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Abstract. Software architecture describes the structure of a system, enabling
more effective design, program understanding, and formal analysis. However,
existing approaches decouple implementation code from architecture, allowing
inconsistencies that cause confusion, violate architectura properties, and inhibit
software evolution. We are developing ArchJava, an extension to Java that
seamlessly  unifies software architecture with an  object-oriented
implementation. In this paper, we show how ArchJava's type system ensures
that implementation code conforms to architectural constraints. A case study
applying ArchJava to an Islamic tile design application demonstrates that
ArchJava can express dynamically changing architectures effectively within
implementation code, and suggests that the resulting program may be easier to
understand and evolve.

1. Introduction

Software architecture [GS93,PW92] is the organization of a software system as a
collection of components, connections between the components, and constraints on
how the components interact. Describing architecture in a formal architecture
description language (ADL) [MTO00] can aid in the specification and analysis of high-
level designs. Software architecture can also facilitate the implementation and
evolution of large software systems. For example, a system’s architecture can show
which components a module may interact with, help identify the components involved
in a change, and describe system invariants that should be respected during software
evolution.

Existing ADLs, however, are loosely coupled to implementation languages, causing
problems in the analysis, implementation, understanding, and evolution of software
systems. Some ADLs[SDK+95,LV95] connect components that are implemented in a

! This is an extended version of the paper by the same name that appears in the
proceedings of the European Conference on Object-Oriented Programming, Mé aga,
Spain, June 2002. In addition to the complete formalization and proofs for the
ArchFJ language, this report makes afew minor corrections and clarifications.
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separate  language. However, these languages do not guarantee that the
implementation code obeys architectural constraints. Instead, they require developers
to follow style guidelines that prohibit common programming idioms such as data
sharing. Architectures described with more abstract ADLs [AG97,MQR95] must be
implemented in an entirely different language. Thus, it may be difficult to trace
architectural features to the implementation, and the implementation may become
inconsistent with the architecture as the program evolves. In summary, while
architectural analysisin existing ADLs may reveal important architectural properties,
these properties are not guaranteed to hold in the implementation.

In order to enable architectural reasoning about an implementation, the
implementation must conform to its architecture. Luckham and Vera [LV95]
identified three criteriafor architectural conformance:

« Decomposition: For each component in the architecture, there should be a
corresponding component in the implementation.

« |Interface Conformance: Each component in the implementation must conform to
its architectural interface.

e Communication Integrity: Each component in the implementation may only
communication directly with the components to which it is connected in the
architecture.

ADLs that provide tool support for skeleton code generation or component linking
generally support the first two architectural conformance criteria: decomposition and
interface conformance. However, existing ADLs cannot enforce communication
integrity, seriously compromising the benefits of architecture during implementation,
testing, and software evolution.

We are developing ArchJava [ACNO2], a small, backwards-compatible extension
to Java that integrates software architecture smoothly with Java implementation code.
ArchJava supports a flexible object-oriented programming style, allowing data sharing
and supporting dynamic architectures where components are created and connected at
run time. The unique feature of ArchJava is a type system that guarantees
communication integrity between an architecture and its implementation, even in the
presence of shared objects and run-time architecture configuration. In previous work
[ACNO2] we introduced the ArchJava language and described our initial experience
with the subset of ArchJavathat supports static architectures.

This paper makes two novel contributions:

« A formalization of the language semantics as ArchFJ, a core language that
integrates primitive object-oriented constructs with support for specifying
dynamic software architectures. We outline a proof of type soundness and
communication integrity for the core language.

« An evaluation of ArchJavain a case study specifying the dynamic architecture of
Taprats, a 12,000-line application for designing Islamic tiling patterns.

The rest of this paper is organized as follows. After the next section’s discussion of
related work, section 3 describes the ArchJava language. Section 4 formalizes
ArchJava as ArchFJ, and proves type soundness and communication integrity. Section
5 describes a case study in which we reengineered Taprats, using ArchJava to express
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a conceptual architecture drawn by the developer. Finally, section 6 concludes with a
discussion of future work.

2. PreviousWork

Architecture Description Languages. A number of architecture description
languages (ADLs) have been defined to describe, model, check, and implement
software architectures [MTO0]. Many of these languages support sophisticated
anadysis and reasoning. For example, Wright [AG97] alows architects to specify
temporal communication protocols and check properties such as deadlock freedom.
SADL [MQR95] formalizes architectures in terms of theories, shows how generic
refinement operations can be proved correct, and describes a number of flexible
refinement patterns. Rapide [LV95] supports event-based behavioral specification
and simulation of reactive architectures. ArchJava's architectural specifications are
probably most similar to those of Darwin [MK96], an ADL designed to support
dynamically evolving distributed architectures.

While Wright and SADL are pure design languages, other ADLs have supported
implementation in a number of ways. UniCon’s tools [SDK+95] generate code to
connect components implemented in other languages, while C2 [MOR+96] provides
runtime libraries in C++ and Java that connect components together. Rapide
architectures can be given implementations in an executable sub-language or in
languages such as C++ or Ada. More recently, the component-oriented programming
languages ComponentJ [SC00] and ACOEL [Sre02] extend a Java-like base language
to explicitly support component composition.

However, existing ADLs cannot enforce communication integrity. Instead, system
implementers must follow style guidelines that ensure communication integrity. For
example, the Rapide language manua suggests that components should only
communicate with other components through their own interfaces, and interfaces
should not include references to mutable types. These guidelines are not enforced
automatically and are incompatible with common programming idioms such as shared
mutable data structures.

Module Interconnection Languages. Module interconnection languages (MILS)
support system composition from separate modules [PN86]. Jiazzi [MFHO1] is a
component infrastructure for Java, and a similar system, Knit, supports component-
based programming in C. These tools are derived from research into advanced
module systems, exemplified by MzScheme's Units [FF98] and ML’ s functors. ADLs
differ from MILs in that the former make connectors explicit in order to describe data
and control flow between components, while the latter focus on describing the uses
relationship between modules [MTO00]. Existing MILs cannot be used to describe
dynamic architectures, where component object instances are created and linked
together at run time.

Furthermore, MILs provide encapsulation by hiding names, which is insufficient to
guarantee communication integrity in general. For example, first-class functions or
objects can be passed from one module to another, and later used to communicate in
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ways that are not directly described in the MIL description. Thus, in these systems,
programmers must follow a careful methodology to ensure that each module
communicates only with the modules to which it is connected in the architecture.

CASE Tools. A number of computer-aided software engineering tools alow
programmers to define a software architecture in a design language such as UML,
UML-RT, ROOM, or SDL, and fill in the architecture with code in the same language
or in C++ or Java. While these tools have powerful capabilities, they either do not
enforce communication integrity or enforce it in a restricted language that is only
applicable to certain domains. For example, the SDL embedded system language
prohibits sharing objects between components. This restriction ensures
communication integrity, but it also makes the language awkward for general-purpose
programming. Many UML tools such as Rationa Rose ReaTime or I-Logix
Rhapsody, in contrast, allow method implementations to be specified in a language
like C++ or Java. This supports a great deal of flexibility, but since the C++ or Java
code may communicate arbitrarily with other system components, there is no
guarantee of communication integrity in the implementation code. The techniques
described in this paper can be applied in tools such as Rational Rose Real Time to
provide a static guarantee of communication integrity.

Other Tools. Tools such as Reflexion Models [MNSO1] have been developed to
show an engineer where an implementation is and is not consistent with an
architectural view of a software system. Similar systems include Virtual Software
Classifications [MW99] and Gestalt [SSW96]. Unlike ArchJava, these systems
describe architectural components in terms of source code, not run-time component
object instances, and the architectural descriptions must be updated separately as the
code evolves.

Previous ArchJava Work. In previous work [ACNO2], we describe in detail a case
study applying ArchJava to Aphyds, a 12,000-line circuit design application with a
static architecture and little use of inheritance. The primary contributions of that
paper are an informal description of the language and an empirical evaluation of
ArchJava on the Aphyds application. In contrast, this paper contributes a
formalization of the language design, and proofs of type soundness and
communication integrity. This paper also presents a new case study applying
ArchJava to Taprats, a second, contrasting application that exercises ArchJava's
support for dynamic architectures and component inheritance.

