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Abstract

Architectural styles represent composition patterns and constraints at the software architectural level
and are targeted at families of systems with shared characteristics. They enable architectural reuse and
hence can bring economy to architecture-based software development. Existing research on architec-
tural styles provides little guidance for the systematic design and construction of architectural style el-
ements. This paper proposes a framework, Alfa, for systematically and constructively composing “ar-
chitectural primitives” to obtain elements of architectural styles. This is based on our observation that
architectural styles and, indeed, software architectures share many underlying concepts that lead to ar-
chitectural primitives. We have identified eight forms and nine functions as architectural primitives
that reflect the syntactic and semantic characteristics of software architectures and are expressive
enough to compose elements of architectural styles used in modern, distributed systems. Such an ap-
proach enables systematic construction of style-based architectures. In that direction, this paper eval-
uates the suitability of Alfa as an assembly language for software architectures and its suitability for
composing architectural styles for network-based systems.

Keywords: Architectural style; Style characterization and composition; Architectural primitive and
architectural assembly language; Channel-based communication; Network-based systems; Alfa

1. Introduction

Software architectures [27,31] have been proposed to address the challenges of growing complexity
and size in modern, distributed software systems. Software architectures provide high-level abstrac-
tions in the form of coarse-grained processing, connecting, and data elements, their interfaces, and their
configurations [11]. This additional level of abstraction, while aiding comprehension and construction
of software systems, also requires additional effort for its use. This additional effort can, however, be
reduced through the use of appropriate mechanisms for specifying software architecture, which is the
goal of previous and continuing research on architectural description languages (ADLs) and associated
tools [5,10,13,18].

A complementary and more powerful approach for bringing economy to the design of software ar-
chitecture is the use of architectural styles [25]. Architectural styles codify the recurring architectural
design practices and successful system organizations. Architectural styles are the composition patterns
and constraints on architectural elements targeted at families of systems with shared characteristics [1].
The use of styles in software architectures simplifies their analysis [32], implementation [16], and evo-
lution [12]. Although there are many techniques for analyzing and describing styles, there is insuffi-
cient support for systematically constructing elements of architectural styles. This often leads to hap-
hazard realizations of style elements in the construction of software systems, such that no guarantees
can be made about the consistency of style models and the implementation of their elements, which
eventually results in the loss of benefits of using a given style in the first place.

Existing software architecture approaches support abstractions “layered” on top of those provided
by programming languages, thus ensuring continuity and reuse of past investments as newer abstraction
techniques are mapped to existing ones. However, such approaches do little to improve composition-



ality of systems. It is widely believed that compositional approaches to software development (e.g.,
analogously to how this is done in computer hardware architecture [6]) are key to constructing large,
complex systems [26,27]. Delivering the full value of architectural design would, therefore, require that
we identify the primitives underlying software architectural elements. Although low-level communica-
tion and programming primitives are used for implementing software architectures, there is an almost
complete lack of understanding of software architectural primitives.

This paper proposes a framework for characterization and composition of architectural styles, called
Alfa (assembly language for software architectures), based on a small set of architectural primitives.
Alfa’s characterization of styles identifies their orthogonal aspects and, in turn, naturally supports com-
position of style elements. Our approach is based on the use of a point-to-point communication channel,
called duct, for interaction among communicating style elements. A duct is a path of interaction that is
used for the transfer of both data and control [21]. We have focused on channel-based communication
because it has been shown to be easily mappable to other communication models such as message pass-
ing, shared spaces, communication buses, and remote calls [4].

The main contributions of our work presented in this paper are:
(I) anovel approach for orthogonal characterization of architectural styles;

(2) an expressive set of architectural primitives for composing elements of architectural styles used
in modern, distributed software systems; and

(3) an assembly language for style-based software architectures.

The rest of this paper consists of five sections. After presenting the background research that has
motivated our work on a composition framework for software architectures in Section 2, Section 3 pre-
sents details of our approach, Alfa. Section 4 illustrates the composition of primitives using styles for
network-based systems. Section 5 evaluates the reusability of Alfa’s primitives for composing styles
and assesses Alfa as an architectural assembly language. Section 6 concludes along with pointers to
future work.

2. Background and motivation

Over the last decade software architecture has emerged as a research discipline [31] and several ap-
proaches have began to introduce this level of abstraction in the development of modern, distributed
software systems. Moreover, research in software architectures has revealed the need for an explicit
focus on first-class software connectors [29] to avoid several problems arising from their neglect. An
improved understanding of software connectors is possible due to extensive research on coordination
models and languages. In this section, we summarize existing research in the three areas—architectural
styles, software connectors, and coordination models—and distinguish our work from this research.

Architectural styles. A software architecture allocates system function across its elements, deter-
mines the configuration whereby these elements are organized into the system, fixes the nature and pro-
tocols of interaction required between these elements, and specifies the data exchanged in these interac-
tions [18]. There are three kinds of architectural elements namely, processing, connecting, and data [27].
Architectural styles are named sets of constraints on these elements and their inter-relationships [11].
Appropriate analytical models can be used to predict properties of style-based architectures [32]. Vari-
ous architectural frameworks and middleware can help partially automate and economize the implemen-
tation of style-based architectures [16]. Finally, styles influence architectural evolution by restricting the
possible changes an architect is allowed to make [12]. Therefore, when designing a software system, se-
lection of an appropriate architectural style becomes a key determinant of the system’s success. Some
common examples of styles are layered system, client/server, pipe-and-filter, and C2 [31,33].

