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Chapter 1

Introduction

The idea of computer software componentry has circulated since the late
1960s. The concept has been attributed to M. Douglas Mcllroy [12]. He ob-
served that, while hardware engineers could compose units from interchange-
able components and subcomponents which they would pick from extensive
component catalogues from multiple vendors, the emerging software indus-
try had no equivalent. Mcllroy argued that software developers “undoubtedly
get the short end of the stick in confrontations with hardware people because
they are the industrialists and [software developers] are the crofters.” He ar-
gued that there should be “mass production techniques” for components in
software like there were in hardware engineering, and families of interchange-
able routines for any given job, where developers could pick the routine most
suitable for their particular needs, and exchange them for others later on if
needs changed. Mcllroy went on to implement his vision as the well-known
pipes and filters mechanism in Unix shells.

The promise of component-based software development has been to enable
the rapid building of applications from well-tested third-party components,
even to the extent that the authoring of source code reduces to a small part
of the job, and composition becomes the primary task of the developer.

In spite of this grand vision, it is only recently that we have seen the
use of (and trade in) software components becoming more common. Popular
opinions on how best to develop large, robust and maintainable computer
software systems shift gradually over time, and can generally be depicted as
in Figure 1.1.

The shifts between these “paradigms” have primarily been motivated by
increasing complexity in software as demands grow and application domains
extend. Once a system is unable to cope with changes in complexity, the
system becomes hard and costly to maintain, and adding new features be-
comes infeasible. To better handle complexity, abstraction is paramount.
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[Structured/ procedural programming}

[Object—oriented programming]

[Component—oriented programming}

Figure 1.1: A rudimentary depiction of shifts in software development paradigms

The goal for a software development methodology is to create the right kinds
of abstraction, and the appropriate levels of abstraction.

As software componentry becomes more prevalent, specific needs and
problematic aspects become more pressing. We want not only flexibility
in composition, but also robust applications which scale well.

One of the threats to robustness posed by component-based development
is excessive allocation of limited resources. This can happen when inter-
component dependencies make it hard to predict the resulting need for re-
sources, and whether that need matches what is available or acceptable. [2]
tackles this problem through a type system (see [5] for a general introduction
to types) which counts the number of instances of components. Since this is
done at development or composition time rather than at runtime, this has the
potential of being useful to guide composers in designing their applications.
To facilitate this, a type inference algorithm is sketched.

This thesis details our implementation of this algorithm. Chapter 2 dis-
cusses software components in general. In Chapter 3, we introduce the prob-
lem of resource management for components, and Chapter 4 provides a review
of the component language introduced in [2]. In Chapter 5, we formulate the
type inference algorithm. Our implementation of it is then treated in Chap-
ter 6, while Chapter 7 gives an introduction to using the type inference tools.
Chapter 8 gives some variants on the type inference algorithm to solve some
problems. Finally, conclusions are given in Chapter 9.



Chapter 2

Software components

This chapter will introduce the notion of software componentry. We will
present different views and common component technologies.

2.1 Properties of software components

A software component can be seen as a package encapsulating a limited func-
tionality. A component exhibits a public interface which describes how the
outside environment may interact with the component. A software compo-
nent is designed to function within a particular component framework. The
framework defines how components are expected to be implemented through
interfaces or partial implementations, and may provide helpful services such
as component composition, transaction management, and database connec-
tivity to components. Components are used as software building blocks.
Application developers compose applications by acquiring components “off-
the-shelf” on the market and composing them into a working application,
often done in graphical tools requiring little or no extra code.

Defining software components is not straight-forward. It is complicated
by the fact that the term is heavily overloaded in everyday speech. Terms like
“object”, “module”, “component”, or even “component object” are often used
interchangeably in reference to different notions. There is, in fact, no univer-
sally accepted definition of what software components are or what properties
they need to have to qualify as components. Szyperski [8] proposes this
definition of component software:

A component is a unit of composition with contractually spec-
ified interfaces and explicit context dependencies only. A software
component can be deployed independently and is subject to com-
position by third parties.
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Three defining characteristics are extrapolated from this: A software com-
ponent

e is a unit of independent deployment
e is a unit of third-party composition

e has no (externally) observable state beyond what is made visible by the
interface

Independent deployment refers to the assumption that a component will
always be deployed (distributed) totally or not at all. Being a unit of third-
party composition means that users of the component can make use of it
in a larger component system without knowing, having access to knowing,
or needing to know about specific implementation details of the component.
Having no observable state is the final, and perhaps key characteristic. This
entails that one copy of a component is indistinguishable from another and,
by extension, in Szyperski’s view it makes no sense to talk about “instances”
of a component.

Szyperski contrasts this to our common notion of an “object”, to which
he assigns three characteristics analogous to those for components: an object

e is a unit of instantiation
e may have externally observable state

e encapsulates its state and behavior

Being units of instantiation, objects carry state, a part of which may be
externally observable. This means objects have unique identities.

A more inclusive approach to the notion of software components is taken
by Nierstrasz and Meijler [17]. Components, they argue, are simply software
abstractions. They are in many cases higher-order entities, in that compos-
ing two components yields a third. An example is abstract classes as known
from many object-oriented programming languages. These are seen as ex-
amples of higher-order components which can be partially instantiated by
a second component - a subclass - to yield the third, resulting component.
To form a working application, components must be composed and later in-
stantiated - two basic operations on components recognized by [17]. Taking
this approach, the authors argue one can define more flexible and conceptu-
ally natural component frameworks. This “object flavoured” view of software
components is also supported by [2], and will be applied in this thesis.
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2.2 Objects and components

The two approaches to software componentry we have presented may appear
to conflict, although they do not. However, there are subtleties to keep
in mind. Software components are collections of code (classes, functions,
modules, and other definitions), and in some cases static data resources such
as bitmap graphics. In the case of components consisting of classes, these
classes are expected to be instantiated before they can be used, like any
other class. For many such components, one of their classes acts as a point
of entry to the component. When we speak of “an instance of a component”,
we actually mean an instance of this class. There can be many such instances,
and each is an object with unique identity and state. However, the component
itself needs to be loaded into the runtime environment only once, and has all
the properties specified in [8].

Whereas components work on a compositional level, objects work on a
computational level. This also implies a difference in semantics for object
interfaces and component interfaces; object interfaces address computational
needs, while component interfaces need to be designed to support construc-
tion of large systems. Hence, component interfaces are designed on the antic-
ipation of working together with other components in an open and changing
environment.

