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Abstract

Designing a software architecture is about defining and compos-
ing highlevel design structures. Whereas describing several struc-
tures is is fairly well supported, both non-aspect-oriented and aspect-
oriented Architectural Description Languages (ADLs) fall short when
it comes to documenting relations or compositions between architecturally-
relevant crosscutting structures. This makes in turn separation
of important concerns in the architecture hard, thereby increasing
maintenance overhead and reducing reuse capabilities. This paper
identifies and analyzes examples of crosscutting structures in an ar-
chitecture for an industrial Automatic Guided Vehicle Transporta-
tion System (AGVTS). This analysis allowed us to determine and in-
troduce an initial set of structural composition operators into xADL,
namely substructure, mapping, and unification. The operators’ feas-
ibility have been assessed while refactoring the existing AGVTS ar-
chitecture. Based on a real maintenance scenario, we also investigate
to what extent these explicit compositions led (or not) to enhanced
architectural changeability for evolving the distribution strategy.
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Abstract. Designing a software architecture is about defining and composing high-
level design structures. Whereas describing several structures is is fairly well sup-
ported, both non-aspect-oriented and aspect-oriented Architectural Description Lan-
guages (ADLs) fall short when it comes to documentingrelations or compositions
between architecturally-relevant crosscutting structures. This makes in turn separa-
tion of important concerns in the architecture hard, thereby increasing maintenance
overhead and reducing reuse capabilities. This paper identifies and analyzes exam-
ples of crosscutting structures in an architecture for an industrial Automatic Guided
Vehicle Transportation System (AGVTS). This analysis allowed us to determine and
introduce an initial set of structural composition operators into xADL, namelysub-
structure, mapping, and unification. The operators’ feasibility have been assessed
while refactoring the existing AGVTS architecture. Based on a real maintenance sce-
nario, we also investigate to what extent these explicit compositions led (or not) to
enhanced architectural changeability for evolving the distribution strategy.

1 Introduction

Software architectures shift the focus from lines-of-code to coarser-grained software ele-
ments and their overall interconnection structure [32]. The architecture of a software system
is commonly referred as the fundamental design structure or structures, which comprise
software elements, the externally visible properties of those elements, and the relation-
ships among them [4]. This implies that the core issue in architectural design is to define
and relate (compose) the high-level design structures that are relevant to key stakeholders’
concerns. As a result, over the last decades several Architectural Description Languages
(ADLs) have been proposed to model such architecturally-relevant structures [32]. Two
notable examples are xADL [14] and ACME [24], both modern general-purpose languages
with tool support in the Eclipse development environment [15].

With the rise of Aspect-Orientated Software Development (AOSD [20]), there is a
growing awareness that certain concerns have a structural and behavioral crosscutting im-
pact on architectural design [2, 3]. A crosscutting concern in an ADL description is a con-
cern that cannot be effectively modularized using the abstractions of that ADL. Not sepa-
rating important concerns leads to increased maintenance overhead, reduced reuse capabil-
ities, and generally results in architectural erosion over the system lifetime [5]. New aspect-
oriented (AO) ADLs concentrate on defining aspectual components and innovative aspec-
tual composition operators to add or changebehavioron component interfaces [5, 35, 37].
In another words, they tend to mimic AO composition mechanisms only supported by the
family of AspectJ [16]-like programming languages [28]. Some representative examples
of this category of ADLs are AspectualACME [22], DAOP-ADL [37], and PRISMA [35].
However, empirical knowledge, based on industrial-strength case studies, about the inter-
play of crosscutting and ADL-basedstructural decompositionis lacking. It is generally
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accepted that an architectural description exists of several separated structures (referred
to as views in [12, 26]) and that each of structure describes the system from the perspec-
tive of a particular concern. Each structure is a set of components, connectors, associated
interfaces and the relations between them.

In this context, the problem we ran into when defining an architecture was that both
non-AO and AO ADLs and associated tools are limited to support the description of archi-
tectural structures. However, there is little support to modularly describerelations or com-
positionsbetween different structures, especially crosscutting structures. Yet, the concerns
described in different structures are not independent form each other, and an architect must
be able to explicitly define their composition. Explicit relations or advanced compositions
are a major challenge for separating concerns where we believe that aspect-orientation can
contribute to architectural descriptions. This is analogous with extending UML with model
composition semantics for Theme/UML [11] or enhancing the Java language with struc-
tural composition mechanisms [28] like the ones supported by the Hyper/J programming
language [40].

