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Abstract: A persistent problem in software engineering is how to put soft-
ware systems together out of smaller subsystems:. the problem of software
composition. The emergence of software architectures and architectural
styles has focused attention on a new set of abstractions with which we can
create and compose software systems. We examine the problem of provid-
ing amodel for the composition of different architectural styleswithin soft-
ware systems, i.e. the problem of composing heterogeneous architectures.
We describe a model of pure styles and of their composition. We provide a
disciplined approach to the process of architectural composition, and tech-
niques for using the approach to determine architectural constraints and the
conditions under which systems will fail to be composed.
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1.0 Introduction

A persistent problem in software engineering is how to put software systems
together out of smaller subsystems, the problem of software composition. There are many
levels of granularity at which this problem can be tackled. For example, some of the earli-
est software engineers dealt with systems at the machine language or assembly language
level of granularity. Succeeding engineers addressed the composition problem at a coarser
granularity using higher level programming languages. The emergence of software archi-
tectures and architectural styles has introduced a still coarser level of granularity (and
higher level of abstraction) at which we can create and compose software systems.

One of the earliest discussions of software composition at the architectural level
was first mentioned by Garlan and Shaw in their seminal paper describing some architec-
tural styles| GARL93]. In that paper, the authors state that “most systemstypically involve
some combination of several styles.” These types of systems are termed to have heteroge-
neous architectures. However, the focus of the paper is more on introducing pure architec-
tural styles rather than on addressing the problem of composing heterogeneous
architectures. There are twelve styles explicitly mentioned by the authors:

¢ layered
e distributed processes and threads
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e pipesand filters

e object-oriented

e main program/subroutines

e repositories

e event-based (implicit invocation)
e rule-based

e state transition based

e process control (feedback)

e domain-specific

¢ heterogeneous

Taken together, the focus of each of these styles does not describe a clear smooth contin-
uum; i.e. there is no clear and common set of attributes that each style makes definitive
choices on to distinguish itself from other styles. Some styles focus on certain attributes
that are not addressed by other styles. For example, the layered style is concerned with
constraining the topology of connections, whereas the repository style merely says that at
the heart of the system is a central repository.

Architectural styles are a powerful means for grasping the design of large software
systems. Though software designers may not precisely articulate the architecture of the
systems they design, almost all successful systems will rely on one or more architectural
styles. It is likely that more than one style is used, especidly if the system is large. Con-
sider the problem of designing a satellite ground station for a representative satellite. The
ground station is responsible for receiving satellite telemetry, processing the telemetry,
interacting with the users, and sending satellite commands (figure 1).
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FIGURE 1. Satellite Ground Station

One possible design for the system might partition the ground station into three
distinct parts (figure 2). For receiving telemetry, the architect may choose a streaming pipe
and filter style to handle the more or less constant flow of repetitive data. The part of the
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FIGURE 2. Satellite Ground Station Using Multiple Architectural Styles

ation responsible for sending commands up to the satellite might be designed as another
pipe and filter subsystem. The remainder of the system which isresponsible for interacting
with the users and processing the telemetry might be based on the event-based style to
achieve high flexibility. This high level description sounds very attractive on paper, yet
there are agreat deal of important details that are hidden behind the *+' signs!

The hidden details are implicit constraints within each style. Typically, architects
may rely on an ad hoc method to compose different styles together, trusting their personal
experience to adequately address the implicit constraints. In order to provide architects
with a systematic approach for composing these styles together, it is useful to construct a
theory and/or atool to aid the architect during composition.

1.1 TheProblemsof Architectural Composition

Different researchers are beginning to address the problems of architectural com-
position. Some have attempted to construct a theory of composition which can be used to
prove the correctness of architectures in one style being implemented in another style.
Others have tried to build tools that allow construction of systems from architectural spec-
ifications.

Our aim is to build on the work of Garlan and Shaw, among others, by formally
addressing software composition using architectural styles. We are specifically interested
in generating a model of the composition of architectural styles within large software sys-
tems. In spite of scoping the broad problem of composition by focusing on styles, there are
anumber of formidable subproblems,

the number of useful architectural stylesislarge

the implicit properties of styles are by their very nature difficult to find

architectural styles often focus on different properties

composition can be achieved in many different ways

Each of these subproblemsis addressed by our approach.