It is common to depict a software component as a “black box”. This means
that the interface specifies all services offered, but any implementation detail
is hidden. The composer (ideally) does not need knowledge of such details,
and in many cases does not have access to the source code, which means
output can only be observed as a reaction to input. This is in contrast to
objects, which are often “white box” in that implementation details are vis-
ible and depended upon, either through source code or detailed description
in the documentation. An example of this is the inheritance mechanisms
of object-oriented languages, where knowledge of implementation such as
variable names and the order of function invocations often becomes critical.
Furthermore, there have been arguments [4] for “grey-box components” where
composers have some degree of implementation knowledge, to help facilitate
composition and reuse. This knowledge is often encoded in special specifica-
tion languages, and does not assume access to component source code.

2.3 Current component technologies

There are a number of component technologies in wide use today. We will
present the most common ones here. Most of these have reached such a
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“critical mass” of popularity that there are electronic market-places where
trade in components happen'.

2.3.1 Java Beans

Java Beans [7] is a software component technology for Java which provides a
framework in which to run the components, or “beans”. Java Beans support
components with persistent state (the state can be stored and loaded into
a component at runtime) and can transact between states based on mes-
sages (“events”) sent to it. Components can also send such messages to other
components and client objects. The component framework provides mecha-
nisms for discovery of available components, and registration of components
to make them available for such discovery.

A Java Bean in its most plain form is simply a Java class which imple-
ments the java.io.Serializable interface and has only the zero-argument
(“default”) constructor. In addition, one can define properties on a com-
ponent. These are instance methods which follow a standardized naming
convention. For example, a property “Name” of type String would be imple-
mented as up to two methods: public String getName() and public void
setName (String). Leaving out setName makes the property read-only, while
leaving out getName makes it write-only.

The component interface of a Java Bean is simply the public methods
it defines. If desired, the component developer can choose to only expose
a subset of those methods. Such deviation from the default behavior must
be defined by providing an implementation of the BeanInfo interface, which
can also define other meta data for the component.

Java Beans have special facilities for visual presentation and for running
in a graphical user interface. On design-time, beans can be integrated in
development tools to allow for easy composition by letting the user select
components from a “palette”, laying them out on a graphical canvas and
setting property values using graphical dialog windows. On runtime, beans
can be incorporated into a graphical application as a graphical component
and integrates well with Java’s event model for graphical user interfaces.

2.3.2 Enterprise Java Beans

Enterprise Java Beans [16], or EJB, is a server-side component architecture
for the Java platform. Despite the similarity in names, it is not an extension

!For an example, see http://www.componentsource.com
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of Java Beans. Whereas Java Beans is a client-side “intra-process” compo-
nent model, EJB is “inter-process”, and is based on distributed objects with
remote method invocation (RMI) technology. EJB components run within
application servers which implement the EJB specification. These servers
offer components a standardized methods of database access, concurrency
control, signalling of events to clients, data persistence, and so on.

2.3.3 Microsoft .NET

NET [10] (“dot net”) is a rich application development framework developed
by Microsoft. .NET programs run on the Common Language Runtime [13],
a virtual machine runtime environment which executes compiled .NET code.
Since .NET offers language independence, programs can be written in any
language which has a .NET compiler written for it. In addition, language
integration is offered, meaning class libraries can be reused and inherited
across languages.

.NET is slowly replacing Microsoft’s earlier component technologies such
as COM, COM+, and DCOM. These put great demands on developers,
requiring them in many cases to write tedious “plumbing code” and com-
plex registration procedures before the components could be used. In .NET,
this has been simplified considerably. Components are made up by storing
code and meta data in assemblies. These are self-contained units of de-
ployment and versioning. The meta data describes the provided types, the
inter-assembly dependencies, supported locales, and more. Versioning assures
that programs which depend on a specific version of the assembly continue
to work and that multiple versions of the assembly can exist side-by-side on
the same system. Components can also be distributed for remote use. In this
case, services are invoked with “remoting” technology, which accesses remote
components through remote method invocation over a network channel such
as TCP or HTTP.

2.3.4 Oberon and Component Pascal

There are also other, less prevalent component technologies, such as Oberon
and Component Pascal. Oberon is an object-oriented programming language
and operating environment created by Niklaus Wirth and Jiirg Gutknecht at
ETH Ziirich in 1986, as an improvement over Modula-2 [20]. Oberon has
strong support for software componentry, and because of its component-
oriented design, the language and runtime environment are very small, load-
ing more complex extensions on-demand as components. An extension of
Oberon was made in 1997 and called Component Pascal, which had features



CHAPTER 2. SOFTWARE COMPONENTS 10

to ascertain the integrity of large component-based systems. The Black-
Box Component Framework was also developed to simplify development of
graphical user interface components.



Chapter 3

Resource management for
components

In this chapter, we introduce the problem of resource management as it
pertains to software components. We give an example of the problem, and
review current approaches to mend it.

3.1 The problem

Component-oriented programming lets the developer pick third-party soft-
ware components off-the-shelf and assemble them in desired configurations
to form a complete computer program. This approach is not only followed
by the application developer at the “end of the line”, but is often suitable for
the developers of the components themselves. In this case, a component is
composed of yet other components, and makes use of these in various pat-
terns, various numbers of times and so on. In addition, every component
which does anything meaningful, will consume certain kinds and amounts of
resources during certain periods. Examples of resources are RAM memory,
hard drive space and CPU time. These are scarce resources on almost any
computer system. In addition, there are types of resources which are even
more critical because they are based on hardware which, for mechanical or
other “physical” reasons [14], can only handle a fixed amount of jobs at any
given time. This could be a commodity appliance such as a printer device or
a scanner, but also more specialized, business-critical devices such as a serial
number generator or a cryptographically secure random number generator
implemented in hardware.

This situation can put the designer of a component-based software system
in a difficult position. An initial composition of the components which is

11
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Figure 3.1: A bank session
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conceptually sound, could have unexpected effects when later implemented,
because of an over-use of scarce system resources. Ill effects could range from
sub-par performance to software crashes, hardware failure, and incorrect or
insecure behaviour.

Consider the component model of an Internet banking session given in
Figure 3.1. While this system is overly simplified and generalized for the sake
of the example, it shows a configuration of components for a system which
handles an entire online banking session for a customer. Separate components
handle each major function, and many of the components depend on services
from one or more of the other components. To better appreciate the example,
a short explanation of the reasoning behind the components is in order:

bank_session The top-level component in this system, ultimately handling
control of the bank session in the various stages of operation.

db Handles database connectivity, lookups and updates.

logger Systematically logs any kind of events with timestamps to a database.
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login Takes care of the logic and presentational issues behind the login pro-
cedure.

auth Authenticates the user by looking up customer data in the database.
Auth consequently has a dependency on the db component.

acc_gen Generates data for establishing a new bank account in the system.

id_verif Verifies identity data with a central, authoritative registry, keyed
by social security number or something equivalent.

rng a secure random number generator device which imaginably works by
taking data from random noise.

cust_acc This component ties together the three aforementioned compo-
nents to provide logic for establishing a new bank account on a user’s
request, if her identity can be verified successfully. The account infor-
mation will, on successful generation, be stored in the database.

transaction_manager A quite abstract component which lets customers
peruse their accounts, initiate transactions and other typical online
banking tasks.