This paper describes a case study where we have identified recurring examples of cross-
cutting architecture structures. The investigation was rooted at the review of a significant
excerpt of a real large-scale application, a multi-agent architecture for a industrial Auto-
matic Guided Vehicle Transportation System (AGVTS). Basically, we have studied to what
extent the xADL language supports modular description of such crosscutting structures
in the AGVTS architecture. Based on this analysis, we determine and introduce an initial
set of structural composition operators in xADL, namelysubstructure, mapping, anduni-
fication. We specifically choose to use xADL because it provides a rigourously defined
language that can be extended easily. This is in contrast with our early explorations in [6,
8], providing only an informal definition of a similar type of composition. To assess their
feasibility, we use the operators to refactor and evolve the AGVTS architecture in order to
make it explicit key architectural structure concerns and their relations.

Overview: The remainder of this paper is structured as follows. Section 2 introduces
ADLs and points out the need for relations between structures. Section 3 introduces our
case study and illustrates the lack of relations in a more concrete context. In section 4 we
introduce the composition operators and review an excerpt of the AGVTS in the context of
this operators. Section 5 describes related work. Finally, we conclude in section 6.

2 Architectural description languages

This section introduces ADLs, and more specifically xADL, which will be used in this
paper. This section also makes some initial reflections on the need for relations between
structures. In the past, several ADLs have been proposed to model architectures, either to
model a particular application domain or as general-purpose architectural languages [32].
The ADLs ACME and xADL are of particular interest because both languages provide a
simple set of general purpose constructs to model architecture: components, connectors,
interfaces and the relations between them. Recently, both ADLs receive more attention
again because they provide a valuable alternative for the one-size-fits-all UML language,
who provides less focus for architectural modeling with its many constituent notations
and arbitrary extensions [31]. Additionally, the tool support for both languages has been
considerably extended and integrated with the Eclipse platform. For instance, Archstudio
4.0 is a tool for xADL that has largely improved with its update in November 2006 [27].
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2.1 Basic Elements of xADL

This paper relies on xADL to investigate the nature of certain crosscutting architecture
structures and their compositions. We have chosen this language, because the goal of xADL
is to provide a reusable core language and tool set that can be easily extended. xADL
is an architectural description language built on top of XML. To allow straightforward
extensions, the xADL language definition is specified in XSLT [1] language. Also, the
ACME ADL uses the same basic elements and has the same structural properties as xADL.
An architectural description in xADL is built around the following basic elements [14].

– Components: Components are the loci of computation in the architecture. Components
have a unique identifier and a textual description, along with a set of interfaces.

– Connectors: Connectors are the loci of communication in the architecture design. Sim-
ilar to components, connectors also have only a unique identifier, a textual description,
and a set of interfaces.

– Interfaces: Interfaces are components’ and connectors’ portals to the outside world.
The “interface” in xADL are also known as ”ports” for components and “roles” for
connectors in the ACME ADL. Interfaces have a unique identifier, a textual description,
and a direction. The direction provides an indicator of whether the interface is provided,
required, or both.

– Links: Links are connections between interfaces, defining the topology of the architec-
ture.

xADL supports a distinction between types, static descriptions and dynamic descriptions.
It encompasses several architectural structures for static descriptions, and instance dia-
grams for dynamic descriptions. Here we focus on the structural part of a software archi-
tecture. Concretely, an architectural structure contains a set of components, connectors,
interfaces and links. A single architectural description in xADL can contain several archi-
tectural structures. The concept of architectural structure in xADL is strongly related to the
concept of module views [12]. In this context, components and connectors refer to static
entities, not run-time entities as in [4]. Figure 1 shows an example architectural description
containing two components,Agent andEnvironment , one connector,ActionCon ,
and the several links to attach the connector to the components. In principle, the identi-
fier of an interface can be any unique string. We follow the convention that the identifier
uses the element name dot interface name to make the description more readable, like
Agent.action . References are represented by the href property, containing a unique
identifier or an element after the sharp symbol.

The specification of an architecture is not done by writing XML documents by hand,
but by using the ArchStudio tool. ArchStudio contains both a visual editor, that allows
to graphically manipulate the architecture (notation as in to fig. 1(b)) and a specification
editor who represents the architecture in the form of a tree. The remainder of the paper uses
graphical notations as much as possible for readability and understandability purposes, but
XML descriptions are inevitable to provide details for composition specifications.