There are several benefits to be gained by studying this problem of architectural
composition using styles. An architectural style is a partial starting point for organizing
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the design of a system. It provides a baseline set of entities and constraints that the archi-
tect can leverage to solve the problem at hand. By studying the problem of composition,
we are forced to examine individual styles in a precise manner, and this helps to clear
some of the prevailing confusion on the definition of styles and architectures.

A most significant benefit is the capability of integrating architectural style per-
spectives with other architecture-level perspectives, such as domain-specific software
architectures. In figure 2, for example, analysis of how best to align architectural styles
with portions of satellite ground station domain architectures can provide powerful capa
bilities for reasoning about properties of existing and contemplated satellite ground station
architectures. Another benefit involves tools which allow high-level composition of styles
within single systems, and which may generate code as well. Finaly, we can use our
knowledge of styles to evaluate the strength of COTS packages to support specific archi-
tectures.

1.2 Approach

Our approach to tackling the problems described above can be summarized in two
broad steps:

¢ create models of anumber of pure architectural stylesto gain greater insight,
and to generate some ‘working material’ (section 2.0)

e create amodel of composition based on the styles generated in the prior step
(section 3.0)

The purpose of these modelsis to show the conditions under which styles will or will not
be successfully composed with each other, and to establish the basis for a CASE tool
which the architect can use to specify systems and generate code from those specifica
tions.

Our approach addresses all of the subproblems mentioned previously. One of the
thorniest issues to deal with is the sheer number of styles. There are two possible ways to
address this: either look for an underlying common style, or reduce the number of styles
and how to compose them with a suitable rationale. We have chosen to take the latter
approach, finding the former to be extremely hard at this stage. By focusing initialy on a
representative subset of styles, and by postulating certain properties about styles and how
they are composed, we reduce the complexity associated with the large number of choices
to make.

Another subproblem lies in identifying the implicit properties of individual styles.
In the process of creating our formal models, we were able to identify a set of properties
and constraints per style. Our intent to build a tool based on the models was a powerful
incentive to capture the ‘right’ set of properties. After describing a small set of styles, we
were able to better identify where the styles differed and where they were similar. We aso
found out that styles do not discuss many important architectural issues typically associ-
ated with systems integration, so we began to address these issues as well.

4 Reasoning about the Composition of Heterogeneous Architectures



1.3 Previous Work

The definition of software architecture, and of architectural styles, is still in flux.
Several similar but not identical definitions have been put forward ([PERR92],
[GARL93], [TRACY], [GACE95]). Architectural composition has been addressed by
three different areas: architectural description languages (ADL’s), CASE tools, and theo-
retic approaches. Many different ADL's have been generated for different domains, all
with their strengths and weaknesses for supporting composition. Examples include Con-
trolH/MetaH ([BINN]), Rapide ([LUCK94]), and Wright ([ALLE94]). There is currently
no ADL whose purpose is to facilitate heterogeneous composition. CASE tools for archi-
tectural composition include UniCon ([SHAWY4]), Aesop ([GARL94]), and UNAS
([ROY C91]). Although all three support heterogeneous architectures to varying degrees,
none of them offers an underlying model for heterogeneous composition (Aesop has a
strong model for homogeneous composition however). Finally, a theoretic approach to
heterogeneous composition was recently proposed in which the correctness of a composi-
tion could be established ([MORI94]). However, the approach assumes that composition
never affects an abstract architecture which is transformed into a concrete architecture, a
restrictive assumption for practical purposes.

2.0 Framework for Understanding Architectural Styles

2.1 Elementsof Architectural Styles

Hardware designers typically model the systems they build in terms of two differ-
ent types of models: structure and behavior [MILN94]. Software architectures and soft-
ware architectural styles can be described in a similar but not identica manner. An
architectural style is formally represented as a collection of constraints on the structure,
behavior, and resource usage of the components and connectors in a software subsystem
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FIGURE 3. Elements of an Architectural Style

(figure 3). The structural view of a style describes the components and alowed intercon-
nections between them. All the possible data and control transfers are explicitly identified.
The behavioral view places constraints on the types and order of actions which the compo-
nents and connectors may engage in. The resource usage view places constraints on avari-
ety of systems integration issues such as network protocols, cpu type, etc. In this report,
we discuss the structural and resource usage views of styles, however we do not address
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behavior (see [ABDA95)).