3. TheArchJavaLanguage

ArchJava is intended to investigate the benefits and drawbacks of a relatively
unexplored part of the ADL design space. Our approach extends a practical object-
oriented implementation language to incorporate architectural features and enforce
communication integrity. Key benefits we hope to realize with this approach include
better program understanding, reliable architectural reasoning about code, keeping
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public conponent class Parser {
public port in {
provi des void setlnfo(Token synbol, SynlabEntry e);
requi res Token next Token() throws ScanExcepti on;

}

public port out {
provi des SynifabEntry get|nfo(Token t);
requires void conpil e(AST ast);

}

public void parse() {
Token tok = in.nextToken();
AST ast = parseFile(tok);
out . conpil e(ast);

AST parseFil e(Token | ookahead) { ... }
voi d setlnfo(Token t, SynTabEntry e) {...}

SynTabEntry getlnfo(Token t) { ... }
}

Figure 1. A parser component in ArchJava. The Par ser component class uses two ports to
communicate with other components in a compiler. The parser’si n port declares a required
method that requests a token from the lexical analyzer, and a provided method that enters
tokens into the symbol table. The out port requires a method that compiles an AST to object
code, and provides a method that looks up tokens in the symbol table.

architecture and code consistent as they evolve, and encouraging more developers to
take advantage of software architecture. ArchJava s design also has some limitations,
discussed below in section 3.5.

To alow programmers to describe software architecture, ArchJava adds new
language constructs to support components, connections, and ports. The rest of this
section reviews the language design [ACNO2], describing by example how to use
these constructs to express software architectures. Throughout the discussion, we
show how the constructs work together to enforce communication integrity. Reports
on the ArchJava web site [Arc02] provide more information, including the complete
language semantics.

3.1. Componentsand Ports

A component is a special kind of object that communicates with other componentsin a
structured way. Components are instances of component classes, such asthe Par ser
component classin Figure 1.

A component can only communicate with other components at its level in the
architecture through explicitly declared ports—regular method calls between
components are not alowed. A port represents a logical communication channel
between a component and one or more components that it is connected to.

Ports declare three sets of methods, specified using the r equi r es, provi des,
and br oadcast s keywords. A provided method is implemented by the component
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Conpi | er
out in out in

scanner parser codegen

public conponent class Conpiler {
private final Scanner scanner = ...;
private final Parser parser = ...;
private final CodeGen codegen = ...;

connect scanner.out, parser.in;
connect parser.out, codegen.in;

public static void nain(String args[]) {
new Conpi | er (). conpile(args);
}

public void conpile(String args[]) {
/1 for each file in args do:
...parser.parse();...

}

Figure 2. A graphical compiler architecture and its ArchJava representation. The Conpi | er
component class contains three subcomponents—a Scanner, a Par ser, and a CodeGen.
This compiler architecture follows the well-known pipeline compiler design [GS93]. The
scanner, par ser, and codegen components are connected in a linear sequence, with the
out port of one component connected to thei n port of the next component.

and is available to be called by other components connected to this port. Conversely,
each required method is provided by some other component connected to this port. A
component can invoke one of its required methods by sending a message to the port
that defines the required method. For example, the par se method callsnext Token
on the parser’s i n port. Broadcast methods are just like required methods, except
that they can be connected to an unbounded number of implementations and must
returnvoi d.

The goal of this port design is to specify both the services implemented by a
component and the services a component needs to do its job. Reqguired interfaces
make dependencies explicit, reducing coupling between components and promoting
understanding of components in isolation. Ports also make it easier to reason about a
component’ s communication patterns.

3.2. Component Composition

In ArchJava, hierarchica software architecture is expressed with composite
components, which are made up of a number of subcomponents connected together.
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A subcomponent’ is a component instance nested within another component.
Singleton subcomponents can be declared asf i nal fieldsof component type.

Figure 2 shows how a compiler’s architecture can be expressed in ArchJava. The
example shows that the parser communicates with the scanner using one protocol, and
with the code generator using another. The architecture also implies that the scanner
does not communicate directly with the code generator. A primary goal of ArchJava
is to ease program understanding tasks by supporting this kind of reasoning about
program structure.

Connections. The symmetric connect primitive connects two or more ports
together, binding each required method to a provided method with the same name and
signature.  The arguments to connect may be a component’s own ports, or those of
subcomponents in fi nal fields. Connection consistency checks are performed to
ensure that each required method is bound to a unique provided method.

Provided methods can be implemented by forwarding invocations to
subcomponents or to the required methods of another port. The detailed semantics of
method forwarding and broadcast methods are given in the language reference manual
on the ArchJava web site [Arc02].

ArchJava does not explicitly support alternative connection semantics such as
asynchronous communication; however, these semantics can be implemented in
ArchJava by writing custom components that play the role of “smart connectors.” The
ArchJava release includes an example Asynchr onousConnect or component that
caches required method calls in an internal worklist and then returns immediately,
invoking the corresponding provided methods asynchronously from an internal thread.

Inheritance. Component classes can inherit from other component classes, or from
class bj ect . The compiler’s legacy mode also alows component classes to inherit
from ordinary classes, at the cost of losing communication integrity guarantees for
inherited methods, so that developers can use non-component-based legacy
frameworks like the Java GUI libraries. Component subclasses inherit methods, ports,
and connections from their superclasses. Component subclasses may also override
method definitions and specify new methods and ports. However, component
subclasses may not specify new required methods because this could break subtype
substitutability.

ArchJava also supports architectural design with abst ract components and
ports, which allow an architect to specify and typecheck an ArchJava architecture
before beginning program implementation.

3.3. Communication Integrity

The compiler architecture in Figure 2 shows that while the parser communicates with
the scanner and code generator, the scanner and code generator do not directly

2 Note: the term subcomponent indicates composition, whereas the term component
subclass would indicate inheritance.
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communicate with each other. If the diagram in Figure 2 represented an abstract
architecture to be implemented in Java code, it might be difficult to verify the
correctness of this reasoning in the implementation. For example, if the scanner
obtained a reference to the code generator, it could invoke any of the code generator’s
methods, violating the intuition communicated by the architecture. In contrast,
programmers can have confidence that an ArchJava architecture accurately represents
communication between components, because the language semantics enforce
communication integrity.

Communication integrity in ArchJava means that components in an architecture can
only call each other’'s methods along declared connections between ports. Each
component in the architecture can use its ports to communicate with the components
to which it is connected. However, a component may not directly invoke the methods
of components other than its own subcomponents, because this communication may
not be declared in the architecture, and thus may violate communication integrity. We
define communication integrity more precisely in section 4.1.

3.4. Dynamic Architectures

The constructs described above express architecture as a static hierarchy of interacting
component instances, which is sufficient for a large class of systems. However, some
system architectures require creating and connecting together a dynamicaly
determined number of components.

Dynamic Component Creation. Components can be dynamically instantiated using
the same new syntax used to create ordinary objects. For example, Figure 2 shows the
compiler’'s mai n method, which creates a Conpi | er component and cals its
conpi | e method. At creation time, each component records the component instance
that created it as its container component. For components like Conpi | er that are
instantiated outside the scope of any component instance, the container component is
nul I .

Communication integrity places restrictions on the ways in which component
instances can be used. Because only a component’s container can invoke its methods
directly, it is essential that typed references to subcomponents do not escape the scope
of their container component. This requirement is enforced by prohibiting component
types in the ports and public interfaces of components, and prohibiting ordinary
classes from declaring arrays or fields of component type. Since a component
instance can still be freely passed between components as an expression of type
bj ect, aConmponent Cast Except i on isthrown if an expression is downcast to
a component type outside the scope of its container component instance.