Special construct: subarchitecture xADL has an additional construct we will explain
because one of our composition operators is inspired by it, calledsubarchitecture. Subar-
chitecture is a relation between a component or connectortypeand an architectural struc-
ture, defining that the architectural structure forms a subarchitecture of the component or
connector type. To understand subarchitecture we have to briefly explain types in xADL.
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Fig. 1.Example xADL specification, showing theAgent andEnvironment component,
connected with theActionCon connector. We used the same abbreviated notation as the
xADL authors used in [14] to improve readability of the specification. We will only once
include a key, the other figures use the same graphical notation.

Types are grouped in the archTypes section of an xADL document, specifying types for
components, connectors and interfaces. Component and connector types are defined as a
set of signatures. Signature are the least intuitive concepts of xADL. A signature prescribes
what interface a component must have to be of the type.

For example, consider the an example component typeSystemType in fig. 2, having
one signature calledSystemType.control . The SystemStructure architectural
structure uses theSystemType to construct theSystem component, and provides a link
to show that theSystem.control interface covers theSystemType.control sig-
nature. The subarchitecture construct is contained within the type, e.g. in theSystemType
component in fig. 2. Note that there appears a (indirect) relation between two architectural
structures. E.g. SystemStructure is related with AgentEnvironment through itsSystem
component of typeSystemType .

2.2 Motivation for structural relations in xADL

In this section we point out the need for structural relations in an ADL like xADL. The next
section places this motivation in a more concrete context, based on an industrial case study.

Following the recommended practice for architectural description [26], an architect will
identify several concerns an describe these concerns in different structures. At first glance,
xADL seems to support this separation of concerns because it allows to describe several
architectural structures. A second glance reveals that such separation is difficult, since there
is limited support torelate or composedifferent structures. From our experience, the sub-
architecture construct alone does not suffice in most circumstances, for instance because
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Fig. 2.Example with subarchitecture construct.

it is not possible to create a link between architectural elements in different structures or
subarchitectures.

In this context, the architect is left with limited choices. One extreme is to describe
the architecture using a single structure and completely give up the separation of concerns.
This may be feasible for small systems, but for larger industrial systems this will fast be-
come cumbersome. In the other extreme, the architect could keep a very strict separation
of concerns, and rely on implicit relations between structures (e.g. names of components
or a textual description of the architecture). But implicit relations make changing the archi-
tecture very hard, since there is no clear way to know the implication of a specific change.
In practice, most architects will be obligated to give up a strict separation between con-
cerns, concretely illustrated in our case study in the next section. They will still use several
structures, but mingle several concerns in every structure to allow specifying the relations
between them.

3 Case study: Automatic Guided Vehicle Transportation System

This section starts with describing our case study, an Automatic Guided Vehicle System
(AGVTS) (in section 3.1). This application is a real industrial system, and is mainly based
on a multi agent architecture. Section 3.2 exploits an excerpt from the existing architectural
description for the AGVTS in order to illustrate: (i) the problem of concerns that crosscut
structures, and (ii) the need for explicit structural relations (more concretely illustrating
section 2.2).

3.1 Automatic Guided Vehicle Transport System

An Automatic Guided Vehicle Transport System (AGVTS) is a fully automated industrial
system that uses multiple AGVs to transport loads in a warehouse or production plant. An
AGV is an unmanned, battery powered transportation vehicle. The AGVTS has to interface
with Ensor, a software system running on the computer of each AGV vehicle that steers the
vehicle based on high-level commands given by the AGVTS (like move, turn). The main
functional requirements for this system are: (1) allocating transportation tasks to individual
AGVs; (2) performing those tasks; (3) preventing conflicts between AGVs on crossroads;
and (4) charging the batteries of AGVs before they are drained. Transportation tasks are
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Fig. 3.Decomposition in agents and environment for AGVTS.

coming from a Warehouse Management System (WMS), a software system to manage
products in an industrial warehouse.

Multi agent architecture. In a joint research project between Distrinet and Egemin [17], a
producer of automated logistic systems, the AGVTS was built with a multi agent architec-
ture. This architecture answers to new market demands, asking for flexible, open an robust
systems that can handle dynamic operating conditions in an autonomous way. These qual-
ities are ascribed to multi agent architectures [9]. The multi agent domain is of particular
interest because it entails complex software architectures with rich categories of cross-
cutting concerns [30, 23]. Such architectures typically involve both general crosscutting
concerns, such as distribution and security, and domain-specific concerns for multi-agent
architectures such as coordination and decomposition in agents and environment.