The forma language used in this work is the Z notation [SPIV92, WORD92,
POTT91]. Z was originally created for specifying and designing software, however it has
also been used to model other phenomena, including architectural styles ((ABOW93]). It
is based on set theory and first order logic, and provides the schema construct as the main
building block for writing formal specifications. While it iswell suited to model state and
incremental changes of state (i.e. operations), its primary weaknesses are a lack of direct
support for describing sequences of operations as well as object-oriented hierarchies of
schemas. However, both weaknesses can be indirectly worked around ([HALL94],
[STEP92], [SUFR9Q]).

In this report, we use aplain text form of Z called ZSL [JIA94]. Different fonts are
used to improve readability:

this is formal ZSL text
% this is an embedded comment

2.1.1 Moddling the Structural View of a Style

One important difference between hardware and software architectures is that the
structure of many software architectures typically changes during its operation. The struc-
ture of a hardware architecture is assumed to stay constant during the period of its execu-
tion. In software, the situation is different. The structural view of a software architectural
style describes the vocabulary of components and connectors from which a system may be
built using that style (see figure 4 for an example from the distributed processes style). In

schema Process
name : Name
% the name of the process
initialthreads : P Thread
% the threads initially executing in the process (‘P’ means ‘set of’)
allowedthreads : P Thread
% the set of allowed threads that may execute in the process
where
# allowedthreads >=1
% each process has at least one thread
# initialthreads >=1
% each process starts with at least one active thread
initialthreads subeq allowedthreads
% the initial threads are a subset of the allowed threads
end schema

FIGURE 4. Example of Structural Component

addition to data connectors, there are control connectors which can dynamically change
the structure. Components and connectors can be added and removed while the system is
running. For example, in the main/subroutine style, a procedure call has the effect of add-
ing a new instance of some procedure to the current structure (the current activation tree).
In the distributed processes style, a new circuit may be created then destroyed between
two threads as another example. This notion of a dynamic structure is important for some
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styles, and not important for others (those which are restricted purely to data transfers).
For the remainder of this report, we emphasize the static structure; for alonger discussion
of dynamic structures, see [ABDA95].

2.1.2 Modeling the Resource Usage View of a Style

The original description of software architectural styles by Garlan and Shaw only
focused on the structural organization of components and connectors. This is the essence
of styles, but there are other views that can be considered at the architectural level
([GACE95]). One such view is concerned with resource usage, those issues and problems
that are typically associated with integration projects. Also, we have found that resource
usage considerations are very important in determining the best match of architectural
styles to portions of a domain-specific software architecture.

This view covers a wide variety of issues. A classic example of some of these
issues can be found in a recent paper describing the experience of integrating four com-
plex software systems together [GARL 95]. Researchersin systemsintegration have devel-
oped many different techniques for addressing these issues [NG90].

Many styles are silent regarding constraints on the resource usage of a system. We
are proposing, on the other hand, to consider high-level integration problems at the archi-
tectural level. Specifically, we are concerned with the following common issues,

e component and system issUes: Size, Cpu usage, memory usage, cpu type, operating sys-
tem requirements, implementation language

¢ data connector issues. format, rate, buffered, synchronous, streamed, duplex, multiplic-
ity of senders and receivers, explicitly identified sender or receiver, reliable, duration of
transfer, underlying protocols

e control connector issues: complete or partial (e.g. spawn versus call), explicitly identi-
fied sender or receiver, returns or not, duration of transfer, underlying protocols

Most of the resource usage issues are currently modeled as simple attributes that can have
only asmall range of values (figure 5).

% data type to represent different types of processors
CPUtype ::=sparc | 80x86 | 680x0 | PowerPC

% resource: central processing unit (CPU) requirements
schema CPUResource
cputype : CPUtype
% the type of CPU (e.g. SPARC, Pentium, 68040, etc)
cpuload : N1
% average load as a percentage of the CPU
end schema

FIGURE 5. Example of a Resource
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2.1.3 Joining the Views Together

We have referred to two independent views of architectural styles. structure and
resource usage (there are other views we are ignoring, notably behavior). To tie these two
views together, we will describe each architectural entity (component, connector, etc.)
with a single schema comprised of its structure and resource attributes (figure 6). The

schema SomeStructuralEntity
% ...structure attributes...
% ...resource usage attributes...

where

% ...structure constraints...

% ...resource usage constraints...
end schema

FIGURE 6. Representing Multiple Views: Structure and Resour ce Usage

schema will also contain constraints on the attributes as part of its property. In this way,
the two views are packaged together in aformal manner, ready for composition.