University of Washington Technical Report UW-CSE-02-04-01 8



Architectural Reasoning in ArchJava

Gread WebServer

wor ker s
request Rout er %
serve Wr ker

public conmponent class WbServer {
private final Router r = new Router();
connect r.request, create;
connect pattern Router.workers, Wrker. serve;

public void run() { r.listen(); }
private port create {
provides r.workers request Wrker() {
final Worker newworker = new Worker();
r.workers connection = connect(r.workers, newrker. serve);
return connection;

}
}
}

public conmponent class Router {
public port interface workers {
requires void httpRequest (I nputStreamin, QutputStreamout);

public port request {
requires this.workers requestWrker();

}
public void listen() {
Server Socket server = new Server Socket (80);
while (true) {
Socket sock = server.accept();
this.workers conn = request.requestWrker();
conn. htt pRequest ( sock. get I nput Strean(), sock.getQutputStrean());
}
}
}

public conponent class Wrker extends Thread {
public port serve {
provi des void httpRequest (I nputStreamin, CQutputStreamout) {
this.in = in; this.out = out; start();

}

}
public void run() {
Il gets requested file and sends it on the output stream

}

Figure 3. A web server architecture. The Rout er subcomponent accepts incoming HTTP
requests and passes them on to a set of Wor ker components that respond. When a request
comes in, the Rout er requests a new worker connection on its request port. The
WebSer ver then creates a new worker and connects it to the Rout er. The Rout er assigns
requeststo Wr ker s through itswor ker s port.
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Connect Expressions. Dynamically created components can be connected together at
run time using a connect expression. For instance, Figure 3 shows a web server
architecture where a Rout er component receives incoming HTTP requests and
passes them through connections to Wor ker components that serve the request. The
request Wor ker method of the web server dynamically creates a Wor ker
component and then connectsitsser ve port to thewor ker s port on the Rout er .

Communication integrity requires each component to explicitly document the kinds
of architectural interactions that are permitted between its subcomponents. A
connection pattern is used to describe a set of connections that can be instantiated at
run time using connect expressions. For example, connect pattern
Rout er. wor kers, Worker. serve describes a set of connections between the
Rout er subcomponent and dynamically created Wor ker subcomponents.

Each connect expression must match a connection pattern declared in the enclosing
component. A connect expression matches a connection pattern if the connected ports
are identical and each connected component is an instance of the type specified in the
pattern. The connect expression in the web server example matches the corresponding
connection pattern because the r and newMér ker components in the connect
expression conform to the types Rout er and Wor ker that are declared in the
connection pattern.

Port Interfaces. Often a single component participates in several connections using
the same conceptua protocol. For example, the Rout er component in the web
server communicates with several Wor ker components, each through a different
connection. A port interface describes a port that can be instantiated several times to
communicate through different connections.

Each port interface defines a type that includes all of the required methods in that
port. A port interface type combines a port’s required interface with an instance
expression that indicates which component instance the port belongs to. For example,
in the Rout er component, the type t hi s. wor ker s refers to an instance of the
wor ker s port of the current Rout er component. Similarly, in the WebSer ver,
the type r.wor kers refers to an instance of the wor kers port of the r
subcomponent.  Port interface types can be used in method signatures such as
request Wor ker and in local variable declarations such as conn inthel i st en
method. In ArchJava, the required methods of a port can only be called by the
component instance the port belongs to. Therefore, required methods can only be
invoked on expressions of port interface type when the instance expressionist hi s,
as shown by thecall to ht t pRequest withinRout er. | i st en.

Port interfaces are instantiated by connect expressions. A connect expression
returns a connection object that represents the connection. This connection object
implements the port interfaces of al the connected ports. Thus, in Figure 3, the
connection object connecti on implements the interfaces newWbr ker . serve
andr . wor ker s, and can therefore be assigned to a variable of either type.

Provided methods use the sender keyword to obtain the connection object
through which they were invoked. The detailed semantics of sender and other
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language features are covered in the ArchJava language reference available on the
ArchJavaweb site [Arc02].

Removing Components and Connections. Just as Java does not provide a way to
explicitly delete objects, ArchJava does not provide a way to explicitly remove
components and connections. Instead, components are garbage-collected when they
are no longer reachable through direct references, running threads, or architectural
connections. For example, in Figure 3, a Wr ker component will be garbage
collected when the reference to the original worker (newMér ker ) and the references
to its connections (connect i on and conn) go out of scope, and the thread within
Wor ker finishes execution.

3.5. Limitations of ArchJava

There are currently several limitations to the ArchJava approach. Our technique is
presently only applicable to programs written in a single language and running on a
single JVM, athough the concepts may extend to a wider domain. Architectures in
ArchJava are more concrete than architectures in ADLs such as Wright, restricting the
ways in which a given architecture can be implemented—for example, inter-
component connections must be implemented with method calls. Also, our design
focuses on ensuring communication integrity, and does not yet support other types of
architectural reasoning, such as reasoning about the temporal order of architectural
events, or about component multiplicity.

ArchJava's definition of communication integrity supports reasoning about
communication through method calls between components; however, components may
still used shared data to communicate in ways that are not directly expressed in the
architecture. Because existing ways to control communication through shared data
involve significant restrictions on programming style, we chose to allow unrestricted
data sharing. Future work includes developing ways to reason about communication
through shared data while preserving expressiveness. Our preliminary experience
with ArchJava [ACNO2] suggests that rigorous reasoning about architectural control
flow can aid in program understanding and evolution, even in the presence of shared
data structures.

3.6. Implementation

A prototype compiler for ArchJavais publicly available for download at the ArchJava
web site [Arc02]. Our compiler is implemented on top of the Barat infrastructure
[BS98]. The compiler accepts a list of ArchJava files (.archj), compiles each one
down to Java source code, and invokes j avac on the resulting .java files. Our
compilation technique is incremental, so that when a source file is updated, only that
file and the files that depend on it need to be recompiled.

The ArchJava compiler translates each component class to an ordinary class in
Java, leaving the fields and method bodies substantially unchanged. We mangle the
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names of classes to ensure that code not compiled by our compiler will not
accidentally misuse component classes; the mai n function is left in a class with the
original name, so that ArchJava applications work smoothly on existing Java virtual
machines. Each component class stores its container component and implements an
interface that allows the container to be checked. All casts to a component class are
compiled into calls to a generated cast method that verifies that the cast expression’s
container is the current component this, throwing a
Conponent Cast Except i on if the check fails.

Each port and port interface in the ArchJava source code is compiled into an
interface containing the required methods of the port. All variables of port interface
type are compiled to variables of that port’sinterface type.

Each connection is compiled into a “connection class’ that implements all of the
interfaces of the connected ports. The connect expression returns a new connection
object, passing the connected components to the connection object’s constructor. The
constructor assigns the connected components to internal fields. Whenever a required
method is invoked on that connection, the connection object invokes the
corresponding provided method on the appropriate component.

Although in ArchJava the source code is the canonical representation of the
architecture, visua representations are also important for conveying architectural
structure. Parts of this paper use hand-drawn diagrams to communicate architecture;
however, we have also constructed a simple visualization tool that generates
architectural diagrams automatically from ArchJava source code. In addition, we
intend to provide an archj avadoc tool that would automatically construct
graphical and textual web-based documentation for ArchJava architectures.

Performance. The main cost of our implementation technique is that calls through
connections are routed through connection objects, adding alayer of indirection to the
system. Our current compiler is a prototype and does not perform any optimizations;
however, future implementations could use well-known techniques like specialization
to eliminate this indirection in many cases.

Thus far, the only applications of significant size to which we have applied
ArchJava are interactive, and thus it is difficult to benchmark their performance. An
independent evaluation of ArchJava on a microbenchmark that exhibited a very fine-
grained architecture measured an overhead of about 10% relative to Java code with a
similar decomposition [ALO2]. We expect that most realistic applications would use
architectural features at a more coarse grain, and so this estimate is probably close to
the worst case in practice.

4. ArchJava Formalization

In this section, we discuss the formal definition of communication integrity and
ArchJava’'s semantics. The next subsection defines communication integrity in
ArchJava. Subsection 4.2 gives the static and dynamic semantics of ArchFJ, a
language incorporating the core features of ArchJava. Finally, subsection 4.3 outlines
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states type soundness theorems for ArchFJ, and subsection 4.4 outlines a proof of
communication integrity.

4.1. Definition of Communication Integrity

Communication integrity is the key property of ArchJava that ensures that the
implementation does not communicate in ways that could violate reasoning about
control flow in the architecture. Intuitively, communication integrity in ArchJava
means that a component instance A may not call the methods of another component
instance B unless B is A’s subcomponent, or A and B are sibling subcomponents of a
common component instance that declares a connection or connection pattern between
them.

We now precisely define communication integrity in ArchJava. We want to reason
about not only the direct method calls made by a component instance ¢ to a
component instance b, but also indirect method calls made through non-component
intermediary objects. To reason about these indirect calls, we define the execution
scope of component instance ¢ on the run-time stack, denoted escope(c), be any of
¢’ s executing methods and any of the object methods they transitively invoke.