Architectural styles originate in diverse applied computing fields such as networking, artificial in-
telligence, signal processing, and so on. Many styles share similar characteristics. Several catalogs of
architectural styles provide a context for the use of specific styles [9,31] or classify styles based on their
features [30]. Other comparative studies of architectural styles evaluate properties resulting from the
use of styles [11,28]. Collectively, these approaches can help an architect to choose a style for her prob-
lem, but do not identify the shared building blocks of these styles.

The use of architectural styles has mostly been supported through the use of specialized ADLs. For
example, architectures in the C2 style [33] are specified using C2SADEL [17]. Formal techniques such
as Z, PI-calculus, and graph grammars have been used for formalizing an ADL’s semantics, providing
rigor to the definitions of style-based architectures and allowing systematic analysis thereupon



[2,7,14]]. Software architectures in arbitrary styles can be specified using Acme, a generic ADL [13]
and the Armani constraint specification language [24].

However, none of these approaches considers the synthesis of architectural styles from shared build-
ing blocks. Further, our approach goes beyond modeling style-based software architectures: Alfa is
used to construct style-based architectures from a small number of architectural primitives. The avail-
ability of architectural primitives further simplifies and reduces the need for specification of stylistic
constraints, which are otherwise specified using general purpose expression languages (e.g., [24]). Our
approach is aimed at enabling better understanding of different styles and greater effectiveness in mod-
eling the dynamics of architectural assemblies [22].

Software connectors. Software connectors mediate interactions among components: that is, they es-
tablish the rules that govern component interaction and specify any auxiliary mechanisms required
[31]. Comparative studies of styles such as [30] indicate that software connectors, i.e., interactions
among components, are key determinants of properties of a style. Several problems are found to occur
when software connectors are not treated as first-class, suggesting the need for an explicit focus on con-
nectors [29].

Our own previous work on classifying software connectors [21] proposes that every connector main-
tains one or more ducts, which are used to link the interacting components and support the flow of data
and control between them. Connectors can also have an internal architecture that includes computation
and information storage. A recent study by Arbab [4] confirms this belief by supporting the composi-
tion of connectors from a handful of primitive ducts. Simple connectors (e.g., procedure calls) are typ-
ically implemented in programming languages. On the other hand, composite connectors (e.g., asyn-
chronous event multicast) are achieved through composition of several connectors (and possibly com-
ponents), and are usually provided as libraries and frameworks. Simple connectors only provide one
type of interaction service, whereas composite connectors may combine many kinds of interactions.
Complex connectors can help us in overcoming the limitations of modern programming languages and
in constructing modern, distributed systems.

Coordination models. Coordination is the process of managing dependencies among software com-
ponents in a software system. Various coordination models have emerged, each with its own set of
primitives, including message-passing, shared spaces, communication buses, and point-to-point com-
munication channels. In one of the most comprehensive techniques for comparing coordination models
for their expressiveness, Bonsangue et al. [8] introduce the notion of coordination architecture as a
common language for different coordination models involving one of the following kinds of delays:
undelayed (i.e. synchronous), globally delayed, and locally delayed (i.e. unordered). These coordina-
tion architectures are used to prove equivalence or difference between different coordination models.
Our own work focuses on a higher level of abstraction—architectural styles, rather than coordination
styles—and is aimed at developing a common assembly language for a variety of architectural styles.

Likewise, various calculi such as process algebras [23] and coalgebras of timed data streams [4]
have been developed to provide rigor to coordination models and support their analysis. Our work is
the first of its kind in recognizing that architectural styles can be composed from architectural primi-
tives and unique in relating architectural primitives to a coordination model.

3. Alfa

The primary goal of our research is to create a framework, called Alfa (assembly language for archi-
tectures), for understanding, and as a result, composing architectural styles using a set of architectural
primitives. Our research is motivated by the potential benefits of architectural styles in software devel-
opment as well as the lack of constructive techniques for understanding and composing elements of a
style-based software architecture. In this section, we present details of the Alfa framework, comprising
a technique for characterizing styles and a set of architectural primitives for composing style elements.
We also illustrate our approach using the familiar client-server style.

3.1.  Characterizing architectural styles

Traditionally, architectural styles have been described in terms of constraints on (1) processing and
(2) data components, (3) connectors, and (4) their configurations [18]. However, both processing com-
ponents and connectors embody multiple concerns, making it difficult to synthesize these style elements
from discrete primitives: they both possess structure and exhibit behavior; moreover, connectors also



provide interaction services. In order to delineate orthogonal aspects of style elements, instead of this
four-way description, we favor a five-way characterization of styles using the following dimensions:

(1) Data — the types of data exchanged during interactions among style elements;

(2) Structure — the form of elements from which a system is composed, including the input and output
interfaces of the elements;

(3) Interaction — the means whereby data and control are transferred among different elements of a
system;

(4) Behavior — the processing logic of elements by which input data is consumed and output data pro-
duced; and

(5) Topology — the setup and tear-down of paths of interaction among different elements and the rules
constraining such allowed paths.

