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Abstract. Software architectural patterns help manage complexity through ab-
straction and separation of concerns. The most commonly used architectural
patterns are layered architectures, which benefit from modularity and reuse of
layers. However, they lack in supporting changes, as there is a need to do a
substantial amount of rework on the layers in order to incorporate changes. Fur-
thermore, the comprehension of specifications which are based on a layered ar-
chitecture can be difficult. In order to address the aforementioned limitations,
we adopt a domain engineering approach called Application-based Domain
Modeling (ADOM). Using ADOM, we refer to each layer as a separate domain
model, whose elements are used to classify the application model elements.
Consequently, the application model is represented in a unified form, which in-
corporates information from all of the layers. This allows performing changes
in the model, without creating cascades of changes among the layers’ models in
order to synchronize them.
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1 Introduction

As software systems are complex, they must be built on a solid foundation, namely
their architectural design. A major mean for designing software architectures is archi-
tectural patterns, which are used to enhance modularity by helping in managing com-
plexity through abstraction and separation of concerns. Architectural patterns specify
the structure of a system by providing a set of predefined subsystems, specify their
responsibilities, and include rules and guidelines for organizing the relationships
between them [3].

Among the various software architectural patterns the most common one is the lay-
ered architecture [5]. The notion of layered systems has become popular since it was
first introduced at 1968 by Dijkstra for the “THE system” [4] operating system. It was
also presented in the OSI seven layer network architecture [18] and in the area of artifi-
cial intelligence [2]. A key principle of a layered architecture [5] is to factor out respon-
sibilities into separate cohesive units and define the dependencies between them. Layers
are meant to be loosely coupled, with dependencies in only one direction such that the
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lower layers provide low-level general services, and the higher layers are more applica-
tion specific. Collaboration and coupling is from higher to lower layers. Thus, the lay-
ered architectural style introduces a hierarchical subsystem structure. The hierarchical
structure considered as a good structure to deal with complex systems in a scalable way.
Moreover, other architectural styles, as the component-based architecture, arrange their
concepts in layers [17]. The functionality and the amount of layers vary across applica-
tions. However, there are some fairly standard layers. For instance, the typical architec-
ture style for user-oriented systems is the standard three layers architecture, which in-
cludes the presentation, the business logic, and the persistence layers.

A layered architecture can help mitigate complexity and improve understandability
by grouping functionality into different areas of concerns. It supports design based on
increasing levels of abstraction, which enables the designer to partition a complex
problem; and it improves the maintainability and extensibility of the application by
minimizing dependencies, allowing exchange of layers, and isolating technology
upgrades. However, the standard layered architectures lack in supporting changes that
have to be propagated through multiple layers, since those changes cause a cascade of
changes on many layers in order to incorporate apparently local changes. For exam-
ple, in many user-oriented systems, such as information systems, many entities re-
quire representation in several layers. In that case, a change in the type of an attribute
will require from the developer to find all the related entities in all layers in order to
change the type of the corresponding attributes. Since software design generally
evolves over time, it is important to find a way to overcome those limitations. We
believe that the aforementioned reasons also hinder the comprehension and the ease
of construction of large and complex systems.

Software systems are usually specified via models. There are two major approaches
for utilizing architectural patterns though models: Architecture Description Languages
(ADLs) which aim at formally representing software architectures and the Unified
Modeling Language (UML) which is a generic modeling language that can also be
used to describe software architectures. These approaches provide methods and tools
for representing and analyzing architectural designs; however, since these are general-
purpose approaches, it is difficult to address the aforementioned specific limitations of
layered-based applications. Motivated by the popularity of layered architectures and
the limitations inherent to general-purpose approaches, this paper presents an idea of a
modeling approach specifically for modeling layered architectures.