Definition 1 [Dynamic Execution Scope]: Let ¢ be a component instance, let nf
range over method frames executing on the stack, and assume that the caller function
returns the previous method frame on the stack. Then we can define the execution
scope of ¢ recursively as follows:

escope(c) = {nf|(M.this=c)} O
{ nf | lcomponent(nf .t hi s) Ocaller(nf) O escope(c) }
escope(nul 1) = {nf |Ocznull .nf Oescope(c)}

It is easy to show that each method frame nf is in the execution scope of either
exactly one component or nul | .

Now we can define communication integrity. Let <: be the subtyping relation over
component classes (defined precisely in section 4.2, below). Let the function
container return a component’s container component (i.e., the component instance in
whose scope it was created), or nul | if there is no such container. We use class to
refer to the class of a component instance, and requiredmethods and providedmethods
to refer to the set of required and provided methods in a port.
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Definition 2 [Communication Integrity in ArchJaval: A program has
communication integrity if, for al run-time method calls to a method m of a
component instance b in an executing stack frame nf [ escope(a):
1. For direct method calls, a = b or a = container(b)
2. For calsthrough connections, there exists a component instance ¢ such that:
e Cc=aorc = container(a), and
e ¢ =borc = container(b), and
e connect pattern P;.z4, ..., P, z,0Oclass(c), and
e 0j0O11.n . class(a) < P, Oclass(b) <t P O
mUO requiredmethods(p;) O m0O providedmethods(p;)

In the definition above, the first case represents direct method calls between
components: the callee must either be the caler itself or one of the cdler's
subcomponents. The second case represents a method cal aong a connection
between components. some component instance ¢ that is equal to or containsa and b
must have declared a connection pattern between a and b that matches the types of a
and b and includes the invoked method m In section 4.4, we state and prove this
communication integrity property for a core subset of ArchJava.

This definition has been simplified dightly in the interest of clarity. Calls to
broadcast methods can be modeled as calls to multiple required methods, and static
connections can be modeled with dynamic connections and connect pattern
declarations.

4.2. Formalization as ArchFJ

We would like to use formal techniques to prove that the ArchJava language design
guarantees communication integrity, and show that the language is type safe. A
standard technique, exemplified by Featherweight Java [IPW99], is to formalize a
core language that captures the key typing issues while ignoring complicating
language details. We have formalized ArchJava as ArchFJ, a core language based on
Featherweight Java (FJ).

Syntax. Figure 4 presents the syntax of ArchFJ. The metavariables C and D range
over class names; E and F range over component and class names; T and V range over
types; P and Qrange over component classes; f and g range over fields; v ranges over
values; d and e range over expressions; z ranges over port interface names; S ranges
over stores; ¢, 6, and ¢ range over locations in the store, where @is typicaly used to
represent the value of t hi s and ¢ represents the container of an object, and Mranges
over methods. As a shorthand, we use an overbar to represent a sequence. We
assume a fixed class table CT mapping regular and component classes to their
definitions. A program, then, isapair (CT, e) of aclasstable and an expression.
ArchFJ makes a number of simplifications relative to ArchJava. In ArchFJ, each
component has exactly one port interface, defining a set of required and provided
methods. For simplicity, we require that the same set of methods appear in the class
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class Cextends C{Cf; KM _ _ _ o
component class P extends E {Cf; K Mport interface z {R M X}
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TmTx) { return e; }

requires T mT x)_ _

connect pattern (P.z)
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new E(e)
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|t __
| connect (v. z)
| error
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.2)
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z
v

>
9
9
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S xS
— 4 m

£, 6, ¢ O Locations

Figure 4. ArchFJ Syntax

body and in the port body. Static connections and ports are left out, as they are
subsumed by dynamically created connections and port interfaces. We aso omit the
sender keyword and broadcast methods. As in Featherweight Java (FJ), we omit
interfaces, assignment, and some statement and expression forms. These changes
make our type soundness proof shorter, but do not materially affect it otherwise.

ArchFJ extends FJ in several ways. Regular classes extend another class (which
can be Obj ect, a predefined class) and define a constructor K and a set of
fieldst and methodsv. Component classes can extend another component class, or
hj ect . Component classes also define a single port interface that includes a set of
reguired methodsr and provided methods . Finally, component classes declare a set
of connection patternsx between their subcomponents.

We need to reason about object identity (represented by a location £) in order to
verify communication integrity. A store S maps locations ¢ to their contents: the class
of the object and the values stored in its fields. Asin ArchJava, the store also keeps
track of each object’s container object (represented by a subscript on the class name)
in order to check run time component casts properly. We will write 5[ 4] to denote
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¢OdomainS) S =S[¢ - E(9]

= RN
S, 0 FnewE) -4 S ( -
S[4=E(y) field(E)=Cf (R FIELD)
SOFLf - £,S
SIA=F() F<E Ea component=(0=/00=¢) (R Cas7)

SOF(EE -~ £ S

¢z00z
S, 8 F (£ z)(connect(£z)) - connect(£z), S

( R- CONNECTCAST)

S[A=E()  mbody(mE)=(x,&) e,=[v/x £/thige,
SOFLmv) - Loe, S

(R-1NVK)

S[4=P{.)  mbody(mP)=(x.e,i) e, =[v/x, £/thise
S, 6 F connect(ZZ) . n(V) -4, >e,S

( R- CONNECTI NVK)

SS6Fip>vVv-y, S ( R- CONTEXT)

Figure5. ArchFJEvauation Rules

the store entry for £. Functional store updates are abbreviated [ £~ E, ¢)]. The
function container(S,¢) looks up the container ¢ of £ in store S.

Expressions include object creation expressions, field lookup, method calls, and
casts. Component creations and casts must refer to the current value of t hi s, so our
reduction rules keep track of thet hi s reference as part of the executing context. We
give a small-step reduction semantics, and so a program expression must represent a
stack of executing methods, each with a potentially different receiver value t hi s.
Therefore, we use an expression 81> e to represent a method body e executing with a
receiver 6.

Values represent irreducible computational results, and include locations and
connections.  ArchFJ represents failed casts with an explicit er r or value. We also
include variables as values because a variable may appear as the instance expression
in aport interface type. The set of variables includes the distinguished variablet hi s
used to refer to the receiver of amethod. Neither theer r or value, nor locations, nor
8> e expressions may appear in the source text of the program; these forms are only
generated during reduction.

Types include class and component types (E), port interface types (v. z), and a
union type that matches any one of a set of port interface types.

Reduction Rules. The evaluation relation, defined by the reduction rules given in
Figure 5, isof theform S, 8 - e e’ , S read “In the context of store S and
receiver 6, expression e reduces to expression e’ in one step, producing the new store
S " We write - * for the reflexive, transitive closure of —. Most of the rules are
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S0 Fe e, S
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S0tef - e.f,S
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S,0 Fv.mv,.v,.e.e) > V.MV,.V,,€,6,.€), S
S/Fe-e€e, S (RC EXT)
S F/>be-{t>e€, S
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S,6 F(E)} - error, S

¢ z00z
S,6 (£ z)(connect(£z)) - error, S

( E- CONNECTCAST)

Figure 6. ArchFJ Congruence and Error Rules

standard; the interesting features are how they manipulate architectural constructs.
The R-NEW rule reduces a new expression to afresh location. The store is updated at
that location to refer to a new object with its fields set to the values passed into the
constructor, and with its container set to the current object & (representing t hi s).
The field read rule looks up the receiver in the store and returns the location in the ith
field.

The reduction rule for object casts looks up the actua type of the casted object in
the store, and verifies that the actual type is a subtype of the type in the cast
expression. In addition, if the cast is to a component class, the rule verifies that the
current component gis equal to either £ or ¢£'s container ¢. Similarly, the rule for casts
to a port interface type verifies that the named port interface type is one of the onesin
the actual connection. If any of the conditions on the cast fails, then the cast reduces
totheer r or expression (these cast error rules are shown in Figure 6).

The method invocation rule R-INVK looks up the receiver in the store, then uses the
mbody helper function (defined in Figure 10) to determine the correct method body to
invoke. In the method body, all occurrences of the formal method parameters and
this are replaced with the actual arguments and the receiver, respectively.
Execution of the method body continues in the context of the receiver location. The
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T<T (S REFLEX)
T<T T<T
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T<T ( )
CT(E) =[conponent] class E extends F{...} (S EXTENDS)

E<F
T < pj ect ('S- O8IECT)
v.z0vz (S-UnaN)

U(\7.£) < v.z

Figure 7. ArchFJ Subtyping

rule for invocations on connections is similar, except that the mbody helper function
aso determines which of the connected components defines the invoked method.
When a method expression reduces to a value, the R-CONTEXT rule propagates the
value outside of its method context and into the surrounding method expression.