Existing research has variously combined the above five aspects of architectural styles, but never
unified them all under a single systematic characterization approach. Instead, different subsets of these
five aspects have been used to support the traditional four-way characterization of styles. Perry and
Wolf set the stage for studying architectural styles in [27], but did not distinguish between structure
and behavior. Abowd et al. [1] formalized styles as the syntax of components and connectors, behavior
as their semantics, and topology as the syntax of configurations, but did not separate interaction and
data aspects. Finally, le Metayer [14] highlighted communication topology in terms of a graph gram-
mar, and came closest to our approach, but did not identify each of the five style aspects as first-class
dimensions. Our five-way characterization has the distinct advantage of explicating the orthogonal as-
pects of styles constructively; as described next, each aspect is supported by its own set of architectural
primitives in the Alfa framework, enabling style composition from these primitives. As a result, our
characterization of styles lends itself more naturally to the goal of synthesizing style elements.

In the Client-Server style, a server component provides services to clients on demand, and these compo-
nents interact via rendezvous connectors [2]. The Client-Server style is orthogonally characterized along the
five dimensions discussed earlier as shown in Table 1.

Table 1: Client-server style characteristics

Data Requests and responses are exchanged between clients and servers.

A client has interfaces to request services and receiving responses. A client has a response interface for
each of its request interface.

Structure A server has an interface to accept service requests and provide responses.

A router has interfaces to accept service requests and provide responses, and an interface to make
request for service and accept responses.

Clients block for responses to their service requests. Servers and routers do not block when accepting

Interaction . . ;
service requests. Routers do not block when making requests for service.

Servers reply to a request by generating a response.

Routers reply to a request by generating a response. They forward all requests to a server through their
Behavior make service request interface, and the responses received on accept responses interface to the response
interface for the corresponding client.

Clients immediately switch to receiving a response after sending service requests.

A client’s request interface is connectable to a router’s request interface, and its response interface is
connectable to a router’s response interface.

A router’s make request interface is connectable to a server’s request interface and its accept response
interface is connectable to a server’s response interface.

Each server should be connected to one transport, and vice versa.

A client cannot be connected to a transport via more than one request/response interfaces.

Topology

Such characterization makes it possible to manually verify the completeness of the composition
when no definitive formal model is available to define a style, a case with many architectural styles that
have originated in practice.

3.2.  Alfa’s primitives

Software architectures of large systems often involve layers of architectural abstractions. A single
component or connector may have its own internal architecture, which, further, can be made of several
components and connectors. What this means is that a software architecture can be recursively decom-



posed to reveal more primitive architectures, until the elements obtained can no longer be decomposed
further into architectural elements. At this level, architectural elements are made up of architectural
primitives. In order to create an assembly language for style-based software architectures, its architec-
tural primitives should satisfy three conditions that characterize any assembly language. Unlike an as-
sembly language for programming machine, architectural primitives describe system characteristics at
a much higher level of abstraction. Correspondingly, these primitives may require more complex imple-
mentations than simple collections of machine-level instructions. The three conditions are as follows:

(1) Primitives should address all characteristics of an architectural style, i.e., they should form a com-
plete set.

(2) Primitives should be implementable in a computer program.
(3) Primitives should be reusable across architectural styles.

Alfa’s primitives are fine-grained, low-level abstractions, each of which focuses on a single dimen-
sion of architectural styles identified above. Collectively, Alfa’s primitives are able to express all five
orthogonal dimensions of architectural styles. In order to completely model a style, Alfa’s primitive set
is coupled with a constraint expression language as explained at the end of this section. Alfa’s primi-
tives consist of eight nouns, capturing the form of architectural style elements, and nine verbs capturing
the elements’ function1 as shown below:

(1) Data - DATUM

(2) Structure - PARTICLE, OUTPUT, INPUT, TWOWAY
(3) Interaction - DUCT, RELAY, BIRELAY, HOLDS, LOSES
(4) Behavior - CREATE, SEND, RECEIVE, HANDLE, REPLY
(5) Topology - CONNECT, DISCONNECT

The implementability of Alfa’s primitives is discussed throughout this section along with their def-
initions. We use a modular programming paradigm such as that provided in the C programming lan-
guage to demonstrate implementability of Alfa’s primitives, although an equivalent implementation in
other paradigms (e.g., object-oriented programming) is also possible. Moreover, the fine-grained se-
mantics of primitives enable their wider reusability as discussed later in Section 4. We also argue for
the completeness of the set of Alfa’s primitives in Section 5.

Our approach employs point-to-point communication channels, called ducts, for the exchange of
data and control to tie together computational elements of a style. Each duct provides input/output be-
haviors to communicate data elements and synchronize the communicating elements as a result of the
communication. In Alfa software components are treated as black boxes of application-specific func-
tionality that relate inputs and outputs, whereas software connectors have a visible style-specific but
application-independent structure made of Alfa’s primitives.

DATUM is the type of data items used in a style, e.g., the use of data streams in a pipe-and-filter sys-
tem or lightweight events in an event-based interaction system [12]. Any typed programming language
can support the implementation of the DATUM primitive as a data type.

PARTICLE is the locus of computing in a style, and by extension in software architectures. It is a con-
tainer for the behavior of a processing element, and provides INPUT and OUTPUT portals for interacting
with its environment. Both INPUT and OUTPUT portals define patterns of DATUMS that can be received
from or written to that portal. The realization of a PARTICLE varies for different programming paradigms
and implementation platforms. For example, in modular programming a module could be considered a
single PARTICLE, while, INPUT and OUTPUT portals correspond to a function. Moreover, patterns of al-
lowed DATUMS can be implemented as the signature of such a function.