The arrows in such a component diagram define the direction of depen-
dencies between components in such a way that the diagram makes up a
dependency graph of the system. Some of the components can only stand
a certain number of simultaneous instantiations. For example, acc_gen in-
corporates a serial ID generator which can have exactly one instance at a
time.

A naive approach to counting the number of instances would be to count
the number of in-edges to each component. However, to further complicate
matters, the nature of the component dependencies may vary from actual
instantiation to reuse of existing instances. Also, such a graph has no infor-
mation about the chronological ordering of the instances, instance lifetime,
and so on. Furthermore, the number of instances vary from run to run be-
cause of the different outcomes of user input. This makes it impossible, with
no finer-grained specification tools, to tell how many instances each compo-
nent will end up having.

3.2 Current approaches

There are various ways to mend the problem of resource management to a
certain degree by exploiting existing features in popular development envi-
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ronments.

3.2.1 The Singleton pattern

Software design patterns are textual descriptions of good solutions to recur-
ring problems in object-oriented software design. They were introduced by
Gamma, Helm, Johnson and Vlissides (“the gang of four”) in [9].

One such “pattern” is the Singleton pattern, which allows programs in
many object-oriented languages to control the way a class is instantiated
beyond basic constructors. The pattern is most commonly used to ensure
that at most (or exactly) one instantiation of a class exists at any time, and
to provide a unified path of access to this object. There are many kinds of
classes for which this would be appropriate; in our example with the bank
session, the db and logger components could be made into “singletons” fol-
lowing this pattern. A sketch of a logger singleton implemented in Java
could be:

public class Logger {
private static Logger instance;
private Logger () { }

public static Logger getLogger () {
if (instance == null) {
instance = new Logger ();
}

return instance;

The most important property of this code is the private zero-argument
constructor. In a singleton class, this should be the only constructor. While
the usual way to create instances of a class is to use the new operator, this
is not possible for a singleton class; the private constructor forbids it. In-
stead, the class provides a method getLogger which acts as the only point
of access to an instance of the class. This method has, in this case, a simple
conditional instantiation mechanism, and returns the single instance. Being
static (belonging to the class, not instances of the class), the method provides
“global” access to the singleton instance.
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3.2.2 “Multitons”

A key observation regarding the Singleton pattern is that the class method
providing a global, unified access to the single instance, can contain an arbi-
trary amount of logic to perform on each access, beyond the simple reference
checking and conditional instantiation. We can exploit this to extend the
pattern into allowing an arbitrary, but fixed, amount of instances. This is
useful not only to limit the number of instances, but also to enforce reuse of
existing instances (e.g., because the instantiation procedure needed by the
class is expensive). Imagine that the login component is very resource de-
manding, and that we only have enough memory to handle at most three
instances simultaneously.

public class Login {

private static Login|[] instances = new Login[3];
private static boolean[] locks = new boolean [3];
private static int count = 0;

private int instanceNumber;

private Login(int _instanceNumber) {
instanceNumber = _instanceNumber;

}

public int getInstanceNumber() {
return instanceNumber;
}

public static Login getLogin(int i) {
if (locks[i]) {
throw new InstanceLockedException (i);
} else {
locks[i] = true;
return instances[i];

}

public static Login newLogin() {

Login login = null;
if (count < instances.length) {
instances [count|] = new Login (count );

locks [count] = true;
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login = instances [count |;
count—++;

}

return login;

}

public static void free(Login 1) {
locks[l.getInstanceNumber ()] =
}

}

false;

This extension of the Singleton pattern is sometimes informally referred
to as the “Multiton pattern”.

In the example, the “creational” point of entry is the newLogin method.
This method allocates new objects and enters them into the class’ instance
cache, but only if the amount of previously created instances does not exceed
the preset limit. Objects, once created, can be reused. However, the class
attempts to ensure that each instance is used by only one client at a time
by marking each instance as “locked” when it is retrieved, and the client is
required to call the free method to unlock it when it no longer requires the
instance. If this “contract” is not followed, instances will not become available
for reuse. Two circumstances which have to be handled are:

e A request for a new instance is received, but the instance count is
already at maximum.

e A request for an existing instance is received, but that instance has
been locked.

Our example class returns the null reference in the first case, and raises
an exception in the second.



Chapter 4

A review of the component
language and typing system

This chapter provides a review of our component language, introducing its
syntax and typing system. We also compare it to alternative languages and
approaches built on existing research.

4.1 A review of the language

[2] introduces a small, carefully abstracted language for describing compo-
nent composition. A typing system is then introduced which, through static
analysis, counts the number of component instances which will be generated
during run-time.

This section will review the parts which are important for this thesis.
The syntax for component programs, declarations and expressions is given
by the formal definition below.

Definition (Syntax). The syntax of the component language is defined
by the following grammar. FExtended Backus-Naur Form is used with the
following meta-symbols: infiz | for choice and underlining for Kleene closure
(zero or more iterations).

Prog ::= Decl; Ezp (Program)
Decl := Var—<FEzp , Var—< Fxp (Declarations)
Exp == € (Empty Expression)
| newVar (New Instantiation)
|  reuVar (Reuse Instantiation)
| (Ezp + Ezp) (Choice)
I {Exp} (Scope;

Exp Exp (Sequential Composition

17
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A component program is built up from two parts. The declaration part
is a series of assignments of component expressions to component names,
each declaring a component which can be referenced in later declarations.
Secondly, the starting expression, which is defined in terms of the definitions
in the declaration part, starts execution of the program.

The expressions themselves can be built from five basic categories. new
creates a new instance of a component. reu will reuse existing instances if
they exist, and if they don’t, an instance will be created. A Choice construct,
e.g., (A+ B), represents a case where one of A and B is executed, but not
both. This is used to model two phenomena. Firstly, it can model condi-
tional execution. In this case, it mimics if statements as we know them from
programming languages. Secondly, a choice can model nondeterminism. The
Scope mechanism, also well-known from programming languages, introduces
a block of execution in which instances created within the block are disposed
of upon exit. Finally, the important sequential composition construct allows
a compound expression to be built by juxtapositioning two expressions. We
use Var(A) to denote the set of components used by the expression A.