Figure 6 shows the congruence rules that allow reduction to proceed within an
expression in the order of evaluation defined by Java. For example, the rule RC-FIELD
states that an expression e. f reduces to e’ . f whenever e reduces to e’ . The
congruence rule RC-CONTEXT shows the semantics of the ¢ > e construct: evaluation
of the expression e occurs in the context of the receiver £ instead of the receiver 6.
The error rules define the semantics of a failed cast. Whenever the run-time checks
necessary for a cast fail, we reduce the cast expression to an er r or value, which is
how we model the exception that is thrown by the full language when a cast fails.

Subtyping Rules. ArchFJs subtyping rules are given in Figure 7. Subtyping of
classes and components is defined by the reflexive, transitive closure of the immediate
subclass relation given by the ext ends clauses in CT. In the S'EEXTENDS rule and
elsewhere, the brackets and ellipses indicate optional syntax that does not affect the
rule’s semantics. We require that there are no cycles in the induced subtype relation.
Every type is a subtype of Cbj ect, and a union type is a subtype of all its member
types.

Typing Rules. Typing judgments, shown in Figure 8, are of the form r,ZE - e:T,
read “In the type environment ', store typing %, and receiver class E, expression e has
type T.” The T-VAR rule looks up the type of a variable in T, and the T-Loc rule
looks up the type of alocation in . The object creation rule verifies that the types of
al the actual constructor argument types are subtypes of the declared constructor
argument types (which match the class' s fields).

The connection rule assigns the connection a union type of all the connected ports.
If the instance expressions in the connection are variables, then this is a connection in
the source text, and so the connection must match a connect pattern declaration in the
enclosing component. It is not necessary to perform this check once the variables in
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MZE F £:2(4) (T-LoO)
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MZEns ke ety
rZEF £:F rZF Fe:T (T- £xT)

rErF/¢pe:T

Figure 8. ArchFJ Typechecking

the connect expression have been replaced with locations, as the property is aready
ensured. The rule for field reads looks up the declared type of the field using the
fields function defined in Figure 10. Caststo a component class in ArchJava can only
appear in methods of a component class, the cast rule for ArchFJ checks this
congtraint.

Rule T-INvK looks up the invoked method’ s type using the mtype function defined
in Figure 10, and verifies that the actual argument types are subtypes of the method's
argument types. Because t hi s may appear as part of port interface types in the
method's argument and result types, the rule substitutes any occurrences of t hi s in
the method’s type with the actual receiver value. This substitution is undefined if the
method's type contains t hi s and the receiver is not a value. If the invocation is
through a port interface type and the instance expression is a variable, then the
instance expression must be t hi s, asin ArchJava. Finaly, the T-CONTEXT typing
rule for an executing method checks the method's body in the context of the class of
thet hi s pointer.

Class and Store Typing. Figure 9 shows the rules for well-formed class definitions
and stores. The rules for well-formed classes have the form “class declaration E is
OK,” and “method/port/connection X is OK in E” The class rule checks that the
constructor first cals the superclass constructor, and then assigns the values passed to
the constructor to the corresponding fields. It aso verifies that any methods, ports,
and connections in the class are well-formed, and checks our simplifying assumption
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Figure9. Class, Method, Port, Connection, and Store Typing

that a component class's port defines the same set of methods as the class.
Component classes may only inherit from other component classes, or from class
oj ect .

The rule for methods checks that the method body is well typed, and uses the
override function (defined in Figure 10) to verify that methods are overridden with a
method of the same type. It aso ensures that the signature of a component method
does not include component types. For component classes, the port typing rule
verifies that only subclasses of Cbj ect may define new required and provided
methods. The rule for connect patterns verifies that for each required method there is
a unigue provided method with the right signature.

The store typing rules ensure that the form of the store is consistent with the Java's
typing rules. The two clauses of the store typing rule are the usual well-formedness
rules, requiring the store type > to type every location in S, and verifying that the
types of objectsin afield are compatible with the field’ s type.

Auxiliary Definitions. Most of the auxiliary definitions shown in Figure 10 are
straightforward and are derived from FJ. The field and connection lookup rules return
the list of fields and connectionsin a given class. ArchFJ follows Java' s lookup rules
for method types and method bodies, with straightforward extensions for port types
and union types. We assume that al port interfaces unrelated by inheritance have
distinct names, simplifying our mtype rule. The method body lookup rule mbody for
connections chooses the component i providing the method. It is guaranteed to choose
a unique component because the T- PATTERN rule implies that only one of the
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Field lookup:
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M ethod type lookup:
CT(E) =[conponent] cl ass E extends F {..._K/l..} T m('_r ;){ return e; }IZIK/I
mtype(m B) =T - T

CT(E) s[conponent] cl ass E extends F {...K/I..} mis not defined in M
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mbody(m E) = (x, e)
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Valid method overriding:

mype(m E)=T - T, = V=

__I_
overridgm E, V - V)

Figure 10. ArchFJAuxiliary Definitions

components in a connection defines each method. 1t then computes the actual method
body using the usua mbody rule. Finaly, the override rule checks that overriding
methods have the same type signatures as the methods they override.
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4.3. Type Soundness

Before proving communication integrity, we show that our type system is sound, i.e.,
execution of ArchFJ programs will not become stuck except due to failed casts. We
frame type soundness with the usual theorems: Subject Reduction states that if a well-
typed program reduces to another program in a single reduction step, the resulting
program is either well-typed or contains an er r or subexpression from a failed cast.
Progress states that a well-typed program is either an irreducible value or an
expression to which one or more of the evaluation rules applies. Our presentation is
modeled after that of Featherweight Java [IPW99].

Theorem [Subject Reduction]: If I,5,E Fe:T, 3(0)=E, z F S,and
S,6 +e-e¢,S thenether Cz' 03, T<Tsuchthat I’ ,E+e:T and = +S,orelse
e’ hasanerror subexpression.

Before proving the theorem, we define a term substitution lemma, necessary for the
method invocation case in the proof. This enables us to show that substituting terms
in awell-typed expression preserves the typing:

Lemma[Term Substitution]: If {x: T, this:E, 0, E F e:T, O,5F F £:V,
0,%F F ¢:E, V<[#this]T, and E<E, then O,ZF F ¢ >[4 x ¢/ this]e:T for some
T<[e/thig]T.

The proof is by induction over the structure of e, with a case analysis on the form of
the outermost term. Most of the cases in the proof are trivial; the more interesting
cases are as follows:

Case T-Loc: Not applicable since e is given atypein the empty store typing.

Case T-VAR: The variable x must be one of t hi s or x. But these variables were
replaced with locations that are given a subtype of the variable types, so the case
holds.

Other cases follow trivially from the induction hypothesis and the transitivity of
subtyping. |

We then prove subject reduction by induction on the derivation of S,6 Fe-e¢',S
with a case analysis on the outermost reduction rule used (one regular or error
reduction rule may apply, in addition to any number of congruence rules).

Case R-NEw: We extend the store type to give £ the type E, preserving the type of
the expression. We know that the store will remain well-typed because the rule T-
NEW ensures that the arguments to the constructor have appropriate types.

Case R-FIELD: Follows from store typing and the rule T-FIELD.

Case R-CAsT and R-CONNECTCAST: These reductions only apply if the resulting
expression is a subtype of the cast type, so the cases hold.

Case R-INVK: By simultaneous induction over the operation of mtype and mbody,
we can see that the actual method has the type attributed by mtype. By applying the
rule T-INVK, the term-substitution lemma, and the rule for well-typed methods, the
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method body has a subtype of the declared return type (modulo the right substitution
fort hi s). The caseiscompleted by observing that the context construct allows us to
type the method body in the context of anew classfor t hi s.

Case R-CONNECTINVK: Similar to R-INVK, but we extend the induction on mtype
and mbody to cover invocations on connect expressions.

Case R-CONTEXT: We rely on the invariant that the context form can only exist
when variables have been substituted with locations within the context expression. In
this case, type of the value on the right hand side cannot depend on the classof t hi s,
so the case holds.

Subject reduction for the cast error rules follows since these rules reduce to the
error expression, and it follows trivialy for the congruence rules by the induction
hypothesis. |

Theorem [Progress]: If 0,5,E F e:T, then either e isan irreducible value, or else
0s, #suchthat = s and =(6)=E wehave s, e -¢',S .