In this paper we adopt a domain engineering approach called Application-Based
Domain Modeling (ADOM), which enables specifying and modeling domain artifacts
that capture the common knowledge and the allowed variability in specific areas,
guiding the development of particular applications in the domain, and verifying the
correctness and completeness of applications with respect to their relevant domains.
Referring to the layered architecture, each layer is represented as a domain model and
application model elements are classified by the layers’ (domain) models elements. In
that case, the designer needs to manage a unified application model without losing the
architectural information. Thus, when dealing with a change, the designer makes the
required change on the unified model without being required taking care of cascading
changes among layers. We term the resulted model a Multi-Classified Model (MCM).

The structure of this paper is as follows. Related work is presented in Section 2. Sec-
tion 3 introduces the ADOM approach whereas Section 4 elaborates on the proposed
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approach, the Multi-Classified Model (MCM). Section 5 summarizes the strengths of
the MCM and finally, Section 6 concludes and discusses future plans.

2 Related Work

As software architecture and the practice of architectural design have been recognized
as significant issues in complex software systems engineering. Researchers and prac-
titioners have been proposing numerous' formal notations for representing and ana-
lyzing architectural designs. These methods were meant to increase comprehension of
architectural designs, to improve the ability to analyze consistency and completeness,
and to support changes of the design during the development lifecycle. Architectural
design approaches can be classified into three research areas: (1) ADL-related ap-
proaches, (2) UML-based approaches, and (3) the combined approaches.

Most ADLs support formal architecture representation including topological con-
straints from a structural point of view. They vary in the level of abstraction they
support, their terminology, the information they specify and the analysis capabilities
they provide. Each ADL provides certain distinct capabilities. Most first generation
ADLs were developed to support some specific software architecture aspects. For
instance, Rapide [6] is a language for modeling architectures of distributed systems.
It is an event-based architecture definition language. Wright et al. [19] formalize the
semantics of architectural connections. Darwin [8] is designed for dynamic architec-
ture using m-calculus to formalize architectural semantics. Second generation ADLs
identify and process fundamental concepts common to first generation ADLs in order
to allow architectural interchange. For example, ACME [6] was developed to provide
a framework to integrate different ADLs by supporting mapping of architectural
specifications from one ADL to another.

Since ADL users were required to learn the specific notation of each ADL, and
ADLs were not integrated in any development process, ADLs have not come into
extensive use in the industry. Hence, the usage of a standard language such as UML
for describing architectural design might make it easier to understand, mitigate the
effort of preserving the architecture consistent during development phases, and it
would be supported by existing and fairly standard tools. Furthermore, as UML has
become standard general modeling language for software development, representing
the architecture with UML will allow integrating it with the rest of software artifacts.

However, UML is not designed, syntactically or semantically, to represent soft-
ware architecture elements and therefore does not support some architecture concepts,
such as the lack of supporting connectors and architectural styles [19]. For that rea-
son, many studies suggested extending the vocabulary and semantics of UML to ap-
ply its modeling capabilities to the concepts of architecture design. It is important to
mention that UML 2.0 embraces much more constructs that are important to architec-
ture description than UML1.x, such as components and connectors. Medvidovic et al.
[10] identified three approaches for modeling software architectures using UML: (1)
using UML “as is” [8]; (2) Extending UML in a heavyweight way [13] by adding new
modeling elements or replacing existing semantics via direct modification of the

! According to Malavolta et al. [9] there are more than 50 ADLs proposed in academia and
industry.
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UML metamodel; and (3) Extending UML in a lightweight way [10][20] by using the
extension mechanism of UML for defining new modeling elements. The adaptations
are defined using stereotypes, which are grouped in a profile.

In addition to ADLs and UML approaches there are some combined approaches.
These approaches seek to combine ADLs with UML notations. For example, Roh et al.
[16] suggest a layered language which uses UML, generic ADL comprising of do-
main-independent elements, and a domain-specific ADL.

There are some important architecture specific problems that can be minimized or
avoided by concentrating on a specific architectural style, such as the layered architec-
tures. However, all of the approaches mentioned above do not deal with the disadvan-
tages of some specific architectural style but concentrate on a general representation of
software architectures and therefore cannot take advantage of the unique properties of
some specific architectural style.

