction informally
consists of (1) deleting all objects (with adjacent edges)
and links which, due to the partiality of t, have a type
in TG′ but not in TG, (2) renaming the types of the re-
maining elements according to t, and (3) extracting the
maximal subgraph that satisfies all constraints C.

Figure 8 illustrates this by a small instance graph
of the TravelAgency service in the SOA style. First the
ProviderPT and ServiceDescription nodes are deleted in-
cluding adjacent edges, because they have no map-
ping to TG under t. Next, the Service and ServiceIn-
stance nodes are retyped as Component and Compo-
nentInstance, according to the type mapping t. The in-
termediate result after step (2) is not consistent with
the cardinality constraints of the abstract style because
TG demands exactly one associated PortType for each
Port (see Fig. 2). Since this is violated for node p2, we
have to delete further nodes in step (3), which formally
extracts the maximal subgraph that satisfies the con-
straints in C.

A concrete instance graph G′ is called a refinement
of an abstract graph G, if its abstraction into the ab-
stract style reflects exactly the elements of the abstract
graph, i.e., if abst(G′) = G. As an example, consider
the instance graph in the upper left of Fig. 8. Obvi-
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Figure 8. Abstraction of an instance graph

ously, this is a correct refinement of the abstract graph
in the lower right of the figure. Thus, the abstraction
function provides a criterion for the correctness of re-
finements.

Though this criterion helps to check for correct re-
finements, we still need a technique to construct the
refined graphs. For this problem, we refer to existing
work on structural refinements such as [1, 21]. Since
our focus is more on behavioral refinement, we here
assume that we can use a technique for deriving con-
crete graphs from abstract graphs which conforms to
the above correctness criterion, e.g., by rewriting rules.

We could then apply this technique to refine the con-
figurations that occur in our room reservation scenario
of Fig. 1 by, e.g., declaring components as services and
adding a discovery service. Nevertheless, plain struc-
tural refinement is not sufficient to refine the behav-
ioral aspects of the scenario.

6.2. Refinement of transformations

As described in Sect. 4.1, a reconfiguration scenario
is represented as a transformation sequence in the ar-
chitectural style. For this reason, we extend the cor-
rectness criterion for the refinement of instance graphs
to the refinement of transformation steps and further
on to the refinement of transformation sequences.

For a transformation step s = (G ⇒ H) in the ab-
stract transformation system G, the transformation se-
quence s′ = (G′ ⇒∗

G′ H ′) in the concrete transforma-
tion system G′ is a correct refinement, if G′ refines G
and H ′ refines H (abst(G′) = G ∧ abst(H ′) = H).

The refinement s′ is a transformation sequence
rather than a single step because, at the platform-
specific level, it might be necessary to perform a set of
consecutive steps to realize the abstract step.

G H

G’ H’I’1 I’2 I’n

send
publication

receive
publication

send
query … connect

connect

abst abst

s =

s’ =

Figure 9. Refinement of a transformation step

As an example, Fig. 9 represents the refinement of
the abstract transformation step s of Fig. 4, which
creates a connection between client and travel agency
component. At the SOA-specific level, where the travel
agency is a Service, it would not be possible to apply
only the corresponding connect rule (Fig. 6) because its
precondition requires an additional knows-dependency
to the ServiceDescription. To satisfy this precondition,
other SOA-specific rules have to be applied first in or-
der to publish and find the service description.

The correctness criterion for transformation steps is
easily extended to sequences s = (G0 ⇒∗

G Gn) of length
greater than one: A sequence s′ = (G′

0 ⇒∗
G′ G′

n) over
the concrete style is a valid refinement of such abstract
sequence s, if s′ can be partitioned into consecutive sub-
sequences that are valid refinements of the individual
transformation steps of s.

To actually construct such refined transformation
sequence, we stick to the stepwise view and decom-
pose the abstract sequence s into its individual steps
si = (Gi ⇒ Gi+1). Each step is then transformed into a
reachability problem as known from Sect. 5 and solved
with the proposed tools as follows:

As a starting point for the first step s0 = (G0 ⇒ G1),
we assume that we already have a correctly refined start
graph G′

0 and an occurrence o0 : G0 → G′
0. Then, we

consider s0 as a reachability property in G′ with source
pattern G0 and target pattern G1.1 For the given start
graph G′

0 and the fixed occurrence o0, we can use, e.g.,
a model checker to find a sequence of transformation
rules leading to a graph at the concrete level which em-
beds the target pattern G1.

As explained in Sect. 5, we use the concept of open
types to avoid undesired side effects. In this case, we
declare only those types as open that are specific to
the concrete style and not mapped to abstract con-
cepts, i.e., TG′ \ dom(t) such as DiscoveryService. Con-
sequently, side effects are forbidden on domain-relevant
types, such as Component and Service (cf. Fig. 7).

From this we can conclude that, after a successful
search, the target pattern G1 has been found with-
out any undesired side effects on business-relevant el-
ements. Together with the refinement criterion for

1 G0 and G1 are typed over both TG and TG′, as TG ⊂ TG′.



the start graph (abst(G′
0) = G0), we can prove that

abst(G′
1) = G1 holds, too. Thus, the transformation

sequence returned by the model checker is a valid re-
finement of the abstract transformation step s0.