Using a multi agent architecture means structuring the system in several autonomous
entities (agent components) connected to an environment component. The agents and envi-
ronment are built according to the reference architecture for multi agent systems [41]. An
agent component operate autonomous, but coordinate with each other to achieve the system
goals. Each agent has three interfaces: (1) perception: to observe the environment; (2) ac-
tion: to influence the environment; (3) communication: to communicate with other agents
by sending messages through the environment. The environment is a software component,
shielding the agents from technical details and providing abstractions to view and manipu-
late the real world [42]. Concretely, the environment provides the interfaces for perception,
action and communication.

Concerns. Based on our experience with building an architecture for the AGVTS, we
identified three important concerns for the software architecture. The three concerns are
decomposition in agents/environment, coordination and distribution.

The agents/environment concern covers the decomposition into different agent types
and an environment. Figure 3 describes the agents and environment for the AGVTS. The
AGVAgent is responsible for managing the tasks of an AGV. TheTransportAgent
must search an appropriate AGV to perform a new transport and do the follow up of each
transport. Finally, theTransportManagerAgent is in charge of communicating with
WMS and managing (create, remove, etc.) allTransportAgent s. The environment ab-
stracts away the agents from several details, including the translation of high-level com-
mands from theAGVAgent to Ensor .



Composing Architectural Crosscutting Structures in xADL 7

Fig. 4.Example subsystems for distribution.

For the coordination concerns, we focus on assigning transport tasks to AGVs. We use
a standardized coordination protocol called Contract Net (CNET [21]), based on a marked
mechanism. In CNET, an initiator calls for proposals and participants offer proposals to
perform the task. When the initiator has received the proposals from all participants, it
evaluates the proposals and assigns the task to the participant with the best offer. In case
of the AGVTS, theTransportAgent plays the role of initiator, and theAGVAgent
of participant. Proposals are based on the distance of an AGV vehicle to the start of the
transport task.

The distribution concern covers the decomposition into sub systems to allow easy de-
ployment on a physical infrastructure and any additional support needed for this, like re-
moting or synchronization software. For the AGVTS, the physical infrastructure exists of a
industrial computer on each AGV vehicle and one or several server systems. Figure 4 shows
an example decomposition in anAGVControl subsystem and aTransportBase sub-
system, to be deployed on the AGV vehicle and a server respectively. In this example, the
AGVAgent would be allocated on theAGVControl system, theTransportAgent
andTransportManagerAgent on theTransportBase .

3.2 Crosscutting Structures in Existing Architectural Description

The existing architectural description for the AGVTS was built according to the guidelines
in [12], but without the idea of aspect orientation in mind. The complete description can be
found in [7]. Here, we converted the description to xADL and we only focus on a part of
the architecture.

Agents/environment crosscuts with distribution. Figure 5 contains the first view of the
existing architectural description. The remainder of the architecture is built on top of this
decomposition. Careful analysis reveals that this decomposition mixes up at least two of
the concerns: agents/environment and distribution.

The agent/environment concerns is represented by the agent types (AGVAgent,
TransportAgent , TransportManagerAgent ). The distribution concern is repre-
sented by the subsystems (AGVControl andTransportBase ), who will be deployed
on an AGV vehicle and a server respectively. The environment component itself is not
present anymore, but split up in several local environments to allow matching the structure
of the agent/environment and the subsystems for distribution.

This is a typical example of a structure intermingling several concerns. Architects are
often obligated to used such intermingling. In the example, the architect of the AGVTS can
describe the structure for the AGVTS separately using xADLs concepts of several architec-
tural structures, but can not describe the relationships. Not separating important concerns
and explicitly define the relations can have far reaching consequences. An architect who
wants to change a concern must search within all structures, with few guidelines where to
search. Because the relations between concerns are implicit, changing one concern in one



8 Nelis Boucḱe, Alessandro Garcia, Tom Holvoet

Fig. 5.First decomposition view of architectural documentation.

structure may have unforseen effects on other structures. As such, the whole architecture
must be reexamined and possible adapted to change something to a single concern.

For example, distribution is not separated but the requirements changed during the
project. The company wanted a decentralized architecture, with the agents spread over
several computer system. During the project, the company realized that stepwise adoption
would be easier by first deploying the multi agent architecture in a centralized way, with
all agents on a single computer system, and later migrate to decentralized deployment.
This allowed to initially better control over the system and interaction between the agents.
Everything could stay the same, except for distribution. But because of structural cross-
cutting, we had to redefine the complete architecture and change nearly every individual
structure of the architectural description. From our experience, this is a typical scenario in
realistic iterative, incremental development processes.