4.2 Typing system

The typing system for component programs gives the component designer a
strict upper bound on the number of instances of each declared component
which will be generated during run-time. Strict means that there exists one
or more runs of the program such that the upper bound will be reached.

The set of all components C is partitioned into classes Cy, ..., C, such
that each component in C, can have an arbitrary number of active instances
and each component in C; with + = 1..n can have at most 7 instances at a
time. So C=CyU---UC,, and C;NC; =0 for 0 <i < j < n. Note that
C; may be empty for some 1.

A type for a component expression is a four-tuple (X* X° X7 X7?) of
multisets over C. Multisets assign a cardinality to each member, so that an
element can appear more than once. This makes them an ideal structure
for the typing system, which aims to count the highest occurring number
of instances of each component. Each of the four multisets has different
meaning:

X" specifies the maximum number of instances simultaneously active at any
one time during execution.

X? specifies the “surviving” instances — those still active when execution
ends. These numbers are affected by instances created within scopes.
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X7 is equivalent to X?, but under the assumption that every component
has one instance already. This is to accommodate reuse in sequential
composition.

XP? is equivalent to X°, again under the assumption that every component
has one instance from before.

A basis, typically denoted by I'" or A, is an ordered list of declarations
r1—= Aq,...,v,—< A, which new components can be declared with respect
to, and which component expressions can be given with respect to.

A typing judgement takes the form I' = A : X, meaning that the expres-
sion A has type X in the basis I'. Legal typing judgements for component
expressions are derived from the following typing rules:

Definition (Typing rules). Typing judgments I' = A : X are derived by
the following typing rules:

. 'FA: X I'FB:Y z¢ Dom(D)
Axiom Ly eaken To<BFA:X

e I'FA: X z¢ Dom(T)
INe—<AF newz : (Xt +x, X+, X +x,XP +1x)
- I'FA: X z¢ Dom(T)
Ce—<AF reuz: (Xt +x, X0+ 2, XJ, XP)
Seq I‘I—A:X.I‘I—B:Y.Vk:.l..n.VceCk.(XOLﬂYj)(c)gk _A,B;ée
TFAB: (X'U(X°WYI)UY? (XOWYP)UY®, XJ U (XPWYJ), XP W YP)
'HrA: X 'FB:Y FrFA: X

Choice AT B - xUY P T (A} (X', (LX) °

N

R

The premise for the Seq rule guarantees that the resulting type will not
have instances exceeding the maximum allowed for each component.

4.3 Experimental parallelization support

The authors of [2] are currently working on an extension of the language
to include a mechanism for running expressions in parallel. The extended
syntactical category for expressions then becomes:

Definition (Extended syntax). The extended syntaz with parallelization
support builds on definition 4.1 by adding to the category for expressions:

Exp == (Ezp||Ezp) (Parallel)
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The typing rule for parallel composition is:

Definition (The Parallel typing rule). Typing judgments 't A||B : X

are derived by the following typing rule:

'FA: X TFB:Y Vk=1.nVc€ Cr.(X' WY (c) <k
TF(A[B):XWY

Parallel

In the operational semantics, (A||B) means that both A and B will be
executed, and in parallel.

It should be noted that the Seq typing rule needs further refinement to
ensure that the bounds in the resulting types are strict. This is still ongoing
work.

This thesis will focus primarily on the non-extended syntax, but paral-
lelization will be brought in occasionally (and explicitly), and is also sup-
ported by the implementation (albeit with no bounds checks).

4.4 QOperational semantics

2] also defines operational semantics for the language. This is modelled as
a transition system where a state is composed of a stack of multisets over
component names, and a component expression. Instances are added to
the multiset on the top of the stack as they are activated. When a scope
expression is encountered, a new, empty multiset is pushed on top of the
stack, and instances created within this scope is added to this new multiset.
When the end of a scope is reached, a multiset is popped off the stack to
model the deallocation of the components created within that scope.

If a program is well-typed (meaning a type can be assigned to it according
to a given number of allowed instances), [2] proves that execution of the
program will not create instances of any component such that it exceeds the
allowed number. In other words, well-typed programs are safe to execute.

4.5 Comparison with other composition lan-
guages

(2] is an example of a composition language, .i.e., a language primarily con-
cerned with how components are composed together, as opposed to how they
are implemented. We will take rather superficial looks at other composition
languages here to see what they offer with regards to resource management
for component instances. This is not an exhaustive survey, but is intended
to review recent research in the software components field.
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4.5.1 Piccola

Piccola [1] is a composition language based on the wL-calculus [11]. This cal-
culus consists of forms, a kind of extensible records in which labels are bound
to names, and agents, which perform computations and communicate forms
over channels, asynchronously. Piccola is built on all of these notions, and
combines them in a light-weight language for composition. Agents in Piccola
have behaviour specified by scripts, and exist in a context which contains the
legal services and forms for an agent. Piccola allows the definition of archi-
tectural styles which components must conform to. These define the plugs
(exported and imported services) each component may have, and the style
and rules for composition. An example architectural style provides support
for the composition of Java Beans.

Piccola is weakly typed, and has no inherent notion of classes, objects, or
component instances. However, because of the extensible nature of Piccola’s
syntax, these may all be defined on top of the existing language, as another
architectural style. Some support for resource management can be envisioned
as part of this, albeit not relying on a type system.

4.5.2 ComponentJ

ComponentJ® is a component-oriented language for modelling representation
and manipulation of components. It is based on the statically typed com-
ponent calculus introduced in [19]. ComponentJ has a strong emphasis on
component interfaces, which components explicitly provide implementations
of. Components provide services at ports, and component definitions in-
clude method blocks which can be plugged into ports with the plug operation.
Components can be defined from scratch, or in terms of existing components
by use of composition. The type system assigns static type information to
components and ports, and this ensures that the consistency of the inner
structure of components is retained.

Designed to work as an extension of the Java language?, Component]
currently has a compiler written for it which works with Java. The compiler
transforms ComponentJ definitions to Java classes and interfaces which can
then be compiled by a standard Java compiler. The components can then be
used with regular Java code.

ComponentJ supports the new keyword to create instances of compo-
nents. Such statements can be embedded in method implementations within

!See http://ctp.di.fct.unl.pt/~jcs/ComponentJ/.
2There has been some work on a variant language for .NET, based on the same calculus.
See http://ctp.di.fct.unl.pt/ lcaires/micro/.
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the method blocks of components, or be given separately to spark off execu-
tion. Although there is no support for control over the amount of instances
resulting from this in the type system, such an extension of the type system
could be possible.