For all subsequent steps si = (Gi ⇒ Gi+1), we take
the results of the previous step, i.e., the refined graph
G′

i together with the occurrence oi|Gi of Gi in G′
i, in

order to formulate a new reachability property and to
compute a path to the desired target graph G′

i+1. If
we repeat this procedure for all steps of the abstract
transformation sequence and, if successful, concatenate
all resulting transformation sequences at the concrete
level, we receive a complete refinement of the abstract
reconfiguration scenario.

For our example, the resulting SOA-specific trans-
formation sequence of the reservation scenario can
be summarized in a UML communication diagram as
shown in Fig. 10. In addition to the interactions and
reconfigurations already contained in the abstract sce-
nario of Fig. 1, it contains SOA-specific communication
with the DiscoveryEngine and corresponding reconfigu-
ration of connections. For instance, the behavioral re-
finement inserted service publication (1) and query (3)
operations before the actual travel service is called (4).

t:TravelAgency

d:DiscoveryEngine
F :PublicationPortP:QueryPort

c:Client
«service»

h:HotelSystem
«service»

«discovery»

{transient}
{transient}

{transient}

{transient}

{new}
{transient}

:JourneyConnector :HotelConnector

:QueryConnector

:QueryConnector

:PublicationCon.
:PublicationConnector

1: publish(..)
2: publish(..)
3: query(..)
4: findAccomodation(..)
4.1: query(..)
4.2: checkAvailability(..)

1.4.1 2.
3.

4.
4.2

Figure 10. SOA-specific reservation scenario

6.3. Generalization of the approach

To illustrate the approach, we have used relatively
simple mappings and closely related type graphs in the
example above. Nevertheless, the approach also works
with more complex mappings and with the abstract
type graph not directly contained in the concrete one.

In our example, the concrete type graph simply ex-
tends the abstract one. This allowed us to directly con-
sider an abstract transformation step as a reachabil-
ity property at the concrete level. In the general case,
we cannot assume that the concrete style subsumes the
vocabulary of the abstract style, but we have to trans-
late every abstract step into the vocabulary of the con-
crete style before we can apply reachability analysis.

To enable such translation, we require another map-
ping reft : GraphTG → GraphTG′ , which translates
an abstract instance graph G into a reachability pat-
tern at the concrete level by changing the typing from
TG to TG′.

Since the reachability problem is then solved for
reft(G) as target pattern, we require a relationship be-
tween the two mappings reft and abst that allows us
to conclude the correctness of a refinement from the so-
lution of the modified reachability problem. Formally,
this relationship is expressed by the satisfaction con-
dition, which states that the refinement of an abstract
graph G can be embedded into a concrete graph G′

(G′ |= reft(G)), if and only if G can be embedded into
the abstraction of the concrete graph (abst(G′) |= G):

G′ |= reft(G) ⇐⇒ abst(G′) |= G

Thus, we can abstract from the concrete definition
of abst and reft as long as they preserve union, inter-
section, and subgraphs and fulfill the above satisfac-
tion condition. If this is the case, one can prove inde-
pendently of the concrete mappings that the solution
of the reachability problem actually yields a correct re-
finement of the abstract transformation step. Thus, we
believe that our approach to behavioral refinement also
works with other mappings like, e.g., proposed in [21].

7. Conclusions and future work

In this paper, we introduced a formal technique to
check and construct refinements of dynamic architec-
tures. We used graph transformation systems to model
architectural styles for different levels of platform ab-
straction and represented reconfiguration scenarios as
graph transformation sequences. Style-based abstrac-
tion and refinement mappings were introduced to au-
tomatically refine reconfiguration scenarios while pre-
serving semantical correctness.

The approach requires two different kinds of human
intervention. People who are proficient in both graph
transformation and architectural styles can design the
graph transformation systems with type graph, con-
straints, and rules that mimic the platform-specific re-
configuration mechanisms. We need specific rules for
each architectural style, but several architectures –
based on the same style – can exploit the same set of
rules. The style architect also defines a mapping be-
tween the type graph and parts of the UML meta-
model (possibly extended by style-specific stereotypes)
which can be used to convert UML diagrams into the
graph representations. As soon as rules and UML map-
ping are defined, application architects can model their



architectures using conventional UML diagrams (suit-
ably stereotyped for the chosen style) and validate and
refine them by means of our approach.

The main goal of our future work is the develop-
ment of an integrated CASE environment for the anal-
ysis and stepwise refinement of software architectures.
We are proficiently conducting experiments with exist-
ing graph transformation tools and model checkers in
isolation, but the final objective is a toolset that seam-
lessly integrates the different components. The main
problem so far is the need for different formats to feed
the different tools. We do not envisage significant prob-
lems to deploy a fully automated framework (maybe us-
ing some tricks to lighten the use of the model checker)
with suitable backward translations of analysis results
onto user models.

Needless to say, our future work also includes the ap-
plication of our approach on significant and real case
studies.
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