In this paper we introduce our approach to support structural layered architectures’
specification. We use as an example the standard three layered architecture, which is
the most basic and common structure in user-oriented systems [1][12].

3 Application-Based Domain Modeling (ADOM)

The Application-based Domain Modeling (ADOM) [14][15] is rooted in the domain
engineering discipline, which is concerned with building reusable assets on one hand
and representing and managing knowledge in specific domains on the other hand.
ADOM supports the representation of reference (domain) models, construction of
enterprise-specific models, and validation of the enterprise-specific models against
the relevant reference models. The architecture of ADOM is based on three layers:

(1) The language layer comprised of metamodels and specifications of the modeling
languages. In this paper we use UML 2.0 class diagrams as the modeling lan-
guage, since the focus of this paper is on the structural aspect of the architecture.

(2) The domain layer holds the building elements of the domain and the relations
among them. It consists of specifications of various domains; these specifica-
tions capture the knowledge gained in specific domains in the form of concepts,
features, and constraints that express the commonality and the variability al-
lowed among applications in the domain. The structure and the behavior of the
domain layer are modeled using a modeling language that is defined in the lan-
guage layer. In this paper we refer to the structure of each layer as a domain
model.

(3) The application layer consists of domain-specific applications, including their
structure and behavior. The application layer is modeled using the knowledge
and constraints presented in the domain layer and the modeling constructs speci-
fied in the language layer. An application model uses a domain model as a vali-
dation template. All the static and dynamic constraints enforced by the domain
model should be applied in any application model of that domain. In order to
achieve this goal, any element in the application model is classified according to
the elements declared in the domain model using UML built-in stereotype and
tagged values mechanisms. In this paper the application model elements are
multi-classified by the layers’ (domain) model elements.
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For describing variability and commonality, ADOM uses multiplicity stereotypes
which can be associated to all UML elements, including classes, attributes, methods,
associations, and more. The multiplicity stereotypes in the domain model aim to rep-
resent how many times a model element of this type can appear in an application
model. This stereotype has two associated tagged values, min and max, which define
the lowest and the upper most multiplicity boundaries, respectively. For clarity pur-
poses, four commonly used multiplicity groups were defined: <<optional many>>,
<<optional single>>, <<mandatory many>>, and <<mandatory single>>. The rela-
tions between a generic (domain) element and its specific (application) counterparts
are maintained by the UML stereotypes mechanism: each one of the elements that
appears in the domain model can serve as a stereotype of an application element of
the same type (e.g., a class that appears in a domain model may serve as a classifier of
classes in an application model). The application elements are required to fulfill the
structural and behavioral constraints introduced by their classifiers in the domain
model. Some optional generic elements may be omitted and may not be included in
the application model and some new specific elements may be inserted to the specific
application model, these are termed application-specific elements and are not stereo-
typed in the application model.

ADOM also provides a powerful verification mechanism that prevents application
developers from violating domain constraints while (re)using the domain artifacts in
the context of a particular application. This mechanism also handles application-
specific elements that can be added in various places in the application model in order
to fulfill particular application requirements.

4 The Multi-Classified Model Approach

In this paper we propose the Multi-Classified Model (MCM) approach for specifying
layer-architecture-based applications. Working with MCM advocates the following
steps: (1) Modeling a layered application; (2) Verifying the application against the
predefined layers (as domains); and (3) Transforming the model into a layered appli-
cation. In this paper, we focus on the first step and partially on the second step. In this
paper, the MCM approach uses ADOM [14][15] with UML 2.0 class diagrams as the
modeling language in order to describe the static structure of a system in terms of
classes and their relationships.

As this paper focuses on the application designer activities, we assume that a soft-
ware architect has already provided the following artifacts: (1) a set of domain models
that represent the layers; (2) the dependency among the layers (domains); and (3) the
dominant domain, which is used for creating the initial skeleton of the application, as
it represents the core of the application domain.