2.1.4 Example: Event-Based Style

A popular example of the event-based style is the class of applications built for the
X Window System, agraphical interface for Unix based workstations [SCHES6, NY E92].
It isthe basis for our representation of this style. One important thing to note about X and
therefore the semantics of our representation is that is aso object-oriented. Thus, it is not
as subjectively ‘pure’ asthe others. Informally, this style is characterized by many event-
based objects producing events which are sent to a centralized event manager which in
turn forwards the events to other objects. The receiving objects may invoke certain proce-
duresin response to the input events - and thereby produce a new set of events. Events are
transferred between objects via the system over an implicit globally available network.

The set of components and connectors available in an event-based system is given
in table 1. We also show the typical operations associated with each component and con-

Entity Type Operations
Data Structure Component | read, write
Procedure Component | activate, suspend, compute
Event Component
Event queue Component | add event, remove event, peek
Object Component | produce event, act on event
System Component/ | instantiate object, destroy object, call procedure, procedure
Connector return, invoke callback, callback return, forward event to object,
receive event from object
Procedure Call Connector cal, return

TABLE 1. Components, Connectors, and Oper ations of the Event-Based Style
nector. The operations are useful for specifying behavioral constraints. The formal repre-
sentation of the system component isgiveninfigure 7.
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schema EventBasedSystem
name : Name
% the name of the system
allowedobjects : P EventBasedObject
% a set of event based objects
initialobjects : P EventBasedObject
% the initial set of running objects
recognizedevents : P EventType
% the set of events the manager can respond to
registry : EventType <-> EventBasedObject
% a relation showing which events are acted on by which objects
CPUResource
% other resource usage factors not listed
where
initialobjects subeq allowedobjects
% the initial set of objects is a subset of the allowed set
dom registry subeq recognizedevents
% the events acted on by objects are events which the manager can
recognize
ran registry subeq allowedobjects
% registered objects are in the set of allowed objects
end schema

FIGURE 7. Event-Based System

3.0 Composition of Architectural Styles

There are few large software systems that adhere purely to a single architectural
style. Most systems exhibit a mixture of styles in their composition. Garlan and Shaw
describe these systems as having heterogeneous architectures [GARL93]. Creating sys-
tems with heterogenous architectures is not an easy task. One simplifying assumption we
make here is that the architectures of the subsystems to be composed are entirely visible
and available (for example, in an architecture composition CASE tool in which the entire
system is designed). We assume that descriptions of the structural, behavioral, and
resource usage views of the subsystem architectures are given. This is different from
another type of composition problem, the problem of integrating already existing software
having only the executables and no architectural descriptions [NILS90].

3.1 OperationsInvolved in Composition

It is important to establish a disciplined approach to the process of architecture
composition. Taking our cue from hardware [MILN94], we can define this process in
terms of essentially two operations. Specifically, a software system architecture is com-
posed by applying a sequence of construction and abstraction operations on some initial
subsystems (figure 8). These are the only two mechanisms that we use to compose styles
together in a single architecture. Informally, we may think of construction as bringing
together elementsinto alarger whole, and abstraction as hiding some properties of agroup
of elements - and perhaps replacing them with other properties. This process of interleav-

9 Reasoning about the Composition of Heterogeneous Architectures



subsystem system
in style A

abstraction

subsystem
in style B

. construction . construction D

FIGURE 8. The Composition Process (Construction and Abstraction)

Ing construction with apstraction IS not new to software of course, having widespread use
at other stages of software design. Here, we are formally specifying the systematic appli-
cation of these operations on systems described in terms of their architectural styles.

Since we have described architectural styles using different views, the operations
of construction and abstraction need to address these views. If two subsystems are con-
structed, their construction must be specified structurally, behaviorally, and with respect to
their resource usage. A similar situation exists when a subsystem is abstracted. As our
understanding of software architectures and architectural styles gets broader and deeper,
the operations will need to be extended to accommodate any additional types of views.

3.2 Architectural Constraints under Composition

The central problem with architectural composition is resolving constraint mis-
matches ([GARL94]). Constraint mismatches can arise as a result of two general cases
during composition:

e one or more subsystem’s constraints conflict with an imposed global constraint
e two or more subsystem’s constraints conflict with each other

For example, in the first case, an architect may find that alibrary of components does not
meet certain imposed performance requirements. In the second case, two libraries may use
different network protocols for data transfers.