The proof is by induction on the derivation of 0,5,E  e:T with acase analysison the
last typing rule used.

Cases T-Loc, T-VAR, and T-CONNECT: e isan irreducible value.

Case T-NEw: If the constructor arguments are values, reduction R-NEw applies,
otherwise RC-NEw applies by the induction hypothesis. In future cases, we will
assume subexpressions are values, as the corresponding congruence rule applies by the
induction hypothesisin al cases.

Case T-FIELD: Reduction R-FIELD applies because the induction hypothesis
(together with the definition of fields) implies that the location ¢ refers to an object
that has the field being read.

Case T-CAsST: At least one of the cast or cast error reduction rules must apply, as
these reduction rules cover al possible cases.

Case T-INVK: The induction hypothesis implies that mtype returns a method type
based on the type of the receiver location or connect expression. By simultaneous
induction on the execution of mtype and mbody, we can see that mbody returns a
method body, and so either R-INVK or R-CONNECTINVK applies.

Case T-CONTEXT: Rule R-CONTEXT applies. |

4.4. Communication Integrity

Like the definition of communication integrity for ArchJava in section 4.1,
communication integrity for ArchFJ has two parts: a theorem for direct method calls,
and atheorem for method calls through a connection. The first theorem states that for
al direct method invocations on a component, the receiver must be the current
component t hi s or one of itsimmediate subcomponents:

Theorem [Communication Integrity of Direct Calls]: For al applications
S0 Femv)y- ¢ > e, S of reduction rule R-INVK in a program execution
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:-I?nit

0,80 Feni~* Viim S, Where 0,0,mject ke, and S[ /4] =P.., the
current component @is either the receiver ¢ of the method call or the container of the
receiver (&=¢ or G=container(S,£)).

Proof: By the type soundness theorem, we know that every step in the derivation of
0,80 Feni~* Viim Si, iswell typed. Consider the expressione. n{ ..) thatisa
subexpression of ej,; or some method substituted body e, such that
S, 0 Fe-* 4 Sisasubsequence of 0,8,, Fe.. -* Vin Sin- We prove the
theorem by a case analysis on the structure of e:

Case ¢: First, note that e can only be a location if it arises by substitution in a
method call. The substituted variable cannot be of type Obj ect , since Obj ect has
no defined methods in ArchFJ. Since we know that the execution typechecks and that
£ has a component type, and since ordinary arguments may not have component type,
the substituted variable must bet hi s and so &=¢.

Casenew P(..): Thelastreductionins, ¢ Fe-* ¢ S must be R-NEw, and so
G=container(S,4).

Case (P')e”: Thelast reductionin S, 6 Fe-* 4 S must be R-CAST, and so
G=container(S,4) or 6=¢.

Case e”. f: Impossible since e is given a component type and fields can't hold
components.

Casee”. m(..): Impossible since e is given a component type and methods can't
return components.

Case connect : Impossible since we are applying rule R-INVK.

Caseer r or : Impossible since e isgiven atype.

Case x: Impossible since e already hasits variables substituted.

Case ¢ > e":Impossiblesince e is part of the source text. |

Theorem [Communication Integrity of Indirect Callg]: For al expressions
connect(4£2) that arise in a program execution O, 8, F e —* Vi S;, Where
0,0,0j ect F e, :T.., then there exists a component instance ¢ that declared a
connection pattern (connect pattern Qz O connects(=(¢))) whose types match the
connected components ( Z(¢) < Q), and all of the connected components are equal to or
contained by ¢ (0¢,0¢. ¢=+¢, O £=container(S¢;)). Furthermore, if a method is called
on the connection during program execution

(S, 6 F connect(42).mv) — ¢, > e, S)thenthecurrentcomponent @ 07.

The proof of the first part is by induction on the derivation of
0,8u. Fen -* Viim Sin- Theonly reduction steps that affect the theorem are the
method invocation rules, which introduce new connect expressions into an executing
program. Here, the T-CONNECT rule verifies that the appropriate connection pattern is
present in the enclosing component class. A lemma analogous to the communication
integrity of direct calls theorem is used to show that 0¢, 0¢ . ¢=¢, O £=container(S,¢,) .
Finally, we show that #0¢. The key insight is that rule T-INVK requires that any
port interface type with a variable as the instance expression must be of the form
this.z. When the method is called the variable t hi s will be replaced with the
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actual receiver 6, and so type soundness guarantees that the connect expression
includes 6. |

5. Experience

In previous work, we validated the basic design of ArchJava with a case study on
Aphyds, a 12,000-line circuit-design program with a static architecture [ACNO2]. In
this section, we describe a case study that evaluates ArchJava s support for dynamic
architectures and component inheritance, and adds to our confidence in the application
of ArchJava. In our case study, we attempt to answer the following experimental
questions:

¢ |s ArchJava expressive enough to describe area architecture that is dynamically
evolving?

« How does the difficulty of reengineering a Java program in order to express its
architecture vary with the program’s characteristics?

* What might be the benefits of expressing a program’s architecture in ArchJava?

5.1. Methodology

Our approach to answering these questions was to translate Taprats from Java into
ArchJava, using the conceptual architecture provided by the program’s developer as a
guide. In the process of our Taprats case study, we refined the hypotheses formed in
our initial case study, and made new hypotheses, outlined in bold bel ow.

The case study participant was a graduate student with five years' experience of
system programming in Java. Although the participant was the developer of the
ArchJava compiler, he was unfamiliar with Taprats and had little experience writing
user interfaces in Java. Thus, the study reflects the common reality of a programmer
asked to evolve an unfamiliar system. The participant was one of us, and will be
informally referred to as “we” in the following text.

We reengineered Taprats to express the conceptua architecture described by the
developer. After browsing the code to determine which classes corresponded to the
components in the developer’s conceptual architecture, we converted these classes
into ArchJava component classes.

The next four subsections describe the process of reengineering Taprats, a
comparison to the earlier Aphyds case study, an analysis of what we learned about the
ArchJava language, and a summary of the benefits of reengineering Taprats in
ArchJava.
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Figure 11. The developer's drawing of Taprats architecture. The drawing on the top shows
the user’s point of view, describing the four main user interface windows, what they look like
on the screen, and what data structures are passed from one window to the next. The drawing
on the bottom shows the internal data structures, beginning with a Ti | i ng that is nested
withing a Pr ot ot ype, which first evolves into a Map and then has rendering style
information added.

5.2. Reengineering Taprats

Taprats [Kap00Q] is an application for designing Islamic star patterns. The user first
chooses a basic tiling pattern from a library, then defines the exact shapes used within
the tiles, and finally renders the design in one of several styles. Different windows are
provided for these tasks, and the user can simultaneously work on different variations
of asingle design.

The developer of Taprats (not one of us) is a computer science graduate student
and an experienced Java programmer. Taprats won the grand prize in the 2000
ACM/IBM Quest for Java, and can thus be considered a model Java program with a
quality design and implementation. The application is 12,540 lines of Java source
code, as measured by the Unix wc (word count) program, not counting the Java
libraries used.

We asked the developer to draw the conceptual architecture of Taprats, as shownin
Figure 11. He drew two diagrams, one representing the user interface and one
representing the internal data structures. The user interface is a pipeline architecture
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of four windows, each of which passes an increasingly detailed data structure to the
next window. The internal view shows how data structures are contained within and
produced from each other.

Validating Taprats Architecture. We began the study by examining the Taprats
source code to try to determine how it corresponds to the developer’'s conceptual
architecture. We discovered that the mai n method in the Pr ogr amclass created the
first user interface window, and that each successive window spawned the next one in
the action code for the appropriate button.

Although the conceptual architecture of the user interface showed a sequence of
windows, the implementation structure was more like a nesting of window instances,
where each window object is responsible for creating child window objects for the
next tile design stage. Thus, our experience with Taprats supports a hypothesis from
our previous case study:

Hypothesis 1: Developers have a conceptual model of their
architecture that is mostly accurate, but this model may be a
simplification of reality, and it is often not explicit in the code.

Architectural Design Principles. ArchJava provides two kinds of objects with which
to build applications.  Component objects alow developers to specify the
communication patterns within an architecture, but the compiler’'s communication
integrity checks limit the ways in which component objects can be used. ArchJava
aso provides ordinary Java objects, which alow unrestricted data sharing within a
component architecture, but which cannot be used to specify or check architectural
properties. Design principles are needed to help determine where to use component
objects and where to use ordinary objects.