Having the domain and architectural knowledge, the designer should preserve the
following steps while specifying the (layered) application model:

1. Automatically generate an initial application model based on the dominant do-
main model, as common in ADOM.

2. Manually modify and refine the application model, based on the application
specifications.
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3. Manually classify the model according to the various layer (domain) models,
which were provided by the software architect.

4. Automatically verify the application model with respect to the layer (domain) mod-
els. This is done using the ADOM validation procedure for each model separately.

Note that the various steps can be done iteratively.

In order to demonstrate the MCM approach we use a ticket selling system designed as
a standard three layer architecture application. The tickets selling system allows regis-
tered users to buy and sell tickets to events. As a modeling infrastructure, for the ticket
selling system, a designer has three domain models representing the three layers®: (1) the
Web Interface (WI) domain, which represents the presentation layer, is depicted in Fig.
1; (2) the Registration (R) domain, which represents the business logic layer, is depicted
in Fig. 2; and (3) the Relational Database (RD) domain, which represents the persistent
layer, is depicted in Fig. 3. The dependencies among the domains are defined as fol-
lows: WI depends on R and R depends on RD, which correspond to three layered archi-
tecture. The dominant domain is the Registration (R) domain since it is the core asset for
applications in this domain.

<<abstract>>
<<mandatory many>>
UserinterfaceElement

i

<<optional many>> <<optional many>>
Form Text
{fName = null}

<<optional many>> -inputText
<<optional many>> -selection
<<optional many>> -submitButton
<<optional many>> -button
<<optional many>> -lable

<<optional many>> +action()

Fig. 1. The Web interface domain model

The domain models presented in Fig. 1, Fig. 2. and Fig. 3. state that all application
models that are derived from them should follow the rules (among others) of:

e At least one Form or Text page should be specified in the application model, as
specified within the Web Interface (WI) domain in Fig. 1.

e At least one Client, one Provider, one Product, one Productltem, and one Regis-
tration, should be specified in the application model while preserving the struc-
ture as specified within the Registration (R) domain in Fig. 2.

e At least one database Table should be specified in the application model as speci-
fied within the Relational Database (RD) domain in Fig. 3.

In addition, the applications that follow these domains should specify the attributes and
the operations of each class following the specifications of the domains. For example,
each application has to have at least one Productitem, which exhibits zero or more de-
tail attribute, possibly one Boolean operation checkAvailability of the product, possibly

% Note that these three domains models are partial and we kept them small in size for the
purpose of presenting the MCM-based approach principles.
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Fig. 2. The registration system domain model

one addProvider operation, and exactly one Boolean order operation. As common in

ADOM, the relations between a layer (domain) element and its application counterparts

are maintained by UML stereotypes, such that a domain element serves as a stereotype

of an application element.
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<<mandatory many>>
Table
{tName = null}
<<mandatory many>> -column

Fig. 3. The relational database domain model

Since there is a many-to-many relationship between the application elements in the
various layers, tagged values associated with the domain elements stereotype can be
used as parameters in the application model. For example, in the Relational Database
(RD) domain, in Fig. 3, the tName tagged value associated with Table allows to spec-
ify in the application model the table name, to which the application element is asso-
ciated. Tagged values associated with attributes or operations in the domain model are
not presented due to visibility reasons. For instance in the Relational Database (RD)
domain, in Fig. 3, a key can be associated with table column, this tagged value can be
used to indicate the key type of a column in the database table.

Having domain models representing the various layers and the modeling infrastruc-
ture, the designer can generate the initial application model, modify and refines it, and
finally classify it following the guidelines provided by the layer (domain) models. As
in all layered architectures, each application element is associated with at least one
layer (domain). For each such layer, an application element can either be classified by
a specific layer (domain) element, or otherwise, be an application-specific element in
that layer, and to be classified by the layer (domain) itself.