Behavioral primitives are used to enact interaction and instantiate primitives. The CREATE function
is used to create instances of a PARTICLE, which, in turn, may result in the instances of the contained
forms—any of PARTICLE, INPUT, OUTPUT, TWOWAY, DUCT, RELAY, and BIRELAY—to be created auto-
matically and recursively. The CREATE primitive can be treated as a library function that can be used to
produce an executing program structure that represents primitive instances.

The SEND function is used to write a data item at an OUTPUT portal and the HANDLE function is used
to dispatch a data item read from an INPUT portal to the PARTICLE containing that INPUT. In a modular
program, the SEND function can be implemented as an invocation of a function that corresponds to an
OUTPUT portal. On the other hand, the HANDLE function can be implemented as a function declaration

1. SMALL CAPS are used to identify Alfa primitives. Moreover, FORM primitives are written as nouns with the initial
letter capitalized, whereas FUNCTION primitives are written as verbs.



that is exported to and can be invoked by other modules. The RECEIVE function can be used to tempo-
rarily suspend processing until a data item is available for being read from an INPUT portal. This prim-
itive is highly useful in lock-step programming models where active processes synchronize and com-
municate via explicit input/output operations. The RECEIVE function can be implemented as an function
that retrieve a data item from a buffer identified by the INPUT portal. When this buffer is empty, the
execution of receive blocks until data items become available. However, if the buffer contains a data
item, receive unblocks after removing that item from the buffer.

The means of interaction between PARTICLE primitives are DUCT, RELAY, and BIRELAY primitives.
A DUCT contains two ends, which are either INPUT or OUTPUT portals, whereas RELAYs and BIRELAYs
may contain multiple INPUT and/or OUTPUT portals. A DUCT is a FIFO queue that provides two func-
tions—HOLDS and LOSES—to determine its communication characteristics. A DUCT with heterogenous
portals on either end is called a flow DUCT. Behaviors on INPUT and OUTPUT portals of a flow DUCT are
synchronized on the basis of the DUCT’s HOLDS and LOSES functions. A flow DUCT can hold DATUM
instances up to its HOLDS capacity, which is a whole number. A DUCT with zero capacity is synchro-
nous, while a DUCT with a non-zero capacity is asynchronous. A DUCT can lose DATUM instances writ-
ten to it based on its LOSES function, which can take either of four values: none, initial, first, and last.
The initial LOSES characteristic produces a DUCT that is initialized with a single DATUM instance. When the
DuctT is full, last LOSES characteristic allows a DUCT to lose the incoming DATUM instance, and first
LOSES characteristic results in a loss of the oldest DATUM instance. A flow DUCT can thus be imple-
mented as a queue with a certain buffer size and lossiness. A DUCT that terminates in both OUTPUT por-
tals, called a sink DUCT, can only consume DATUM instances. A sink Duct can be implemented as a
memoriless sink of DATUM instances. A DUCT with both INPUT portals, called a spout DUCT, spontane-
ously produces DATUM instances on demand. A spout DUCT, therefore, can be implemented as a random
generator of DATUM instances based on the commonly allowed DATUMs of the DUCT’s INPUT portals.

A RELAY contains multiple INPUT and OUTPUT portals. DATUM instances from each INPUT portal are
forwarded to every OUTPUT portal of the RELAY. Moreover, a DATUM instance appears simultaneously
at all the OUTPUT portals. A RELAY is memoriless and cannot buffer any DATUM instances. It chooses
non-deterministically from any number of INPUTs that have DATUM instances ready to be HANDLEd. A
RELAY can thus be implemented as an unbuffered multiple producer-consumer algorithm.

When performing bidirectional communication among multiple initiating and responding (i.e. terminat-
ing) PARTICLEs, a RELAY is insufficient for performing the correct routing of responses. Hence, a slightly
more powerful primitive, called BIRELAY, is used for performing reciprocal communication. A BIRELAY
contains one or more initiator TWOWAY ports (where the bidirectional communication originates), and
one or more terminator TWOWAY ports (where the reciprocal communication originates). Each TWOWAY
port consists of a single INPUT and a single OUTPUT portal, and produces a common identity for its INPUT and
OUTPUT portals. A BIRELAY performs routing of reciprocal communication back to the TWOWAY port
that initiated the communication. A BIRELAY can be implemented as a routing function that SENDs DA-
TUM instances along one of many different DUCTs based on the portal on which the DATUM instance is
received. In a PARTICLE, the REPLY function is used to respond to a DATUM instance that has previously
arrived at its INPUT. It can be implemented as an invocation of a pass-through function for the OUTPUT
portal that adds routing information to the DATUM instance being sent so that it reaches the TWOWAY
port where the communication originated. The TWOWAY primitive is implemented as an identifier for
use in DATUM instances as part of a routing path carried in the DATUM instance.

An aspect of the completeness of Alfa’s primitive set is the expressiveness of its interaction primi-
tives, which determines the domain in which the Alfa framework can be used. The expressiveness of
Alfa’s primitives can be studied by comparison with the channel-based coordination model Reo [4].
Alfa’s interaction primitives can be mapped to Reo’s primitive channels as shown in Table 2.

Table 2. Relating Alfa’s primitives to Reo’s primitive channels

Reo primitive Duct holds Duct loses DucT portals
Synchronous 0 none INPUT and OUTPUT
Synchronous drain 0 none OuTPUT and OUTPUT
FIFO1 1 none INPUT and OUTPUT
Asynchronous drain 1 none OUTPUT and OUTPUT
Lossy synchronous 0 last INPUT and OUTPUT

Moreover, Alfa’s RELAY is a combination of Reo’s merge and replicate operators and the synchro-
nous channel. In [4], Arbab shows that the five primitive channels shown in Table 2 together with the



merge and replicate operators are expressive enough to model any interactions involving a regular ex-
pression of input/output operations on point-to-point channels. By analogy, it can be said that Alfa’s
set of primitives is just as expressive.