Using the intuition that architecture is most important at the largest scales in the
application, we began our study by creating a component representing the entire
Taprats application, and then refined this architecture to increase its level of detail.
We used the following guidelines to help us choose which application objects should
be components in the architecture, and which are best |eft as ordinary objects:

» Scale. The larger the scale of the component, the more program understanding
and evolution benefits may be gained by making its internal structure explicit.
This is primarily because other tools for program understanding (including
browsing source code) are the least effective at large scales.

e Control flow. Does one of the constituent objects of a component call back into
that component? If so, that object will have to be made part of the architecture
to satisfy the compiler’s communication integrity checks. Thisrule is largely a
consequence of ArchJava's focus on control flow communication integrity.

e Sharing. ArchJava supports a hierarchical view of software architecture, and
therefore does not allow a component to be shared by two container components.
Thus, structures that are shared between components should be left as ordinary
objects, unless the sharing can be easily replaced with method calls through the
container component’s port.
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« Database objects. Singleton objects that encapsulate information shared by
multiple components are good component candidates, forming a repository
architecture style. They may need to be promoted up a level in the component
hierarchy to make the sharing explicit.

e Data structures. Small data structures that have many instances and are shared
or passed between components are best left as ordinary objects. ArchJava's
component mechanisms may be too “heavyweight” to use at these small
application scales.

e Cooperation. If aset of objects communicate with each other in complex ways,
making them component classes in an architecture may aid program
understanding by making the communication patterns explicit as connections in
the architecture.

e Lack of communication. ArchJava's architectural features can be used to
document the invariant that a set of components do not communicate directly
with one another.

These principles are not orthogonal; a designer must make tradeoffs based on the
applicability of the different design criteria, and the specific nature of the application.
We hope to refine these design principles based on future experience with ArchJava.

Architectural Design. Applying the design principles above, we initialy focused on
the architecture of the user interface, as shown in the top part of Figure 10. Our
rationale was that the user interface is the highest level of scale in the application, and
also that control flow originates in the user interface. Our experience suggests:

Hypothesis 2: Because ArchJava ensures control-flow
communication integrity, it has a natural bias towards a Ul-centric
architecturein user-interface driven applications.

This hypothesisis also supported by our previous case study, which also resulted in a
Ul-centric architecture. Our hypothesis suggests that in the future, we should apply
ArchJava to systems applications that are not user-interface driven, to determine the
effectiveness of the language in that domain.

As we reengineered Taprats, we used the architecture design guidelines to flesh out
our initial architecture. Following the developer’s conceptual architecture, we made
each user interface window into a component. We then refined the architecture by
making several window panes into subcomponents of their containing window, either
because there was control flow from the pane back into the window, or because we
wanted to document the fact that the panes were unshared and they did not
communicate with other components. Ultimately, we decided not to encode the
bottom part of Figure 11 in the architecture, because these are data structures that are
passed aong the user interface pipeline.

Parts of the user interface architecture made extensive use of inheritance, exercising
ArchJava's support for component inheritance. For example, the user interface
employs window panes of different classes depending on the tiling pattern chosen by
the user. Taprats' design shows how inheritance can be useful in a component-based
system.
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Code Restructuring. As described above, each window in the user interface creates
the next one, suggesting a series of nested windows rather than a pipeline of windows.
In order to make the developer’s conceptually linear architecture more explicit, we
decided to make two structural changesto the application.

First, we made the windows siblings in the architecture instead of being nested
within each other. Because components can only be created by their container
component in ArchJava, this meant we had to move all the application’s window-
creation code into the Progr am class. This change complicated the application
dightly, because each window had to call into the container component to create the
next window. However, it has benefits as well: the new design shows the conceptual
architecture more directly than the original design. This “factory pattern” design
[GHJ+94] also decouples the different user interface windows, because each window
no longer specifies exactly which window will be created next and how it will be
created. This information is hidden within the container component, potentially
alowing the interface to be modified at a smaller cost.

Hypothesis 3: Using ArchJava to express software architecture
explicitly can aid information hiding by encouraging developers to
reduce coupling between different componentsin their architecture.

In a post-study interview, the Taprats developer said that this change made the
ArchJava architecture appear more like his conceptual architecture, but thought that
there should be some way to alow components to be constructed by their siblings in
the architecture. We are considering how to address this limitation of the current
ArchJava language design, perhaps by supporting constructor calls through ports.

Second, instead of passing tiling data from one window to the next via an argument
to the latter window’s constructor, we created explicit connections between the
windows, along which the data could be passed. We made this change in order to
express the developer's conceptual architecture as directly as possible, and the
developer agreed that the new design helped to accomplish this goal. However, a
serious drawback of the new design is that windows are not completely initialized
when the constructor completes, but remain in a partially initialized state until the
tiling data is passed via a separate method call. Because of this, the developer said
that he would not have made this second architectural change. It is possible that
alowing constructor calls through ports will enable us to express this type of
connection directly without the drawbacks of our current implementation.

Reengineering Process. We performed our reengineering as a series of small
refactoring steps, compiling the program and fixing introduced defects after every
stage. Thus, we never went more than an hour without a correctly running program.
This methodology was suggested in our previous case study, after we tried to make
many changes at once and ended up introducing several hard-to-repair defects. We
found that this methodology was effective at limiting defects in this study.

To help us understand the process of reengineering a program to make its
architecture explicit with ArchJava, we recorded the major refactoring steps we
performed, and categorized them into the following refactoring patterns:
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» Change class to component class. When a class describes an object that is part
of the architecture, change it into a component class. This may require applying
other refactoringsin order to pass communication integrity checks.

« Move creation to container component: When a component creates one of its
sibling components in the architecture, create a port in the component and its
container with a single method, r equest Cr eat e. The container component
creates the sibling in request Cr eat e, connects it as appropriate in the
architecture, and optionally returns a connected port to the origina child
component.

e Change a field link into a connection: When a component has afield that refers
to a sibling component, replace the field with a port that contains al of the
methods invoked on the sibling component. In the container component,
connect the component’s port to a corresponding port on its sibling, and then
convert method invocations on the field into invocations on the appropriate port.

In addition to these magjor refactoring steps, we used several conventional refactoring
patterns [FBB+99], as well as a few more minor refactoring patterns that are specific
to ArchJava.

Reengineering Cost. We spent about 5% developer hours reengineering Taprats, or
about 30 minutes of work per KLOC. Of this time, approximately half was spent in
design activity—understanding the structure of the original program, planning the
conversion to ArchJava, considering architectura alternatives, and examining the final
architecture for completeness a the end. Because the developer of Taprats had
aready put considerable effort into making a clean design and implementation, a
relatively small amount of our time was spent actually implementing the architectural
changes.

Our implementation time was divided roughly equaly between modifying the
source code to express the architecture, and repairing defects that were introduced in
these refactoring steps. The final program code is 12693 lines long—only 153 lines
longer than the original application. A total of 242 lines of code were added or
changed in the process. Our experience supports a hypothesis from our previous
study:

Hypothesis 4: Applications can be trandated into ArchJava with a
modest amount of effort, and without excessive code bloat.

Code Characteristics. One particular code characteristic that stood out as we edited
Taprats was the Law of Demeter [LH89], which states that objects should only
communicate directly with their immediate neighbors in a system. The Law of
Demeter can be thought of as the object-oriented analog of communication integrity,
since ArchJava components may only communicate with the architectural “neighbors’
to which they are connected in the architecture.
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public conponent class Program {

/1 the tiling selector wi ndow subconponent
private final TilingSelector ts = new TilingSelector();

/1 ports for creating w ndows
private port createDesignEditor {
provi des ts.sendTiling requestEditor() {
Desi gnEditor e = new Desi gnEditor();
connect (creat ePrevi ewPanel , e.createNext);
ts.sendTiling aPort = connect(ts.send, e.receive);
return aPort;
}
}

private port interface createPrevi ewPanel {
provi des Object requestPreview Object edit) {
Desi gnEditor e = (DesignEditor) edit;
Previ emPanel p = new Previ ewPanel ();
connect (cr eat eRender Panel , p.createNext);
return connect(e.send, p.receive);
}
}
private port interface createRenderPanel {
provi des Object requestRender (Object prevw) {
Previ emPanel p = (Previ ewPanel) prevw,
Render Panel r = new Render Panel ();
return connect(p.send, r.receive);
}
}

/1 connections between the creation ports and the w ndows
connect createDesignEditor, ts.createNext;

connect pattern createPrevi ewPanel, DesignEditor. createNext;
connect pattern createRenderPanel, PreviewPanel.createNext;

/1 connections between the w ndows

connect pattern TilingSel ector.send, DesignEditor.receive;
connect pattern DesignEditor.send, PreviewPanel.receive;
connect pattern Previ ewPanel .send, RenderPanel.receive;

/1 the main nethods of the program
public void run() {
Frame f = new Frane( "Taprats 0.3" );
f.add( "Center", ts );
/1 more code to finish setting up the w ndow. ..