4.5.3 Component Plans

[3] introduces the notion of component plans. A component plan is provided
by component authors for use by application composers, and describes typical
composition patterns, or anticipated composition configurations. Component
plans are specified in CoPL, which is a C-like language and is not dependent
on any particular component framework or platform. These specifications
are thus on an abstract level.

CoPL has components communicating through events. An event is “fired”
by one component (the “source”) and one other component can register as
the event handler. As an example, a list component can fire a Changed event
every time an element has been added to it, and this event can trigger a
function call to another component, e.g. a printer component which prints
information about the added element.

An important notion for component plans are Decision Spots. These
enable interactivity by specifying abstract types or interfaces for some com-
ponents and allowing the composer to select from a list of concrete imple-
mentations. The CoML generator takes care of finding the available choices.
The list component in the previous example could for instance be specified
as a “spot” allowing the composer to choose any available component which
is type compatible with the IList interface. Alternatively, a Decision Spot
can enumerate any number of interfaces, to allow both a “vertical search” (in
interface inheritance hierarchies) and a “horizontal search” (across all listed
types).

Application composers run CoPL specifications through a CoML genera-
tor, which generates CoML data. CoML is an XML? language which is the
platform-dependent counterpart to CoPL. This means it is generated to de-
scribe components for a specific component technology, with all the technical
details that demands. Being XML data means CoML can easily be pro-
cessed by software tools. One intended application is “wizards” which guide
the composer through the generation process by presenting possible choices
for Decision Spots and generating the CoML output accordingly. CoML files
can be used for documentation purposes, to exchange component composi-
tions, or they can be transformed to code or interpreted directly (interpreters

3See http://www.w3.org/XML/.
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have been written for Java and .NET).

CoPL and CoML have no inherent concept of instances in its current
version. Components are perceived as collections of functions which can be
called, and properties which can be set or read. It follows that bounds for
instances cannot be analyzed, although with a few extensions this would be
readily possible.



Chapter 5

Type inference algorithm

This chapter introduces the inference problem, particularly in relation to our
component language. An algorithm for type inference is given.

5.1 The type inference problem

The type inference problem is the problem of inferring a type derivation for
an expression in some language, given a set of declarations (a basis). In
other words, a type inference algorithm attempts to automatically assign a
type to an expression. Type inference is predominantly found in strongly-
typed functional programming languages (ML dialects, Haskell). Having
types inferred can relieve the programmer from having to find the type himself
and annotating expressions with types to have them checked by the compiler
or runtime system.

5.2 Type inference algorithm for the compo-
nent language

The idea of a polynomial-time type inference algorithm for the component
language was sketched in [2]. It depends heavily on the Generation Lemma
presented in the paper:

Lemma 5.2.1 (Generation)

1. If ' b newx : X, then v € XP and there exists bases A, A" and
expression A such that T = Ajz—< A/ A, and A+ A: (X' — 2, X° —
v, X9 — 2, XP — 1),

24
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2. If ' b reux : X, then v € X° and there exists bases A, A' and
expression A such that I = A, x—< A, A, and A+ A : (X' — 2, X° —
x, X7, XP).

3. If ' AB : Z with A, B # €, then there exists X, Y such that ' = A :
X, 'FB:Y, Z=(X'UX°WY)UY"  (X°WYP)UY° XU (X?W
Y7), XP Wy YP).

4. If T F (A+ B) : Z, then there exists X, Y such that ' = A : X,
'-B:Y and Z =X UY.

5 IfU = {A} : (X' [],X7,]]), then there exists multisets X° and XP such
that T = A (X% X° X7, XP),

Sometimes referred to as an inversion lemma [18], a generation lemma
inverts the typing rules to prove, given the value of a term, what its type
must be. In other words, it allows us to make statements such as “if a term of
the form f has any type, that type must be 7”7, and that will be apparent by
following each typing rule from its conclusion to its premise. Such a lemma
lends itself naturally to the construction of recursive algorithms for inferring
types of compound terms, since complete types for compound terms can be
computed recursively from the types of its subterms. For non-compound
terms, inferring types is often trivial.

The important observation is that inferring a type for an expression £ can
be reduced to inferring types for newx and reux for all x € Var(E). This is
so because E can always be broken down into a sequence of subexpressions
Ei,---,E,. The generation lemma lets us easily calculate the type of F if
we know the types of all £;. We also know that every E; will be on either
the form newx, reux, (Exzp + Exzp), {Exp}, or (Exp||Exp). For newx
and reux, the type can be found by looking up the declaration of = in the
basis, inferring the type of that, and combining that with z using multiset
operations as defined in the typing rules (see Section 4.2) and the generation
lemma. For the other cases, E; can be further decomposed into new levels
of subexpressions, until one of the newx and reux cases are reached. Thus,
the problem of finding the type of an expression reduces to finding types for
new and reu expressions.

Such an algorithm could easily behave exponentially if implemented naively,
since duplicate instances of the same type inference problem could be gener-
ated recursively. [2] suggests storing solved instances as a solution for this.

All instances of the type inference problem can be seen as such: For
' =Ax—= Ey,---,FE,, A, inferring the type of E; always happens with
regards to the basis A, which is an initial segment of the basis for the original



CHAPTER 5. TYPE INFERENCE ALGORITHM 26

type inference problem (the first “call” to the algorithm). Since there are
polynomially many such instances, type inference can be done in polynomial
time.

Based on these ideas, the algorithm INFER-TYPE has been derived. INFER-
TYPE assigns types to programs of the component language, or halts with
an error message if not possible.

It is important to note that INFER-T YPE assumes slightly different typing
rules than those given in [2]. Specifically, the algorithm is not given upper
bounds on the allowed number of instances of each component, so it knows
nothing of what these bounds actually are. Instead, it computes types and
reports them, so that the composer can check if the bounds are satisfactory.
This implies a slight modification to the typing rules, specifically, the Seq
rule:

Definition (Modified typing rules). The Seq?2 typing rule is a modifica-
tion of the Seq typing rule to omit bounds checking, and is given by:

I'FA: X I'FB:Y A B+#e

Seq2 : s . .
“FTFAB: (X1 U(X°wWYJ))UY!, (X°WYP)UY?,XJ U (XPWYI), XP W YP)

A variant of the algorithm which does bounds checking is given in Section
8.1.

Pseudo code for the algorithm is given on the next page.
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INFER-TYPE(I', a)
1 if CACHE-CONTAINS(a)

2 then return CACHE-LOOKUP(a)

3 ifa=¢e

4 then t=([L[[.)