At the same time, Alfa’s choice of interaction primitives impacts its applicability. An important
class of styles that cannot be composed using Alfa’s primitives are styles that require the notion of ab-
solute time, such as real-time styles. This limitation arises because Alfa’s interaction primitives treat
time as a discrete ordering between simultaneous events. We believe such a limitation to be reasonable
since even assembly programming languages are domain-driven. Despite this limitation, Alfa is still
applicable to a large design space employed for developing modern, distributed systems.

Finally, two topological function primitives are available in Alfa—CONNECT and DISCONNECT—to
establish and remove, respectively, a DUCT between corresponding portals of two PARTICLEs. The CON-
NECT primitive can be implemented in a modular program as the compile-time or run-time binding be-
tween function invocation and function declaration, and the creation and insertion of an appropriate
FIFO buffer for the DUCT. The DISCONNECT primitive can only be implemented as a run-time facility to
remove such a binding and its related buffer.

3.3.  Graphical metaphor for Alfa’s primitives

We use a graphical metaphor, shown in Figure 1, to ren- Parti
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which is not a primitive, is portal mapping used for relating for Alfa primitives

a portal of an outer PARTICLE to portals of its internal ele-

ments. Finally, allowed DATUMs are shown as undirected lines between INPUT and OUTPUT portals and
DATUMs. This metaphor is used as the legend for style composition diagrams given in the rest of this
paper. Note that in the composition of a style’s elements, the use of a portal on a RELAY or a BIRELAY,
in fact, indicates that as many portals of that kind may be present as required to CONNECT to other PAR-
TICLES, RELAYs and BIRELAYs. This is required as a style defines fypes of elements allowed in architec-
tures based on the style, and types may be instantiated differently in terms of their connectivity.

We now illustrate Alfa’s primitives and their composition into architectural styles using our exam-
ple style—client-server. The Alfa composition of the client-server (CS) style is shown in Figure 2. The
DATUMs of this style are request and response. Its also contains constituents client, router and server,
and DUCTs client-request, client-response, server-request, and server-response. Both the client and the
server are PARTICLES and are treated as black-box components that are not decomposed into RELAYs and
DucTts. Moreover, the behavior of the CS client’s request OUTPUT is SEND, that of the CS server’s re-
quest INPUT is HANDLE, that of the CS server’s response OUTPUT is REPLY, and that of a CS client’s re-
sponse INPUT is RECEIVE.

A CS router is a single BIRELAY that contains two TWOWAY ports: an initiator that combines input-
in INPUT and input-out OUTPUT portals, and a terminator that combines output-in INPUT and output-out
OUTPUT portals. This BIRELAY is responsible for ensuring that a response generated by the server is
routed back to the appropriate client that made the original request. In addition, all DUCTs other than
server-request are synchronous flow DUCTs that LOSE none, while the asynchronous flow DUCT server-
request has an infinite HOLDS capacity and LOSES none.

This composition of the client-server style needs additional constraints on the arrangements of por-
tals of client and server, and that of input/output operations at these portals. For example, a client cycles
between making requests and waiting for a response; a server waits for a request and generates a re-
sponse every time it gets one. Both the CS client and CS server use request and response portals, called
the request interface, in lock-step. Similarly, the CS router also uses client-request and client-response
portals, called the input interface, and the server-request and server-response portals, called the output
interface, in lock-step. Every CS server and router can have at most one request interface. Such stylistic
constraints need to be expressed using constraint expression languages as discussed in [20].
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Figure 2 Client-Server style (CS) composition from Alfa’s primitives

Without the use of constraint expressions, each portal can be used independently of another portal.
Moreover, input/output behaviors would be executed independently on each portal. Although this
might be suitable for certain styles, many styles allow only certain static or dynamic arrangements. The
use of constraint expressions bounds the valid instances of a style’s elements. When used together, con-
straint expressions make the set of primitives complete because the two collectively address all the
characteristics of an architectural style.

4. Alfa in action

The above-described Alfa framework for characterizing and composing architectural styles has been
applied to various network-based styles identified in [11]. A detailed presentation of the composition of
all network-based styles is not possible here due to space constraints. However, the same is available at the
Alfa Web site (http://cse.usc.edu/~softarch/Alfa). In order to illustrate the reusability of Alfa’s primitives,
we describe here the composition of two more network-based styles from [11]: C2 and pipe-and-filter (PF).

4.1.  Pipe-and-filter style

The pipe-and-filter style has been previously used to illustrate approaches for formalizing and ana-
lyzing architectural styles [2]. Table 3 describes the orthogonal characterization of the pipe-and-filter
(PF) style based on our approach described above.

Table 3: Orthogonal pipe-and-filter style characteristics

Records are exchanged between pipes and filters. A special end-of-pipe signal is used to indicate

Data that the pipe does not have any further records.

A filter has interfaces for writing to, reading from, closing pipes, and being notified of the closing of
pipes. Every filter should have interfaces for either reading from or writing to pipes, or both. It
should also have an interface for closing every pipe to which it has an interface for writing, and
being notified about its closing by any filter.