In both cases of constraint mismatches, a major obstacleis presented by the task of
identifying and representing constraints. Since architectural styles have many different
views, and the styles themselves are not tightly related, it is useful to begin categorizing
the types of interesting constraint mismatches that might occur. After examining four
styles in depth (main/subroutine, distributed processes, event-based, pipe and filter), we
have identified the following categories (presented with brief examples):

1. A nameis shared between two systems that are to be composed.
- example: two separate main/subroutine systems that are to be constructed
together have two different procedures having identical names.

2. A layering constraint is violated.
- example: ahidden layer is accessed by another system during construction.
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- example: encapsulated data is accessed directly during abstraction from an
object to a process.

- example: aresource assumed to be exclusively accessible by a systemisn’t
after construction with another system.

3. Aninput is used as an output (or vice-versa) during composition.
- example: a pipe going from one input socket to another input socket
bridges two pipe and filter subsystems that are constructed with each other.

4. A connection is made during composition to an entity that can only support a
single connection, and which has already been connected.
- example: acircuit is added to an already connected socket while construct-
ing two distributed processes systems together.

5. A component that should be connected is not.
- example: a socket which is neither a system input nor a system output is
left dangling with no pipetoit.

6. The methods/protocols used by two systemsfor dataand/or control transfersare
incompatible during composition.
- example: the construction of two distributed processes systems is hindered
by the fact that the first uses message-passing and the second uses distrib-
uted shared memory for data transfers.

7. Thedataformats (or value ranges) used by two systems are incompatible during
composition.
- example: the sets of recognized events for two event-based systems to be
composed are not identical.
- example: the rules of two rule-based systems to be composed have differ-
ent rule formats and allowed actions.

8. A resource independent of behavior is overused after composition.
- example: the sum of two pipe and filter subsystem’s static code size
exceeds available space after composition.
- example: adistributed process subsystem abstracted to afilter fails to meet
an imposed average cpu load constraint.

9. A resource dependent on behavior is overused in a particular scenario.
- example: a sequence of operations exceeds a maximum alowed time
requirement during composition.

10.A resource that must be identical over two systems to be composed isn't.
- example: the underlying platforms required for two systems to be com-
posed are incompatible.

These constraint mismatches can occur during both construction and abstraction.
3.3 Construction Operation

The construction operation takes as input the architectures of two separate sub-
systems and some bridging connectors, and produces as output the interconnected archi-
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tecture of a single system (i.e. there is at least one connection bridging the two input
subsystems). All of the original components and connectors of the input subsystems are
present in the output system. Thus the constructed output system describes the possibility
of aconnection between dynamic instances of the two input subsystems. All other connec-
tions are not allowed.

In many cases, we will want to construct a system from two subsystems of differ-
ing styles. In our approach, we accommodate this as two-step process. The construction
operation is limited to pairs of operands (subsystems) of the same style. In order to com-
pose a system that is built from subsystems of different styles, the abstraction operation
must first be used on at least one of the subsystems to bring both into a common style
(figure 8). For each style, the construction operation is similar but not identical. A simpli-
fying assumption we are making is to further limit the construction operation to be
between subsystems (e.g. constructing a pipe with a socket is not considered, but con-
structing a single pipe and filter system from two other pipe and filter subsystems is con-
sidered).

3.3.1 Example: Event-Based Construction

For event-based systems, the construction operation joins two subsystems together
simply by bringing them together. The implicit global connectivity of this style unites the
two subsystems together. The inputs to the operation are the two subsystems and the name
of the new system to construct. The output is the new interconnected system. An example
of a constraint that must be satisfied is that the two subsystems must recognize the same
set of events (e.g. both are X Window based as opposed to trying to construct an X Win-
dow application with a Microsoft Windows application).

% structural construction for event-based style
global
% a function mapping pairs of subsystems to systems
constructEB : (EventBasedSystem cross
EventBasedSystem cross
% the two input subsystems
Name)
% the new name of the system
--> EventBasedSystem
% the output system
axiom
% constrain the new system to obtain its properties from the sub-
systems and the new interconnections
forall sysl, sys2, newsys : EventBasedSystem:;
newname : Name
@
(constructEB (sysl, sys2, newname) = newsys
<=>
newsys.name = newname and
% the new system has the new input name
newsys.allowedobjects = sysl.allowedobjects union
sys2.allowedobjects and
% the system’s set of allowed objects is the union of the sub-
systems’ allowed objects
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newsys.initialobjects = sys1l.initialobjects union
sysZ2.initialobjects and