Looking back to the definition of the agents/environment structure (fig. 3) and the dis-
tribution structure (fig. 4), one can see that relating this two structures to obtain fig. 5 is not
trivial. We identify three types of related components between these two concerns: (1) The
same components appear in different structures (Ensor , WMS), a simple type of overlap.
(2) Some components must become subcomponents of other components, e.g.AGVAgent
must become subcomponent ofAGVControl . This is also a kind of overlap, but more
complex the previous type of relation. (3) There is a structural mismatch between some
components,Environment component does not match with the decomposition into the
AGVControl andTransportBase subsystem, solved by splitting theEnvironment
component. This is a first indication of relation types, we will come back to this while
describing the composition operators in sec. 4.1.

Coordination crosscuts agents/environment.Similar problems occur for other concerns.
As an illustration, we made an annotated table of content (fig. 6) for the architectural de-
scription of the AGVTS. Design model names marked in bold include fragments of the
agent/environment concern, underlined names include fragments of the coordination con-
cern. Design models that are both bold and underlined intermingle the definition of coor-
dination with agents, illustrating that the two concerns crosscut each other in the design
models. This illustrates the broadly scoped influence of coordination on the architectural
structures.
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– Static views (structures)
1. Layered: The ATS (AGVs transportation system)
2. Decomposition:The ATS, Transport base, AGVControl , Local environment, Transport

agent, AGV agent, Decisions
3. Uses:Transport Base, AGV Control system
4. Generalization:Agents

– Runtime views (instances)
1. Shared date:Agent, Local virtual environment, Protocol description
2. Process views:Move action, Sending-Receive action, Background processes

– Mixed views: ObjectPlaces middleware, collision avoidance

Fig. 6. List of design models made for the AGV transportation system. Model names in bold include
the agent/environment concern, underlined model names include the coordination concern.

4 Composing crosscutting structures

This section illustrates how to compose crosscutting structures in xADL. To do this, we first
define three composition operators as an extension to xADL architectural descriptions in
section 4.1. Next, we apply this composition operators in section 4.2 to refactor an excerpt
of the AGVTS architecture covering the three concerns introduced earlier in this paper,
agents/environment, coordination and distribution.

4.1 Composition Operators for Architectural Structures

Firstly, we add a new element to the xADL description called architectural composition
(<archComposition> in the XML specification), describing a concrete composition
of several structures. Next, we introduce three composition rules.

– Unification: Unifies elements (components or connectors) from different structures with
each other, i.e. declares that the elements are exactly the same element. The unified
elements must either have exactly the same interfaces, or the architect must define the
corresponding interfaces.

– Mapping: Maps individual or groups of elements (called subjects) from one architec-
tural structure on a single element of another architectural structure (called target). The
subjects then become subelements of the target element. The join points used in the map-
ping rule are the interfaces, the architect must define corresponding interfaces between
the target and the subject.

– Substructure: Defines that a specific architectural structure (referred to as inner struc-
ture) describes a substructure for an architectural component (referred to as outer com-
ponent) of another architectural structure. The join points used in the mapping rule are
again the interfaces, the architect must define corresponding interfaces between the outer
component and interfaces in the inner structure.

Each of the composition operators has been introduced for a specific purpose, based on
observations of possible relations in the AGVTS (near the end of section 3.2). The purpose
of unification is to describe overlap between different structures. Mapping has the purpose
to solve more difficult kind of overlap, i.e. that some components (but not all of them) of
one structure are actually subcomponents of another structure. The purpose of substructure
is to resolve structural mismatches, some elements of the original structures can be split up
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Structures Purpose Concern

AgentEnvironment Describes the agent types, environ-
ment and associated relations.

agent/environment

CNET Describes the structure for the
CNET protocol.

coordination

CNETConnectorInternalDescribes a substructure of the
CNETConnector.

auxiliary, to compose AgentEnvi-
ronment and CNET.

CentralizedSubSystem Subsystems needed for centralized
deployment.

distribution (centralized)

EnsorConnectorInternalDescribes a substructure of the En-
sorConnector.

auxiliary, to compose Centralize-
Subsystem with previous.

DecentralizedSubSystemSubsystems needed for decentral-
ized deployment.

distribution (decentralized)

EnvironmentInternal Describes a substructure of the En-
vironment component.

auxiliary, to compose Decentral-
izedSubSystem with previous.

Fig. 7.The different structures made for the AGVTS.

until the architect can describe a useful relation between them. The details of the operators
are illustrated in the next section, together with an example.