A pipe has interfaces for source and sink filters, to allow a source to close the pipe, and to notify
source filters about its closing. Every pipe should have interfaces for both source and sink filters. It
should also have interfaces for being closed by every source filter, and notifying all sources when it
is closed.

Structure

A filter blocks when it writes to a pipe, when it closes a pipe, and when it reads from a pipe but no
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records are available for reading. A pipe does not block when it notifies sources of its closing.

A filter cannot write to a pipe, once it is notified that the pipe has been closed. A filter cannot close
a pipe that has already been closed.

A pipe should notify all its sources once it is closed by any of its sources. A pipe should relay all
data received from its source filters to every one of its sink filter after combining the data uniformly.

Behavior

A filter’s write interface is connectable to a pipe’s source interface, its read interface is connectable
to a pipe’s sink interface, its close interface is connectable to a pipe’s close interface, and a pipe’s
notify interface is connectable to a filter’s notified interface. A filter cannot be connected to a pipe
through more than one read/write interface.

Topology




The Alfa composition of the PF style is shown in Figure 3. The DATUMs of this style are record and end-
of-pipe, and its composition contains constituents pipe and filter, and four DUCTs fwriter, freader, pcloser,
and pnotifier. The PF pipe is a PARTICLE whose composition contains an Inhibitor PARTICLE and two RE-
LAYs. Further, the inhibitor is decomposed into interconnected RELAY and DucT primitives. The PF filter,
on the other hand, is a PARTICLE that is treated as a black-box component and not decomposed into RELAYS
and DUCTs.

Two OUTPUT portals are required for a filter — one for writing to a pipe and another to close the pipe
to which it is writing. Two INPUT portals are also required on a filter — one for reading from a pipe, and
another for being notified about the closing of a pipe to which it is writing. The write and close OUTPUT
portals employ SEND behavior, while the read and notified INPUT portals employ RECEIVE and HANDLE
behavior, respectively. Similarly, a pipe also requires two INPUT portals — one for a source filter, and
another for being closed by a source. Moreover, a pipe contains two OUTPUT portals — one for a sink
filter, and another for notifying source filters about its being closed. As all the portals of a pipe are in
the interfaces of RELAYs, and, hence, automatically HANDLE all incoming and SEND all outgoing DATUM
instances.

The kind of DUCT primitives required for connecting a pipe to a filter are determined by the style’s
interaction characteristics. The write OUTPUT of a filter is connected to the read INPUT of a pipe using
a DUCT that has zero HOLDS and none LOSES. The close OUTPUT of a filter is connected to the close
INPUT of a pipe in a similar way. The pipe’s notify OUTPUT is connected to the filter’s notified INPUT
using a DUCT with one HOLDS and none LOSES. The pipe’s sink OUTPUT is connected to a filter’s read
INPUT using a DUCT with infinite HOLDS and none LOSES. The last two DUCTSs are asynchronous and
hence a pipe does not block when SENDing data to them.

The graphical composition of the PF style also shows the internal composition of a pipe where an
inhibitor is used to constrain arrival of data on the pipe’s source INPUTs to be before any data appears
on the pipe’s close INPUTs. Further, the record DATUM instances appearing on the source INPUTs and the
end-of-pipe DATUM instances appearing on the close INPUTS are propagated through to the sink OUTPUTSs
of the pipe. Moreover, end-of-pipe DATUM instances are also sent from the inhibitor to all source filters
of a pipe to ensure that they do not send any further records to their write OUTPUT.

This behavior of a pipe depends on the behavior of the inhibitor as it correlates a pipe’s source IN-
PUTs to its close INPUTs. An inhibitor is itself composed from RELAYs and DUCTs (shown at the bottom
of Figure 3). The RELAY a propagates the inhibitor’s data INPUT as the inhibitor’s data-out OUTPUT un-
der the regulation of the inhibit INPUT. It is connected to Relay b using a sink DUCT that has zero HOLDS
and none LOSES. Relay e, likewise, propagates DATUM instances at the inhibit INPUT as the inhibitor’s
inhibit-out OUTPUT while regulating the propagation of data. It is connected to RELAY ¢ using a syn-
chronous flow DUCT. RELAYS b, ¢, and d collectively perform the regulation by forming a memory cell
with a capacity to hold two DATUM instances, of which one is initially present. Whenever data is input
to the inhibitor, this initial DATUM instance is shifted out and back in to the memory cell. The memory
cell is filled with the second DATUM instance as it arrives from the inhibitor’s inhibition INPUT, and this
causes any further data inputs to the inhibitor to be propagated, as the shifting process inside the mem-
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Figure 3 Pipe-and-Filter (PF) style composition from Alfa’s primitives
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ory cell ceases. To achieve this, the DUCT connecting RELAY b to RELAY c is a synchronous flow DucCT
that LOSES none, the DUCT connecting RELAY ¢ to RELAY d is an asynchronous flow DUCT that HOLDS
one and LOSES none, and the DUCT connecting RELAY d to RELAY b is an asynchronous flow DUCT that
HOLDS one and LOSES initial. Such a compact representation of the complex inhibition behavior speaks
a lot about the expressive power of Alfa’s primitives. Our inspiration for this model of interaction is
Reo [4], where similar circuits can be constructed from arbitrary primitive channels.