% the system’s set of initial objects is the union of the sub-
systems’ initial objects

sysl.recognizedevents = sys2.recognizedevents and

% the subsystems’ recognized events are identical

newsys.registry = sysl.registry union sys2.registry and

% the system’s set of registered events is the union of the sub-
systems’ registered events

sysl.cpuload + sys2.cpuload <= 100 and

% the cpu load of the two systems together must be less than
100%

newsys.cpuload = sysl.cpuload + sys2.cpuload)

% the new system cpu load is the sum of the old loads

end axiom

3.4 Abstraction Operation

The abstraction operation provides systems in one style with an interface which is
of adifferent style (i.e. it provides heterogeneity). For example, we might useit to provide
a set of processes and threads with a single filter interface. Before we can precisely
describe the inputs and outputs of the abstraction operation, however, we need to examine
it carefully because it is more complicated than construction. In fact, the abstraction oper-
ation for just one pair of stylesis a difficult problem by itself if we consider that reengi-
neering from legacy systems to object-oriented systemsis aform of abstraction.

Whereas construction is limited to between subsystems having the same style,
abstraction is used to provide a subsystem in one style with an interface of a possibly dif-
ferent style. Having no restriction on the type of operands, the abstraction operation is
inherently more difficult to capture than construction. There are at least two specific rea-
sonsfor this:

¢ the construction operation’s set of inputs grows linearly with the number of
styles but the abstraction operation’s set grows polynomially (figure 9)

e construction only considers pairs of systems, however abstraction is often done
not only from system to system, but also from system to component or system
to connector

System-System
gys_tem_—CO_mponent

System-Connector

Allowed Constructions Allowed Abstractions

FIGURE 9. Growth of Construction and Abstraction Operations

Any practical approach to software composition at the architectural level will have to
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address these two problems associated with the abstraction operation.

3.4.1 Reducing the Difficulty of Abstraction

To reduce the difficulty of abstraction, we first make an observation: not al com-
positions are attempted by architects. In other words, just because it is theoretically possi-
ble to abstract a system in one style into another system of a different style does not mean
it should be done (however, if COTS is being used to implement the system, then the
architect may be required to composed certain styles, and may want information on the
possibility or difficulty of abstracting a COTS product of one style into another).

As mentioned above, it is theoretically possible to abstract whole systems into a
single component or connector (and we are ignoring other important cases like component
to component), and this creates a potentially overwhelming number of cases to consider.
We can reduce the number by limiting the allowed abstractions in away that does not limit
the architect unnecessarily. The reduced set eliminates relatively ‘useless abstractions
(e.g. a main/subroutine system to a thread spawn), but it keeps the common and useful
Cases.

The problem now becomes to specify a limited set of abstractions that are useful
and which will allow us to express most architectures. To resolve this problem, we exam-
ined four styles in depth, and generalized their components and connectors (table 2).

Main/Sub. Dist. Processes Pipe & Filter Event-Based Generalized
Data Structure Data Structure Data Data Structure Data Component
Event
Socket Socket Event Queue Data Socket
Circuit Pipe Data Connector
Procedure Thread Filter Procedure Control Compo-
Process Event Object nent
Controldata
Socket
Cdl Call Call Controldata
Spawn Invoke Callback J Connector
M/S System D/P System P/F System E/B System System

TABLE 2. Generalizing components and connectors

There are seven generalized entities that we can recognize from the four styles, informally
defined here:

e A data socket istypically associated with a control component, and represents
the latter’s entry and exit ports for data components during data transfers.

¢ A controldata socket is typically associated with a control component, and rep-
resentsthelatter’s ability to participate in atransfer of control along that socket,
possibly transferring data as well.

e A data connector models the potential for two or more control components to
engage in data transfers amongst themsel ves.
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A controldata connector models the potential for two or more control compo-
nents to engage in control transfers (possibly with data) amongst themselves.

¢ A data component models datathat is used to store state and/or is passed around
in data transfers (communication).

e A control component is executed by the underlying machine and which can ini-
tiate (and respond to) data and control transfers. It is assumed to have asingle
thread of control.

e A systemisany collection of control components which can potentially engage
inacontrol or datatransfer - i.e. thereis at least one control or data connector
joining any two components.

It may be that with the examination of additional styles we would discover other general-
ized entities.

These generalized entities can be used to constrain the inputs of the abstraction
operation. We will alow abstraction to occur between the following pairs of operands
only:

¢ astyle-specific component/connector to another style-specific component/con-
nector which shares the same generalized component/connector. Example: a
procedure to afilter.

e acontroldata connector to a data connector for any two styles. Example: acall
to acircuit.

e asystem to acontrol component for any two styles. Example: a pipe and filter
system to athread.

e asystem to adata connector for any two styles. Example: a main/subroutine
system to a pipe.