Notice that there are several important differences between the existing subarchitecture
construct (described in section 2.1) and the substructure introduced here. Firstly, subarchi-
tecture is a relation between atypeand a structure. Substructure is a relation between two
structures, resulting in a more direct relation between structures. Secondly, substructure is
not described in the component type, as for subarchitecture, but in a separate composition
specification section. This has the advantage that substructures can be varied depending on
the context of the target composition.

4.2 Example of Composing Structures in AGVTS

Figure 7 provides an overview of the structures we have described for the AGVTS, with
a short description of the purpose and the associated concern. In step 1 we start with de-
scribing the agent/environment and coordination concern. Step 2 adds the internal structure
of the CNETConnector and describes the concrete composition. The next steps are to add
distribution to the system, which is in turn based on two alternatives (as discussed before):
centralized deployment (step C3 and C4) and decentralized deployment (step D3 and D4).

Step 1: Agents/environment and coordination.The agent/environment concern has al-
ready been explained in detail in section 3.2 and fig. 3. The coordination concern is rep-
resented by the CNET structure fig. 8(a). This structure shows the high-level components
for the Contract Net protocol, the Initiator and Participant components. Both components
have two interfaces: an interface to communicate with the other partner (connected by the
CNETConnector) and an interface to the internals of the agent for getting state and syn-
chronizing with the internal behavior of the agents. The internal architecture of the agents
are not shown here for space reasons.

For the AGVTS, the TransportAgent will play the role of initiator, the AGVAgents will
be the participants. When studying the structures for both concerns, it becomes clear that
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Fig. 8. (a) CNET structure. (b) CNETConnectorInternal structure. (c) Composition spec-
ification to compose CNET and CNETConnectorInternal. (d) Reification of composition,
called CNETExtended.

composing the structures is not straightforward since there is a mismatch. TheInitiator
and Participant components can not be mapped on theTransportAgent and
AGVAgent components respectively because there are no matching interfaces. Addition-
ally, the environment offer support for communication between agents by offering the
Environments. communication interface, independent of the underlying network
facilities or physical distribution. Thus, introducing aCNETConnector as it is between
AGVAgent andTransportAgent is not a good idea, the communication between the
agents should go through the environment. To solve this mismatch, we define a substructure
for theCNETConnector .

Step 2: Composition of agents/environment and coordination.Figure 8(b) shows the
internal structure of the CNETConnector. We introduce two stubs to take care of translating
the communication acts in Contract Net to messages that can be send through a communi-
cation subsystem. More concretely, the components will do message assembly/deassembly,
message encoding/decoding, etc. The communication sub system is an abstract representa-
tion of a kind of network infrastructure.

We have used the substructure composition operator in fig. 8(c) to define that the CNET-
ConnectorInternal structure splits theCNETConnector of the CNET structure. The first
part of the substructure operator describes a subject, either a component or a connector,
by providing a reference to the associated structure and element. Next, the operator con-
tains a reference to the structure that describes the substructure for the subject. Finally,
there are one or several interfaces mappings, describing the relation between an interface
of the subject (outer interface) and the substructure (inner interface). Figure 8(d) shows the
reification of this composition. The large box aroundParticipantStub and several
other components represents theCNETConnector . The two interfaces on the border of
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this box are both interfaces of theCNETConnector and theParticipantStub and
InitiatorStub respectively.

Fig. 9.Composition specification to compose CNETExtended and AgentEnvironment.

Finally, we can compose the resulting CNETExtended structure with the AgentEnvi-
ronment structure in fig. 9. The composition specification uses three composition oper-
ators: two times mapping and one time unification. The mapping composition operator
specifies subjects, a target and specifies one or several mappings between interfaces of
the target (outer interface) and subjects (inner interface). In this case,Participant and
ParticipantStub are mapped on theAGVAgent, Initiator andInitiatorStub
on theTransportAgent , the join points are the composition interfaces. Notice the spe-
cial selection statement in the specification. The star stands for one or several characters
and this statement selects multiple elements based on their name. Unification specifies a
subject and a target. We make a distinction between subject and target because we want to
make clear which of them will be part of the resulting structure. In this case, we unify the
ComSubSyswith theEnvironment .

Step C3: Centralized subsystems.The goal of the first distribution schema is to allocate
all agents and the environment to a single server. One of the problem to solve with such
single server is thatEnsor is situated on the AGV vehicle, thus remote access is needed to
this component. To solve this problem, we define two subsystems in fig. 10,Controller
andRemoteEnsor , to be deployed on single server and AGV vehicle respectively. Both

Fig. 10.CentralizedSubSystem structure
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Fig. 11.(a) EnsorConnectorInternal structure. (b) Composition specification.