When a filter is CREATEd, all its portals are also implicitly instantiated. Similarly, when a pipe is CRE-
ATEd, its internal elements, including its two RELAYs, three DUCTs, and the inhibitor along with its five
internal RELAYs and DUCTs, are automatically instantiated. The CONNECT primitive is used for estab-
lishing a DUCT between corresponding portals of a pipe and a filter. The DISCONNECT primitive is used
in a similar manner for removing any DUCT thus created.

This composition of the pipe-and-filter style also needs additional constraints on the arrangement of
portals on instances of pipes and filters. For example, three portals of a filter—write, close, and noti-
fied— should always be used in tandem. Moreover, every filter should have either at least one read por-
tal or at least one set of the three portals above. Such constraints involve the use of a suitable expression
language for restraining arrangements of Alfa’s primitive forms or for the arrangement of input/output
behaviors of a style’s valid constituents. No constraint expressions are required on the arrangements of
input/output behaviors in the PF style’s elements as these are completely modeled by Alfa’s primitives.

4.2.  C2 style

The C2 style is a layered network of concurrent components that communicate via neighboring con-
nectors [33]. In order to compose this style from Alfa’s primitives, we characterize the style along five
orthogonal dimensions as shown in Table 4.

Table 4: C2 style characteristics

Data Notifications and requests are exchanged.

Components contain an interface for producing and consuming notifications and requests. For every
produce notification interface, a component must have a consume request interface, and vice versa. All
components should either have produce notification and consume request interfaces, or produce request
and consume notification interfaces, or both.

Connectors contain interfaces for producing and consuming notifications and requests. For every pro-
duce notification interface, a component must have a consume request interface, and vice versa.

Structure

Interaction Components and consumers do not block for consuming requests and notifications.

Connectors broadcast notifications received on each of their consume notifications interfaces to their

Behavior . . .
produce notifications interfaces, and vice versa.

A component’s (connector’s) produce notification interface is connectable to a connector’s (compo-
nent’s) consume notification interface, while its produce request interface is connectable to a connec-
tor’s (component’s) consume request interface.

Connected components and connectors cannot form a loop.

Topology

The Alfa composition of the C2 style is shown in Figure 5. The DATUMsS of this style are notification and
request, and its composition contains constituents component and connector, and DUCTs N (notification), ND
(notification-delivery), R (request), and RD (request-delivery). Each C2 component is a PARTICLE, which is
split across the diagram into two PARTICLE shapes. It is treated as a black-box component and is not decom-
posed into RELAYs and DucTs. Also, note that the constituent C2 connector is a PARTICLE whose composition
contains two asynchronous flow DUCTSs that each HOLDS infinite data items, and RELAYs ti (top-incoming),
to (top-outgoing), bi (bottom-incoming), and bo (bottom-outgoing). This composition collectively deter-
mines the behavior of a C2 connector. The internal DUCTS of a connector are designed to be asynchronous so
that components do not block while producing notifications or requests. In the interest of space, we omit the
discussion about internal portals of a C2 connector. Portals in the external interface of the C2 connector are
mapped to portals of the internal RELAYs of a C2 connector. Moreover, the INPUT portals of C2 component
and connector are defined to have the HANDLE behavior, which is required to ensure that they do not block
for consuming requests and notifications, as required by the interaction characteristics in Table 4. The OUT-
PUT portals of C2 component and connector are defined to have the SEND behavior.

When a C2 component is CREATEd, all its portals are also implicitly instantiated. Similarly, when a
C2 connector is CREATEd, its internal elements including its four RELAYs and two DUCTs are automati-
cally instantiated. The CONNECT primitive is used for establishing a DUCT between corresponding por-
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tals of a C2 component and connector. The DISCONNECT primitive is used in a similar manner for re-
moving any DUCT thus created.

Additional constraint expressions are not required on the dynamic arrangements of input/output be-
haviors in the C2 style’s elements. However, constraint expressions are required for ensuring correct
structural arrangements of C2 components and connectors. Both the C2 component and connector use
produce-notification and consume-request portals, called the bottom interface, in lock-step. Similarly,
they also use produce-request and consume-notification portals, called the top interface, in lock-step.
Moreover, every C2 component can have at most one top interface and at most one bottom interface.
Further a topological relationship is required to track the indirect connectivity of a component to other
components through a connector. The transitive closure of this relationship of a component cannot con-
tain the component itself in order to prevent loops. The topological relationship and this transitive clo-
sure constraint also require additional constraint expressions.

An important implication of the composition of the C2 style in this manner is that the long sought “higher
order” C2 components and connectors [33] can be composed from a combination of simpler C2 components
and connectors, where the outward facing portals of the composite elements can be mapped to the portals of
internal elements.

5. Discussion

The previous sections have discussed a framework for composing elements of an architectural style
from architectural primitives and illustrated its use in the composition of several network-based styles
[11]. In this section we discuss the strengths and limitations of the Alfa framework by assessing the
reusability of its primitives over the entire set of network-based styles and arguing that Alfa is an ar-
chitectural assembly language.

The composition of eighteen network-based styles identified by Fielding [11] has allowed us to assess
the use of primitives across a diverse set of architectural styles. As shown in Table 5, we find that Alfa’s
primitives are widely reusable across these styles, satisfying the third condition for an architectural as-
sembly language. The table shows a shaded cell when a primitive is used in the style corresponding to
the cell and an empty cell otherwise. We find that five patterns of primitive usage can be observed in the
table corresponding to five basic stylesl: pipe-and-filter (PF), client-server (CS), event-based interaction
(EBI), C2, and virtual machine (VM), of which the first three styles have been discussed in this paper.