Thisrestricted set of abstractions targets the most common and useful cases of abstraction
from one style entity to another.

Just as with the construction operation, there is no immediately obvious single
operation for abstracting any style to any other style (even with all the restrictions
described above). In fact, the number of ways that a particular abstraction could be imple-
mented is also large, an issue we are till grappling with. The abstraction operation is
therefore different for every pair of input typesit isused on. In the future, we would like to
look for commonalities between different abstractions.

3.4.2 Example: Event-based System Abstracted to a Filter

One possible abstraction would be to provide an event-based system with a filter
interface to construct it with other filtersin alarger pipe and filter system. The abstraction
is implemented by adding a hybrid component to the event-based system which acts as
both an event-based object and afilter. This hybrid component acts as the filter interface to
the rest of the system. The intent is to provide a component which can trandlate filter
inputs to output events for the system to process, and which can also translate event inputs
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to filter outputs for the external world.

schema HybridEventBasedObjectFilter
object : EventBasedObject
filter : Filter
CPUResource

end schema

Like construction, the abstraction operation is modeled as a function. The inputs in this
particular case are the system to be abstracted, an object, and a filter - the latter two are
used to describe the necessary hybrid component. The output is the new event-based sys-
tem containing a new object which can also act as afilter.

% structural abstraction of event-based system to filter

global
abstractEBSystemtoPFFilter :
(EventBasedSystem cross
% the input subsystem
EventBasedObject cross Filter)
% the basis for the hyrid component
--> EventBasedSystem
% the output system
axiom
% constrain the new system to obtain its properties from the old sub-
system and the desired interface
forall sys, newsys : EventBasedSystem;
newobject : EventBasedObject; filterinterface : Filter
@
(sys, newobject, filterinterface) abstractEBSystemtoPFFilter
newsys
<=>
(exists hybrid : HybridEventBasedObjectFilter |
hybrid.object = newobject and hybrid.filter = filterinterface
@
newsys.name = sys.name and
% the new system has the same name as the old
newsys.allowedobjects = sys.allowedobjects union {newobject}
% the new system'’s allowed objects are the old’s plus the hybrid’'s object
and
newsys.initialobjects = sys.initialobjects union {newobject} and
% the new system’s initial objects are the old’s plus the hybrid’s object
newsys.recognizedevents = sys.recognizedevents union
newobject.inputevents union newobject.outputevents and
% new recognized events incorporates those of the hybrid
newsys.registry = sys.registry union
{evtype : EventType; o : EventBasedObject | evtype in
newobject.inputevents and o = newobject} and
% new registry includes new object’s input events
sys.cpuload + hybrid.cpuload <= 100 and
% the cpu load of the input system and the new component together
must be less than 100%
newsys.cpuload = sys.cpuload + hybrid.cpuload)
% the new system cpu load is the sum of the old loads
end axiom
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4.0 Applications of M odel

We are currently beginning implementation of atool which sits upon our model of
architectural styles. Thistool will allow architects to analyze their composed architectures
for constraint mismatches, and also to determine the ability of a COTS package to satisfy
the constraints of a given architecture. Since we are just now beginning implementation of
thistool, we present instead two other applications of our model: an evaluation of an exist-
ing COTS package, and a description of the hierarchy of architectural styles.

4.1 COTSEvaluation

UNAS (Universal Network Architecture Services) is an architectural composition
tool ([ROYCI1)). It facilitates the development of large, distributed networks in either
Ada or C++. There are two ways to use UNAS to build applications: either manually
access the provided libraries in one's own code, or use a graphical interface for laying out
an architecture (a ‘skeleton’) and subsequently fill in the user code. We only discuss the
latter approach here. Much of our experience with UNAS is derived from using it to
design the software architecture of a satellite ground station used as an example in the
United States Air Force Academy ([LARS92]).

UNAS supports a mix of architectural styles. The main primitives are messages,
sockets, circuits, tasks, and processes. Using the graphical interface, the architect lays out
a set of tasks (threads) within processes, and connects the tasks together using sockets and
circuits. This reflects the distributed processes style, however there is one major difference
in that there is no connector which models control transfers. In other words, the graphical
interface does not allow the architect to model a task spawning or calling another task.
Only datatransfers are modeled. Thisisin effect asimplifying assumption for the tool: the
dynamic structure of the system is always the same as the static structure.