) else if ¢ = newd

6 then x = Lookup(T',b)

7 if z < NIL

8 then error “Not typable”

9 else t' < INFER-TYPE(INITIAL-SEG(T, b), z)
10 £ (i(t) & {b}, oft") & {b},J(¢) & (b}, p(t') & {b})
11 else if a = reub
12 then x = Lookup(T',b)

13 if z = NIL

14 then error “Not typable”

15 else t' < INFER-TYPE(INITIAL-SEG(T, b), z)
16 t e (i(t') © (b}, o(') & {b}, j(¢'), p(t"))
17 else ifa=(A+ B)

18 then ¢, = INFER-TYPE(I", A)

19 to = INFER-TYPE(T', B)

20 t = (i(t1) Ui(ts), o(t1) U o(tz), j(t1) U j(t2), p(t1) Up(t))
21 else if a = (A||B)

22 then ¢; < INFER-TYPE(L', A)

23 to < INFER-TYPE(T, B)

24 £ (i(t) Wita), o(t1) Bolts), j(t1) W (ts), p(t) ¥ plta)
25 else if a ={A}

26 then t' < INFER-TYPE([", A)

27 t <« (i(t"),0,5(¢),0)

28 else if a = AB

29 then ¢, < INFER-TYPE(L', A)

30 to « INFER-TYPE(T, B)

31 i (1) U (olt) ® j(t2))

32 o' <= (o(t1) W j(t2)) U o(t2)

33 g 3(t) U (p(t) W5 (t2))

34 p' < p(t1) W p(t2)

35 t<« (i,0,7,p")

36 CACHE-ENTER(q,t)
37 return t

Here, i, 0, j, and p are the projection of their respective components in
the type quadruple (X X° X7, and X? respectively).
Lookup looks up the declaration of a component in a basis:
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Definition (Lookup). The Lookup function on bases are defined induc-
tively by

Lookup((z—<A,T),z) =A

Lookup(0, z) = NIL

Lookup((y— A,T'),x) = Lookup(T', x)

for a basis I' and distinct component expressions x, y.

INITIAL-SEG computes the segment of the basis which is initial to some
component declaration.

Definition (Basis segment initial to a component). The basis A is ini-
tial to expression xj if A =21 <Ay, ..., 0;<A;.

This allows the algorithm to look up types in the “proper” initial segment
instead of looking in the complete basis. While bringing the algorithm closer
to the formal definitions in [2], it is not strictly a requirement for correctness,
since declarations of components are distinct.

An example run of the algorithm can be illustrated by tracing the recur-
sive steps and representing them as a call tree. For this example, we use the
following simple program:

d—e,

a— newd,

b—< reud(newa + {newd});
newb

The call tree is shown in Figure 5.1. The straight edges pointing down-
wards represent recursive calls, while the curved edges pointing upwards are
the results. The order of the calls corresponds to a leftmost depth-first traver-
sal of the tree. Note that due to the cache, the invocation shown in the lower
right can return the type of new d immediately, since this type has been com-
puted already. When all the results have been delivered back to the root of
the tree, the complete type for newb can be computed (not shown in the
figure).

5.2.1 Declaration reordering

The order of declarations in the component language is insignificant, however,
there must exist a reordering such that the following holds:

if I'= A, 2—< A, A’ then Var(A) C Dom(A) (5.1)
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[INFER—TYPE((d% €,a—<newd,b— reud(newa + { newd})), newb) ]

(la,d,d], |a,d,d],|a,d],]a,d])

[INFER TYPE((d—¢€,a— newd , reud(newa + { new d}))}

=

[INFER TYPE((d—€), reu d)]

(/ (d.al. [d,0).[d.a], d

[INFER TYPE e e

[INFER TYPE((d—<¢€,a—< newd), (newa + { new d}

d,a,d,a,d,aa% \ﬁ

[INFER TYPE((¢, a—< new d), new a) [INFER TYPE((d—<¢€,a— newd), { new d})]
(). d). [d) [d]>< \
([d], [d], [d], [d])
[INFER—TYPE((d« €), newd) ] [INFER—TYPE((d« €), newd) ]

<n,n,n,n><

[INFER—TYPE(G, e)]

Figure 5.1: A call tree representing an example run of the inference algorithm
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Informally, for every declaration z— A in basis [', the variables occur-
ring in A must have been declared previously. Such a reordering may not be
unique (for example, in a typical opening sequence of declarations of € com-
ponents, the order of these declarations will not affect whether 5.1 holds).

Detecting if such a reordering exists can be done by analyzing the depen-
dency graph of the declaration. A topological sort of the graph will yield a
reordering. If no reordering can be found (i.e., the topological sort fails), that
means [' = Ajz—< A, A’ where either t— A is cyclic (A depends on z, e.g.
r— newx), or A depends on components which are not declared anywhere
in I'.

The type inference algorithm given depends on bases complying with
(5.1). The (non-deterministic) reordering algorithm used to achieve this form
is given below.

REORDER-DECL(I)

1 A+ empty
2 repeat
3 success < false
4 for all <A el
5 do if SATISFIES(A, A)
6 then A + Ajx—<A
7 N«~T—-z<A
8 success < true
9 until success = false

10 if EmpTY(T)

11 then return A

12 else error “No possible reordering exists”

In the algorithm, SATISFIES(I', A) checks if every component on which
the expression A depends has been declared in T'.



Chapter 6

Implementation

In this chapter, our implementation of the type inference algorithm from
Chapter 5 is described on a code-level. Its efficiency is reviewed, and some
weak spots are discussed.

6.1 Introduction to the implementation

The implementation of the type inference system has been written in Ob-
jective Caml!, a popular variant of the ML programming language?. Such a
language was found particularly fit for our purpose to implement an algorithm
based on already well-defined formal specifications. Caml, as a compiled lan-
guage generating native executables, has been found for many programs to be
about as fast as similar programs written in C. Algebraic (“sum”) datatypes
and efficient recursion optimization are properties which make such a lan-
guage well-suited.

The implementation includes support for parallel expressions (see Sec-
tion 4.3). This was added at a late stage since it required only a small
effort, although the theory currently needs further refinement to meet the
requirements of strict upper bounds.

The code can be retrieved from http://www.ii.uib.no/ haakon/components/,
and requires OCaml and GNU Make to build and run. It has been tested on
Linux and Microsoft Windows.

!Commonly abbreviated “OCaml”. See http://caml.inria.fr/.

2Historically an abbreviation for “Meta Language”, a control language for theorem
provers, ML was developed by Robin Milner and others in the late 1970s as a general-
purpose functional programming language [15]

31
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6.2 Datatypes

In designing the datatypes which will represent the various syntactical cate-
gories of the component language, we have tried to have them clearly reflect
the structure of the language grammar.