Fig. 12.Final composition in centralized agent system for AGVTS. (a) Composition spec-
ification. (b) Reification of composition.

have an interface for remote communication (connected to each other). TheController
is connected to theWMS, RemoteEnsor to theEnsor system.

Next, we want to define the relation between CentralizedSubsystems and the remainder
of the application. There is a mismatch, since theEnvironment component is not suited
for remote communication withEnsor . To solve this problem, we define a substructure
for theEnsorConnector .

Step C4: EnsorConnectorInternal and composition. Figure 14(a) shows the internal
structure of theEnsorConnector , containing two subcomponents connected with a
connector, respectivelyEnsorProxy andRemoteEnsor . EnsorProxy will act as a
proxy for Ensor from the perspective of theEnvironment component. Again, we use
the substructure operator to relate the EnsorConnectorInternal structure with the AgentEn-
vironment structure in fig. 14(b).

Finally, we can compose the CentralizedSubSystem structure with the ExtendedAgen-
tEnvironment structure in fig. 12. TheEnsorProxy becomes a subcomponent of the
Controller , together with all agents and the environment component. We unify the
pairs ofRemoteEnsor , Ensor andWMScomponents with each other
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Fig. 13.DecentralizedSubSystem structure.

Fig. 14.(a) EnvironmentInternal structure. (b) Specification to compose EnvironmentInter-
nal with AgentsAndCoordination.

Step D3: Decentralized subsystems.The goal of the second distribution schema is to
distribute the agents. In such a schema, theAGVAgent is allocated on the AGV vehicle,
theTransportAgent andTransportManagerAgent on one or several servers. To
allow this we defined two subsystems in fig. 13,AGVControl andTranportBase , to
deploy on the AGV vehicle and a server respectively. Both have an interface for remote
communication (connected to each other). TheTranportBase has a connection to the
WMS, theAGVControl component toEnsor .

Next, we want to define the relation between DecentralizedSubsystem structure and
the remainder of the application. Again, there is a mismatch between structures. Because
the agents should be located on different subsystem (allocated on different computers), the
environment component must be split. We define a substructure in the next paragraph.

Step D4: EnvironmentInternal and composition. Figure 14 shows the internal structure
of the environment. The environment is split up in two local environment,
AGVLocalEnvironment andTransportLocalEnvironment . These two local en-
vironments form a virtual environment, by synchronizing state and taking care of commu-
nication of the network without involving the agents.

Defining the composition with this substructure is less trivial then the previous exam-
ples. The Environment is split in two components, but three interfaces (perception, com-
munication, action) are offered by both components, making a simple interface mapping
impossible. To solve this problem, we provide several alternative mappings and specify for
which connector interface the alternative is. Figure 14(b) shows the composition specifica-
tion.

Finally, we can compose the system together to form a decentralized version of the
AGVTS. This system will look exactly like the system described in fig. 5. Figure 15 con-
tains the composition description which is similar to previous composition specifications.



Composing Architectural Crosscutting Structures in xADL 15

Fig. 15. Final composition in decentralized agent system for AGVTS. (a) Composition
specification. (b) Reification of composition.

4.3 Discussion

Structural Crosscutting Relations made Explicit. Using architectural structures to sepa-
rate concerns and add explicit compositions of structures proved to be valuable from differ-
ent perspectives. By using separate structures, an architect can effectively separate several
important concerns. With the composition operators, an architect can explicitly define the
relations between different concerns. As discussed in the previous section, the combination
of separation and explicit relations helps to improve the understandability and changeabil-
ity of individual architecture concerns, such as in the distribution-specific scenario in the
AGVTS architecture. It also became easier to compare two different deployment schemas
for the same decomposition into agents/environment and coordination. Notice that the final
composition of the AGVTS, the decentralized version, looks the same as the original cross-
cutting design. The main difference is the process the architecture needs to undertake to
get into this structure. The new architecture decomposition has clearly separated the cross-
cutting structural concerns and provided explicit composition specifications between these
structures.

Tool Support. Making the structural composition specification part of the architectural
description is one of the main innovations of this paper. Because the composition is clearly
specified in XML, appropriate tool support can make reification really easy. Further re-
search is required on this point. A drawback of the new design is that it may be more
difficult to have an overall view on the system. While the structures of individual architec-
tural concerns is much clearer, some reification of compositions must be included in the
architectural documentation to get a good overall view of the system. Again, tool support
would be essential to address this issue.