In addition to the distributed processes style, UNAS also supports the event-based
style. The graphical interface allows the architect to specify actions for tasks to take on
receipt of messages. Actions include calling user-defined procedures and sending out
more messages. If we ignore this capability, we see that UNAS can be used to create sys-
temsin the pipe and filter style.

Composition of systems in UNAS using the graphical interface is limited to con-
struction. There are no instantiations of the abstraction operation supported by the tool.
This limits the tool to creating monolithic distributed-processes systems that cannot be
‘hidden’ by asinglefilter or other entity.

Thus, our formalisms enable one to determine the underlying reasons which have
made a COTS tool such as UNAS a powerful composition capability for its chosen class
of compositions, and also to determine classes of composition that the tool does not
directly support.
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4.2 A Hierarchy of Architectural Styles

Successfully composing heterogeneous systems will often depend on the relation-
ships between the styles which are used. The original list of styles described by Garlan
and Shaw was presented as aflat list, with no clear relationship between individual styles.
It is possible however to hierarchically arrange the styles based on many different criteria.
One possible hierarchy could be based on the entities and operations offered by a style.
Styles that are linked in the hierarchy should be easier to compose with each other. In the
course of investigating architectural composition, we enumerated the following high-level
entities and operations of several styles:

e main/subroutine: data structure (read, write), procedure (activate, suspend, compute),
system (call procedure, procedure return)

e pipe & filter: data, socket (add data, remove data), pipe (transfer data, transfer mes-
sage), filter (send data, receive data, send message, receive message, compute), system

¢ software bus: message, communicant (send message, receive message), bus (transfer
message)

e event-based: data structure (read, write), procedure (activate, suspend, compute), event,
event queue (add event, remove event), object (produce event, act on event), system

(instantiate object, destroy object, call procedure, procedure return, invoke callback,
callback return, forward event, receive event)

e object-oriented: data structure (read, write), procedure (activate, suspend, compute),
object, system (instantiate object, destroy object, invoke method, method return)

o distributed processes. data structure (read, write), socket (send message, receive mes-
sage), circuit (transfer message), thread (activate, suspend, compute, send message,
receive message), process (add thread, remove thread, activate, suspend), system (call
thread, thread return, spawn thread, thread exit, call process, process return, spawn pro-
Cess, process exit, create circuit, destroy circuit)

o rule-based: fact, rule, interpreter (match condition, add fact, modify fact, remove fact),
system (select rule, execute rule)

¢ |ogic programming: fact, rule, inference engine (unify term, add fact, modify fact,
remove fact), system (prove goal, generate subgoals)

This information was enough to create a tree of styles, where the children of a node sub-
sume the set of entities and operations of the parent and add to it (figure 10). For example,

A— B : " B subsumes entities and operations of A”

Software Bus Main/Subroutine Pipe & Filter Rule-Based

Event-Based Object-Oriented Distributed Processes  Logic Programming

FIGURE 10. A Hierarchy of Architectural Styles

the software bus style can be mapped into the event-based style by mapping messages into
events, communicants into objects, and the bus into the system. A communicant’s send-
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message and receive-message operations are mapped into an object’s produce-event and
act-on-event operations respectively, and the bus's transfer-message operation is mapped
into the system’s receive-event/forward-event pair of operations.

The layered style mentioned by Garlan and Shaw cannot really be called a style as
the others since it makes no definitive choices of what are the entities and operations.
Hence, we prefer to consider layering as atype of constraint which can be applied to any
style.

Note, however, that there is a large amount of information missing from the list
abovethat is essential to the identity of some styles. For example, the notion of encapsula-
tion is not captured as an entity or an operation for the object-oriented style, and neither is
the notion of backtracking for logic programming. It is clear that if we look at different
views of a style, different hierarchies may emerge.

5.0 Summary

We have presented several capabilities for reasoning about the composition of het-
erogeneous architectures. A framework for modeling many different styles is provided,
dependent on three different views: structural, resource usage, and ultimately behavioral.
A model of heterogeneous composition is also presented, which hinges on the two opera-
tions of construction and abstraction. For both operations, the emphasis was to identify the
conditions under which composition will not work by looking for constraint mismatches
between systems. A categorization of constraints based on the three views was presented.
Finally, we showed how we used the model to evaluate a COTS package, and also to dem-
onstrate a hierarchy of styles based on the generality of their entities and operations.
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