Fig. 4 depicts the resultant model of the ticket selling system. The model, in Fig. 4,
also shows that this application is structured by the three layered architecture which is
defined by three domains: Web Interface (WI), Registration (R), and Relational Data-
base (RD). Each class is classified according to its requirements to the appropriate
layers defined by the relevant domain models. From this representation we can easily
understand the classification of each element with respect to the layers it belongs to.
Any element which is application-specific is classified by the domain, but not by
domain elements. In Fig. 4, the Seller, whose details are generalized from User, is
classified as <<WILForm fName=login>>, <<WILForm fName=myAccount>>,
<<R.Provider>>, <<RD.Table tName=sellers>>, and <<RD.Table
tName=orders>>. This means that the Seller class has impact on all layers, the Seller
class is represented in two forms: login and myAccount, it is follows the Provider
class from the Registration (R) domain and maintains persistent data in two database
tables: sellers and orders.

The attributes and the operations of each class are also classified according to the
attributes and operations of the assigned domain classes, i.e. the id attribute in the
User class is classified <<User.id>>. Similar to class classification, the attributes and
operations that are application-specific elements are classified by the layer (domain)
name they belong to. For example, the orderNum attribute in the Order class is classi-
fied <<R>> meaning that it is an application specific element that belongs to the
registration layer.

For clarity purposes, we recommend presenting only the attributes and operations
classification of the dominant domain layer, in the case of the ticket selling system it
is the Registration (i.e., the business logic) layer.
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Fig. 4. The MCM tickets selling system application model

Fig. 5 shows the hidden classifications of the Ticket class. It specifies that the num-
ber attribute is a column in the tickets and orders tables and it also serves as a primary
key in the ftickets table. In addition, the price, section, row, and seat attributes are

columns in the tickets table and they are presented to the user as a label in the

buyATicket form and as an input text in the sellATicket form. As already mentioned,
in addition to the classification, we defined tagged values to be used as parameters in

the application model. For example in Fig. 5, the fName that is associated with the
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form (defined in the Web Interface (WI) domain, Fig. 1) indicates the form name, or
the key that is associated with the table column (defined in the Relational Database
(RD) domain, though is hidden in Fig. 3.) indicates the key type of this attribute in the
database table. The motivation for that enhancement was that there is a many-to-many
relationship between the elements in the various layers. In the case of the ticket selling
system, the buyATicket form gathers elements from various classes: Ticket, Event, and
Order, and each one of those classes elements can refers to several Forms or Tables.

<<WIL.Form fName=buyATicket>>

<<WI.Form fName=sellATicket>>

Q <<R.Productltem>>

<<RD.Table tName=tickets>>

<<RD.Table tName=orders>>
Ticket

<<Table.column tName=tickets, key=primary key >>
<<Table.column tName=orders>>

-number : int

\d
Q
<<Form.lable fName=buyATicket>> <<Productltem.detail >> -price : double
<<Form.inputText fName=sellATicket>> <<Productltem.detail >> -section : string
q

<<Table.column tName=tickets>> <<Productltem.detail >> -row : short
<<Productltem.detail >> -seat : short

<<Productltem.checkAvailability>> +checkAvailability() : boolean
<€—|<<Productitem.order>> +order(o : Order) : boolean

U <<Form.lable fName=buyATicket>>

Fig. 5. The hidden classifications of the Ticket class are presented on the left

Having defined the application model, the developer should perform verification
of the MCM-based application model with respect to the domain (reference) model.
The verification of an application model is done separately for each domain. As de-
scribed by the ADOM approach [15], the algorithm is performed in three steps: ele-
ment reduction, element unification, and model matching. In the following we briefly
present this algorithm.

In the element reduction step, classes that are not stereotyped by elements of the
same domain model are neglected from each model separately. In the example of the
tickets selling application, with respect to the RD domain the User and Order classes
are omitted, with respect to the R domain the Category class is omitted, and with
respect to the WI domain the Buyer and Seller classes are omitted.