}

public static void nain(String[] args) {
new Progran().run();

}

Figure 12. ArchJava code for the Taprat s component.  The main application method
creates a Pr ogr amcomponent and invokes r un on it. Theinitia Ti | eSel ect or window
is created in the field initializer for t s, and the r un method wraps it in a Fr ane. The three
private ports contain methods that create and connect new window components. Connect
declarations show communication patterns between windows.
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Program

TilingSelector
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PreviewPanel
RenderPanel

Figure 13. A visudization of the Taprats architecture, automaticaly derived from the
ArchJava source code. Boxes represent subcomponents, and arrows represent inter-component
control flow. The ovals are internal ports of the program component, which are used by the
first three window components to create the next window in the sequence.

We discovered this connection by examining a violation of the Law of Demeter that
forced us to restructure Taprats' code. After constructing a new window, the Taprats
code caled an accessor function to get a pane of that window, and then set the
parameters of the pane’s viewport directly—uviolating the Law of Demeter, since the
pane was not an immediate neighbor of the original code. In our architecture, the pane
was an internal component of the window component, and so this communication
violated communication integrity. Therefore, we had to restructure the program to
pass the viewport parameters to the enclosing window, which then passed them on to
the pane. When shown the offending code, the developer agreed with our assessment
and thought our solution was appropriate.

Despite this example, most of the Taprats code obeyed the Law of Demeter. This
had a beneficial effect on our reengineering: when we converted an object into a
component, the new component would often pass the compiler's communication
integrity checks as soon as we converted direct method calls into calls on ports. Our
experience suggests:

Hypothesis 5: It will be relatively easy to use ArchJava to express
the software architecture of an object-oriented program whose
sour ce code obeysthe Law of Demeter.

Final Architecture. Figure 12 shows the ArchJava code that expresses the
architecture of Taprats. The complete ArchJava source code for Taprats is available
a the ArchJava web site [Arc02]. Compared to the developer’s conceptual
architecture, our final ArchJava architecture describes identical communication
patterns between the user interface windows.

Figure 13 shows a visualization of the Taprats architecture automatically derived
from the ArchJava source code using a visualization tool. We showed the devel oper
this diagram, and he agreed that it captured his conceptual architecture well.
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Alternative Architectural Choices. Our study was directed towards implementing
the developer’s conceptual architecture as directly as possible in ArchJava. However,
an architect could have expressed aternative Taprats architectures using ArchJava.
For example, we could have followed the originad source code more closely,
producing a nested hierarchy of components instead of a linear sequence of
components.  Although this architecture would not show all of the user interface
components and connections within one composite component, it would express the
constraint that the user interface window instances form a tree with each window
spawning multiple windows on the next level. The architecture we chose does not
eliminate the possibility that the windows form a dag, where data from two source
windows might be combined into alater-stage window (this does not occur in practice,
of course). ArchJava is flexible enough to express both architectures, depending on
which the software architect deems more appropriate.

5.3. Comparison to Aphyds Case Study

We found that expressing the conceptua architecture of Taprats with ArchJava was
straightforward when compared with our earlier case study. In all, we spent
approximately five times less effort in this case study than in the Aphyds case study,
despite the fact that the programs were of similar size. Several application
characteristics may have contributed to this difference:

e Architecture Syle. The pipeline architecture style of Taprats, where data is
passed from one component to another, has simpler communication patterns than
the repository architecture style of Aphyds, where components access a shared
database.

 Architectural Connectivity. Once spawned, Taprats user interface windows are
completely independent: they access different data, and do not communicate in
any way. In contrast, Aphyds user interface windows show different views of
the same data, and therefore the user interface architecture includes connections
to pass updated data and window state.

e Architecture Granularity. The developer of Aphyds specified a fairly fine-
grained architecture, and the control flow within the user interface encouraged us
to make the architecture even more fine-grained than the developer specified. In
contrast, the Taprats user interface architecture was more coarse-grained,
consisting of only four windows and their window panes.

» Architectural Mismatches. The structure of Taprats was quite similar to the
architecture we tried to express. In the Aphyds study, we chose to make some
previoudy dynamic structures static, requiring us to restructure the code to
support re-initialization where new objects had been created previously.

e Code Interdependence. As described above, Taprats had a well-factored
codebase that generally followed the Law of Demeter, making the architectural
reengineering easy. In contrast, the Aphyds codebase contained many
dependencies across object structures. Its frequent violations of the Law of
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Demeter required many reengineering steps before the compiler's
communication integrity checks were satisfied.

Our experience suggests that looking at these application characteristics may shed
light on how much effort will be required to express an application’s architecture with
ArchJava.

5.4. Evaluation of the ArchJava L anguage

In general, our experience suggests that the ArchJava language design was adequate
for expressing the architecture of Taprats. We were able to describe the conceptual
architecture of the developer with minimal reengineering effort. The dynamic
congtructs of the language, which were largely untested in our earlier case study, were
sufficient to express the dynamic nature of the Taprats user interface.

We also noticed areas in which the language design could be improved. As
discussed before, it would be cleaner if each window in Taprats user interface
pipeline could create the next window in a more natural way, rather than requesting
that the container component create the next window, as is done in the current
solution. Also, in Figure 12, the creation ports (such as cr eat ePr evi ewPanel )
that are connected to dynamically created child windows cannot accept an argument of
component type telling them which window to connect, nor can they return a port with
the correct type (as does the cr eat eDesi gnEdi t or port). Due to limitations in
the current type system of ArchJava, two extra casts are required, one in the container
component and one in the window component. We are considering ways to extend the
ArchJava language design to handle these cases more smoothly.

5.5. Benefitsof ArchJava

The ArchJava architecture has a number of advantages compared to the original,
conceptual architecture of Taprats. ArchJava architectures are guaranteed to be
complete, listing all method call communication between components. The ArchJava
architecture is guaranteed to stay up-to-date as the code evolves with changing
requirements, and architectural visualizations can be generated automatically. Finally,
it is easy to examine the source code to look at the interior structure of an ArchJava
component, determine what methods are in each port, or examine how the methods are
implemented.

The process of reengineering Taprats to make its architecture explicit may also
have made the code more maintainable and easier to change. For example, the
compiler’s communication integrity checks identified several violations of the Law of
Demeter, enabling us to replace them with better-factored code. Because ports
encapsulate al control-flow communication between components, the components are
more loosely coupled in the final version of the code, making them easier to evolve as
requirements change. More experience with evolving ArchJava programs is needed to
determine if these potentia benefits are realized in practice.
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In summary, we were able to capture the conceptual architecture of Taprats
effectively in ArchJava with a small amount of effort relative to the size of the
program. Our experience demonstrates that the language is flexible enough to
describe dynamically evolving software architectures, and suggests future
improvements to the language design.

6. Conclusion and Future Work

ArchJava alows programmers to express architectural structure and then seamlessly
fill in the implementation with Java code. At every stage of the software lifecycle,
ArchJava ensures that the implementation conforms to the specified architecture. Our
formalization of ArchJava gives us confidence in its type system’s ability to enforce
communication integrity. A case study suggests that ArchJava can be applied with
relatively little effort to moderate-sized Java programs with dynamically evolving
architectures, making the program's structure explicit and improving the
maintainability of code. Thus, ArchJava helpsto promote effective architecture-based
design, implementation, program understanding, and evolution.

In future work, we intend to gather experience from outside users of ArchJava, and
perform further case studies to see if the language can be successfully applied to
programs larger than 100,000 lines of code. We will also investigate extending the
language design to enable more advanced architectural reasoning, including temporal
ordering constraints on component method invocations and constraints on data sharing
between components.
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