There are three categories; exp representing expressions, decl represent-
ing component declarations, and prog representing complete component pro-
grams.

The definition of the exp type:

type exp =
Empty
| New of string * exp option
| Reu of string * exp option
| Choice of exp * exp x exp option
| Parallel of exp % exp % exp option
| Scope of exp % exp option

Empty is the type constructor representing the empty expression €. The
rest of the cases use the option type. This is a parameterized type that
comes built into OCaml. Its definition is:

type ’a option =
Some of ’a
| None

As such, it can be used to represent types which may not have an actual
value assigned to them (the None case), analogous to the null reference in
languages such as Java or C#.

The exp type uses option to build lists of expressions representing com-
ponent composition. To construct an exp value with the New case, one can use

New ("a", None)

This would simply represent new a. Building on this, to represent new a reua,
one would use

New ("a", Reu ("a", None))

The Choice and Parallel constructors take a triple by necessity. To
represent (newa + newb) reua, one would use

Choice (New ("a"), New ("b"), Reu ("a", None))



CHAPTER 6. IMPLEMENTATION 33

The scope expression new anewb is represented by
Scope (New ("a"), New ("b"))

The declaration type is declared as such:

type decl = Decl of string * exp * decl option

Again using the option type, decl can represent a single declaration or
an arbitrary-length list of them, always terminated by None. As an example,
a— €,b— new a is represented by

Decl ("a", Empty, Decl ("b", New "a", None))

Finally, the prog type is defined:

type prog = Prog of decl *x exp

As with the grammar, prog represents a complete component program
consisting of a declaration part followed by a component expression which
sparks off the execution.

6.3 Parser

The parser for component programs is written with standard OCaml tools.
ocamllex is used to generate the lexer, while ocamlyacc generates the parser
itself. The parser adheres strictly to the grammar in [2], with the two symbols
-< being used in place of < For convenience, we support expressions on the
form {A+ B}, which will be interpreted as {(A + B)}. In addition, support
for the experimental parallel composition (||) has been added.

The parser generates parse trees according to the syntax datatypes.

6.4 Type inference

6.4.1 Multiset implementation

As the component language relies heavily on multisets, the implementation
comes with a custom Multiset module, since OCaml does not provide this.
The Multiset module is based on a modification to the standard OCaml Set
module which was originally done by Sébastien Briais® and fixed for errors

3See http://lamp.epfl.ch/"sbriais/.
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for use with the implementation of the typing system. As with Set, the
Multiset module is based on balanced binary trees. This ensures insertion
and and membership checks, the focal operations of the implementation, take
time logarithmic in the number of distinct elements of the multiset.

6.5 Other notable functions

6.5.1 Declaration reordering

The function for reordering a basis according to Equation 5.1 implements
the algorithm from Section 5.2.1. The function, reorder_decl in the Infer
module, is called as soon as a component program has been parsed, and the
reordered declaration (which order may of course equal the declaration given
in the program) is substituted for the given declaration.

6.5.2 Program legalization

While 5.1 has to be complied with for all declarations, the implementation
has functions for “repairing” declarations on the form I' = A, s—< A, A" where
A depends on components not declared in either A nor A’. This is done by
simply inserting declarations for the missing components. More precisely, if
the declaration I' = A, b—< A, A’, for every component variable a € Var(A)
such that a ¢ Dom(A), I' will be rewritten into A, a—<¢€,b—< A, A’ to form a
legal basis. We refer to this process as “legalization”.

The Infer module has functions for expression legalization which, given
a basis and an expression, returns the additional declarations which must
be appended to the basis to make the expression typable, and declaration
legalization which operates on bases, adding the missing pieces.

6.5.3 Declaration concatenation

Declaration concatenation is used by some front-end code to extend declara-
tion lists, and is also depended on by the declaration reordering function.

Definition (Declaration concatenation). The concatenation of two dec-
laration lists is represented by infix @@, and defined inductively by

(r=<A)Q@A  =zx<AA
(1=<A,T)QQA = z<A, (DQGA)

for bases I' and A.
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These kinds of definitions are easily translated into OCaml code:

let rec (@@ ) decll decl2 =
match decll with
Decl (s, e, None) —> Decl (s, e, Some decl2)
| Decl (s, e, Some d) —> Decl (s, e, Some (d @@ decl2))

6.6 Efficiency of the implementation

A generator program has been written which yields component programs
with random composition, parameterized by length of the basis and maximal
size of expressions. This program has been used to generate programs of
increasing sizes, with the goal of testing performance of the type inference
implementation. Results from experiments with this program will be used in
this section.

Two notions of “length” are adopted by the program generator, which
need to be defined:

Definition (Length of expressions). The length of a component expres-
ston s defined inductively by

Length(new x) =1
Length(reux) =1
Length((A+B)) =1
Length(A) =1
Length(AB) = Length(A) + Length(B)

for component x, and expressions A, B.

Definition (Length of declarations). The length of a declaration is de-
fined inductively by

Length(x—A) =1
Length(x—< A,T') =1+ Length(T)

for component x, expression A and declaration I'.

Storing, or caching, the results as typing problems are solved has proved
very efficient and, indeed, necessary to keep the algorithm polynomial. The
cache has been implemented using the Hashtbl data structure which is part
of the standard library of OCaml. This is a hash table module with a lookup
routine which runs in constant-time unless there are hash collision, in which
case it switches to a balanced binary tree search on all the colliding members,
and this runs in O(logn) time (n being the number of collisions for that hash
value).
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6.6.1 The structure of the cache

[2] suggests structuring the cache to reflect the typing judgements used to
arrive that the final type. Hence, the cache would be a table with three
columns. We can illustrate this by showing the cache after having inferred a
type for this example:

d—e,

a— newd,

b— newdnewa;
newb

After running the type inference algorithm on newb, the three-column
cache has these entries:

r Exp Type (X’ shown)

€ €
d—e newd d]
d—¢€,a—< newd newa la, d]
d—€,a— newd newdnewa la,d, d]
d—e€,a— newd,b—< newdnewa newb [a, b, d,d]

Figure 6.1: An example three-column cache

For brevity, we only show the X* component of the types (for this simple
program, all the type components are equal).

When there is no given upper acceptable bounds for instances of each
component, and the original basis complies with 5.1, the basis component
of the typing triple has no effect on the type inferred; types can be inferred
with respect to the original basis. This is possible because every component
name in a basis is distinct. We can use this to simplify the implementation.
For a triple-column cache, initial segments have to be computed for both
insertion and lookups. This operation is linear in the length of the basis, and
some effort is needed to compute the minimal initial segment for composite
expressions. Using anything less than the minimum initial segment can easily
result in duplicate cache entries.