Although Alfa’s primitives are sufficient to compose elements of styles, constraint expressions are
often required to limit the static and/or dynamic arrangements of these elements in style-based archi-
tectures. These expressions are also necessary for black-box components whose behavior cannot be de-
termined as a simple composition of its primitives. Hence, there is a need to supplement Alfa’s primi-
tives with additional notations for recording such constraints of architectural styles. When combined
with these expression languages, Alfa’s primitives indeed form a complete set, the first condition for

1. A basic style is defined by Fielding [11] as a style that is not obtained by the addition of constraints
to another existing style.
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Table 5: Reuse of Alfa’s primitives across network-based styles. Basic styles are highlighted

Layered Client

Style
Uniform Pipe
Server

& Filter
Client-Cache-

Server
Brokered Dist.

Replicated
Repository
Cache
Layered
System
Layer.-Client-
Cache-Server
Remote
Evaluation
Code-On-
Demand
La.-Cl.-Cod.-
Dem-Ca.-Ser.
Mobile Agent
Distributed
Objects
Objects

DATUM
PARTICLE
INPUT
OuTPUT
TWOWAY
DuUcCT
RELAY
BIRELAY
HOLDS
LOSES
CREATE
SEND
HANDLE
RECEIVE
REPLY
CONNECT
DISCONNECT

an assembly language. A detailed discussion of these expressions is beyond the scope of this paper, but
can be found in [20].

The most common constraint expression we found necessary for composing elements of styles was
the lock-step use of a group of portals, i.e., all the portals in this group are instantiated in every archi-
tectural element of that type of style constituent, or none of the portals is instantiated. Such a constraint
is often captured as an interface in programming languages, where a group of functions are combined
to form an interface, and any concrete implementation of the interface should implement each of its
functions. Therefore, we plan to model the lock-step use of a number of portals as a special type of
constraint expression called interface. This should simplify constraint expressions and, in turn, analysis
of style-based architectures, while improving the understanding of style compositions. Another com-
mon constraint expression needed was the support for topological relations among style elements. Such
relations should also be modeled as a special type of constraint expression as it simplifies the topolog-
ical constraints on configurations of style elements, i.e., interaction paths that are necessary or disal-
lowed in the style.

A systematic notation to compose architectural styles from Alfa’s primitives is needed in order to
streamline the use of the Alfa framework. This notation should provide constructs for Alfa’s primitives
as well as for the additional constraint expressions. Since Alfa’s primitives satisfy all three conditions
for an architectural assembly language, such a notation can be used to systematically assemble style-
based software architectures. We have begun to design a notation for composing style constituents from Al-
fa’s primitives, called xAlfa [20]. xAlfa also provides two object-oriented reuse mechanisms, inheritance and
composition, to reduce the effort required to compose architectural styles from Alfa’s primitives and, as a re-
sult, produce concise style compositions.

6. Conclusion and future work

Compositional approaches towards software architectures remain an area of active interest. This paper de-
scribes one such bottom-up approach, Alfa, that recognizes architectural primitives. Alfa is a framework for
the characterization and composition of architectural styles from such primitives. Alfa characterizes architec-
tural styles along five orthogonal dimensions to enable their systematic composition from primitive building
blocks. This characterization approach has been applied to a diverse set of architectural styles for network-
based systems.

We should emphasize that we do not assume Alfa’s set of primitives to be the only possible, or even
best such set. In fact, our previous work had suggested a different such set of primitives that proved to
be applicable to a narrower class of architectural styles [19]. We recognize that further research in this
area is likely to lead to better architectural assembly languages, or languages applicable to a wider class
of styles. At the same time, the Alfa framework presented in this paper forms the first step along that
trajectory.
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We have evaluated Alfa based on three necessary conditions for a software architectural assembly
language: completeness, implementability, and reusability. Collectively, Alfa’s primitives are able to
address all the five orthogonal dimensions of architectural styles, and hence form a complete set when
augmented with a constraint expression language. Moreover, each of the primitive is implementable as
per the discussion in Section 3. Finally, we have seen that the primitives of Alfa are reused across net-
work-based styles. As a result, we feel confident in terming Alfa an assembly language for style-based
software architectures. Although their use has only been evaluated in the domain of network-based sys-
tems, Alfa’s primitives are found to be expressive enough to compose any architectural style that em-
ploys interactions involving a regular expression of input/output operations on point-to-point channels,
sufficient for a large class of modern, distributed systems.

Much work remains to be done for supporting the creation and use of style compositions. We are
currently working on a notation for Alfa, called xAlfa, for systematically composing Alfa’s primitives
into architectural styles and elements of style-based architectures. xAlfa will also provide support for
the use of expression languages to specify static and dynamic constraint expressions. Additionally, we
plan to provide visualization tools to render Alfa style compositions using a graphical metaphor. Using
xAlfa style compositions, we also plan to support conformance checking of such style-based architec-
tures to their styles. Also, in a related study [22], we have shown that constraint automata effectively
model architectural assemblies of Alfa primitives. We plan to leverage this and combine the dynamic
constraints on style compositions with the semantics of Alfa’s primitives to produce effective dynamic
models of style-based architectural assemblies.

Last, but not least, our goal remains the construction of style-based architectures from primitives.
This requires support for consistent and efficient implementation of Alfa architectural assemblies.
Therefore, we plan to develop code generation techniques from Alfa compositions.
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