During the element unification step, classes having the same domain stereotype
are unified, leaving only one class in the resultant model. The multiplicity of that
class denotes the number of distinct classes in the application model having the same
stereotype. In the example of the tickets selling application, the resultant model of the
RD domain consists of the Table class with multiplicity of 10. The resultant model of
the R domain consists of 6 classes: User, Provider, Client, Registration, Product, and
Productitem all with multiplicity of 1. Finally, the resultant model of the W/ domain
consists of the Form class with multiplicity of 7.

In the model matching step, the resultant models of the previous step are matched
against their corresponding domain models in order to verify the multiplicity of the
elements. In addition the application model structure for each layer is verified with
respect to the appropriate domain models. In the example of the tickets selling appli-
cation the model adheres with the domain models which represent the layers of the
system (i.e., the RD, R, and WI domains).
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5 Summary

In this paper we have presented the Multi-Classified Model (MCM) approach for
specifying layered-architecture based systems. The MCM approach extends a domain
engineering approach called Application-based Domain Modeling (ADOM). Utilizing
ADOM, MCM refers to each layer as a separate domain model, whose elements are
used to classify the application model elements. Consequently, the application model
is represented in a single model, which incorporates information from all of the lay-
ers. In this paper we have elaborated the first step of the approach, which deals with
modeling a layered application from the structural point of view. Furthermore, we
have briefly reviewed the second step, which deals with verifying the application
against the predefined layers. We have illustrated the approach through a ticket selling
system designed as a standard three layered architecture application.

We believe that the proposed Multi-Classified Model approach enhances the
following:

1. Evolution and Maintainability: Since MCM represents the application model in
a unified form, which incorporates information from all of the layers it can be
easily modified as new requirements will not cause cascades of modification. In
that case, the designer needs to manage a unified application model without los-
ing the architectural information. Moreover, as it is easy to change the application
model, the approach will prevent ‘software decay’ through time.

2. Comprehension: Software architectures enhance the ability to comprehend large
systems by abstraction and separation of concerns. However, traditional model-
ing techniques, such as UML, do not support them very well. For example, in or-
der to present the three layer architecture using UML the designer will have to
describe three different packages and the relationships among them. The Multi-
Classified Model approach simplifies the application model of a system with the
layered architecture due to the use of a unified model for the application specifi-
cation. Thus, the model is much more compact. In addition, as application model
elements, such as classes, are classified according to their requirements to the ap-
propriate layers (domains), we can easily understand the classification of each
element with respect to the layers it belongs to. Thus, it seems plausible that the
general understanding and readability of the application model will increase with
respect to the traditional modeling techniques representation.

3. Construction: The defined domain models provide a partial blueprint for the
development of the application model. The Multi-Classified Model approach
typically documents abstraction boundaries between parts of an application,
clearly defining which element belong to which layer, and constraining what
parts of a system may rely on services provided by other parts. That helps to con-
struct a good structure which is based on proven domain models.

4. Verification: Since the Multi-Classified Model approach uses ADOM, it provides
verification to the application model according to the constraints imposed by the
domain models which represent the layers. This cause the models to be valid with
respect to best practices specified within the domain layer of ADOM. Further-
more, the Multi-Classified Model approach enforces the developers to preserve all
the rules that were defined in the domain layers during the development.
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It is worthwhile to mention that we have constructed a student-courses registration
system under the same modeling infrastructure, showing that the approach can be used
in different settings as well.

In the future we plan to formulate the Multi-Classified Model approach to support
automatic generation of application code with the use of transformation rules that will
be defined for each domain. This will support the third step of the proposed approach.
In addition, we plan to extend the Multi-Classified Model approach to deal with dy-
namic aspects of the architecture as well. Furthermore, we intend to perform empiri-
cal evaluations in order to examine the benefits of the MCM approach, namely, model
changeability, model comprehension, and model construction.
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