Relation with other Development Stages.Obviously, we have investigated the advan-
tages of separating concerns considered during architectural design. As such, choosing the
appropriate architectural concerns is very important and largely depend on the application
context and its stakeholders. Also, we did not explicitly study the relations with previous
and following development phases. Investigating the exact relations with concerns identi-
fied in requirements and concerns tackled during detailed design remains to be done.
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Composition Operators and other ADLs. Since the idea behind the composition oper-
ators only relies on basic ADL elements, such as components, interfaces and connectors,
integration with for example the ACME ADL should be straightforward. Of course, the
syntax of the operators depends on the ADL metamodel itself and needs to be adapted.
However, integration with ACME ADL is a matter of our future work. The difference be-
tween existing architectural relations (connectors, links or even aspectual binding [22])
and the composition operators presented here is that the former describe relations between
components or connectorswhile the latter describe relations betweenseveral structures.

Operators Applicability. The composition operators rely on specifying corresponding
interfaces (interface mapping). This restriction to one-to-one mapping might not work well
in some cases. For example, one structure could contain two interfaces who map on one
interface in another structure. Another example is the problem with the substructure in step
D4, in which an interface occurs on two subcomponents. The latter problem is solved by
adding an alternative specification to substructure, but this might not always be possible.
In some situations there will be no other choice but to refactor one the interfaces of one
of the structures. Our composition operators are not the only possible operators. We did
choose them to solve overlap and mismatches between architectural structures. Together,
they are a sufficient set to compose the separate structures in the AGVTS architecture. Other
possible operators could include operators to solve interferences between names, operators
to solve non-corresponding interfaces, etc. Finally, quantification [19] over architectural
elements is found in the section statement for the elements specification. In the example, the
expressions are rather limited (text and wildcards), but they can easily be extended. Finally,
we only considered a representative part of the design of the AGVTS. How scalable the
approach is in case of a large increase in concerns and structures needs further exploratory
studies. Indeed, this paper provides a first significant contribution in this respect.

5 Related work
The outcomes of some recent empirical studies have pointed out that crosscutting-related
problems relative to certain architectural concerns, such as exception handling [18], persis-
tence, and distribution [29], can manifest early in design decompositions.
Some AO techniques for programming (e.g. HyperJ [40]) and requirements engineering
(e.g. [10, 33, 39]) provide structural composition operators for enabling the separation of
certain recurring crosscutting concerns. Surprisingly, composition mechanisms for modu-
larizing architectural crosscutting structures have been neglected in most of the available
literature [5, 13] focusing on discussing the interplay of aspects and ADLs. Batista and
colleagues [5] have identified seven issues related to the appropriateness of abstractions in
conventional and AO ADLs for representing crosscutting concerns. However, the analyzed
composition-related issues mostly focus on to what extent connectors and attachments al-
low for behavior-dependent aspect composition. In addition, existing AO ADLs [22, 25,
34, 37, 35, 36] expose join points as nodes in a dynamic component or object call graph. As
illustrated in this paper, this begs the question as to how structural crosscutting concerns
can be modularized by behavioral composition mechanisms for software architectures.

In the field of software architecture, there is little support for relations between struc-
tures or views. Rozanski and Woods [38] identifies that quality concerns crosscutting sev-
eral architectural structures. The authors introduce architectural perspectives as comple-
mentary to structures in the sense that they define a set of activities, tactics and guidelines



Composing Architectural Crosscutting Structures in xADL 17

to ensure that the structures fulfil a quality. IEEE-Std-1471 [26] provides an strong concep-
tual model relating stakeholders, concerns and views, but lacks a way to describe relations
between different views. Clements et al. [12] provides some support for relations between
views by integrating information beyond views in the form tables and an associated infor-
mal description.

6 Conclusion

The lack of explicit relations between structures in an architectural description is a severe
problem, leading to improper documentation of concerns that crosscut different structures.
This paper illustrated that several concerns crosscut the architecture structures of an indus-
trial automatic transportation system. Based on the analysis of the software architecture,
we identified overlap and structural mismatches as main challenges to compose structures.
We proposed an initial set of structural composition operators in xADL to cope with these
challenges, namely substructure, mapping and unification.

To illustrate the feasibility, we have used the composition operators to refactor the archi-
tecture of the transportation system and showed that the composition operators allowed to
easily change the AGVTS architecture with respect to distribution. Within the limited set-
ting of this paper, the results look promising. As future work, we plan to formally extend
xADL by integrating the composition operators in the language definition and to investigate
tool support to apply the compositions.
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