The two-column cache is simply a mapping from expression to types,
and avoids the complexity of basis management which is not necessary in
our approach. A complementary advantage is of course less space occupied
in memory during inference. Reconstruction of the steps used in the type
derivation is still given by the output of the type inference function when
run with the —-verbose switch.
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Keeping with our example, and switching to a two-column cache which
omits the basis column, the cache looks like this after inferring a type for
new b:

Exp Type (X* shown)
€ €
newd d]
newa [a, d]
new dnew a la,d, d]
newb la,b,d, d]

Figure 6.2: An example two-column cache

The data in the table is equivalent to that of Figure 8.1, but all basis
information has been removed. With this mapping of the cache from ex-
pressions to types, it is understood that the mapping is always with regards
to the the original basis or a sufficient initial basis of it. This works in our
implementation because the basis will already have been reordered before it
is passed to the infer_type function.

6.6.2 Measuring cache effects

By looking at the amount of recursive calls and having an idea of the com-
plexity of operations within each recursion, one can get an idea of how well
the implementation scales.

First, a series of programs were generated with increasing length of the
declaration. The maximal expression length was set to 4, believed to be a
reasonable length for an “average” component. The behavior can be seen in
Figure 6.3.

This was compared to a run with no caching of results, the parameters
remaining the same (Figure 6.4). As is apparent, the amount of recursion is
generally much higher. The figure shows one extreme case when around 90
components were declared. In this particular case, around 500.000 recursions
were needed. This was caused by the starting expression being defined in
terms of many components which had many recursive dependencies (i.e., they
were high up in the dependency tree for the components in the declaration).
The result was that almost all components had to be typed many times.

The same was tried with a constant declaration length of 5, and increasing
maximal length of expressions (Figure 6.5).

With relatively low expression length, the amount of recursion stays low,
but rises steeply with increasing length. This can be attributed to the ef-
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Figure 6.3: Increasing declaration length, cached results
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Figure 6.4: Increasing declaration length, results not cached
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ficiency of the cache; low length of expressions leads to many similar com-
positions since the number of possible combinations is low. This means an
expression will be more likely to have a type associated with it in the cache.
If we turn off the cache and run a similar program, the situation changes
radically. The recursion count often gets to the hundreds with an expression
length of just 7-8, in the thousands at 11-15, and in the millions at 15 and
upwards. At such lengths, the time required to infer a type is clearly expo-
nential in the length of declarations. Some generated programs took over 30
seconds to compute a type for, while with caching, the same programs took
between .5 and 1 second?.

We can make obvious the reason for the exponential behaviour through
a small example. Consider this program:

‘Experiments run on an Intel®) Pentium®) 4 2.26GHz system



CHAPTER 6. IMPLEMENTATION 39

Figure 6.5: Increasing expression length, cached results
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Figure 6.6: Example of type inference problems needing to be solved without cache

d—e,
a— new dnewd,
b— new anewa;
newb

Without caching results, the algorithm has no memory of any of the
previous solutions. The type inference problems needing to be solved is
shown in Figure 6.6.

When we add the cache, the same program generates the behaviour shown
in Figure 6.7. In this case, 5 of the 7 type inference problems from Figure
6.6 has been replaced by O(1) lookups in the cache.
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Figure 6.7: Example of type inference problems needing to be solved with cache

6.7 Weaknesses of the implementation

Recursive calls normally require the runtime system to keep track of branch
points in the instruction code for each recursive call, so that when each call
finishes, control can be returned to the proper location as frames are removed
from the call stack. This requires memory space on the stack, and given
enough recursion depth, which can result from large input sets, the stack will
run out of space and overflow, causing, in most cases, a software crash. To
fix this situation, one can apply tail recursion [6]. This involves rearranging
the code such that the recursive call is the last operation in the function. A
compiler can then apply tail-call optimization to transform the recursion into
an iterative loop, with constant-space requirements on the stack.

The type inference algorithm relies heavily on recursive descent into datatypes
which represent component expressions composed in different ways. Very
long compositional sequences can cause it to overflow the stack. This limita-
tion became apparent during experiments with component programs contain-
ing many large compositions produced by the program generator. Although
composition is associative, the implementation treats it as right-associative,
such that ABC'is parsed as A(BC'). The call trees when typing the composi-
tions thus grow towards the right. For example, the composition ABCDEFG
will cause the call tree shown in Figure 6.8. Each node in the tree corresponds
to one stack frame required on the call stack.

Note that all components in the example composition are distinct. If
there were duplicates, e.g., newx --- newx, only the first occurrence would
have been part of the call tree, as the subsequent ones would have solutions
stored in the cache already. In other words, as soon as an expression is met
which we have seen before, its type will be be stored in the cache, and so we
can cut that branch off the call tree.



CHAPTER 6. IMPLEMENTATION 41

Figure 6.8: The call tree for compositions grows linearly to the right.

As is apparent, the need for stack space is linear in the length of expres-
sions. Hence, very long expressions can cause stack overflows. There are
measures which can be taken to improve this.

First, our algorithm recurs on all syntactic cases of expressions. This is
not, however, a strict requirement. For the new x and reu x cases, recursion is
necessary since we have to compute the type of the definition of z. However,
for (A 4+ B) and A, we recur an extra time to arrive at the constituent
expressions A and B. When such expressions are nested, this adds to the
amount of stack trace needed. The implementation could be rearranged to
reduce its recursive behaviour to only the new and reu cases.

Next, we show how the stack space can be reduced from linear to loga-
rithmic in the length of expressions. This approach involves a break with the
right-associative approach seen earlier. We divide sequential compositions in
half and recur on each part. Returning to our example, the same composition
now yields the call tree shown in Figure 6.9.

Being a full binary tree, the required stack space after this adjustment is
logarithmic in the length of expressions. Since compositions are represented
as sequences of expressions which have to be traversed one element at a time,
dividing compositions is a linear-time operation.

Finally, the need for stack space could be eliminated completely by use
of tail recursion. However, this is not easily achieved. The reason can be
illustrated by a look at part of the type inference function:
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Figure 6.9: The stack space needed can be made logarithmic.

let rec infer_type =

let inferred_type =
match exp with

| Choice (x1, x2, None) —> (% Generation Lemma (4) x)
let (x1i, xlo, x1j, xlp) = infer_type env x1 in
let (x2i, x20, x2j, x2p) = infer_type env x2 in
(StringSet.set_union x1i x2i, StringSet.set_union xlo x2o0,
StringSet.set_union x1j x2j, StringSet.set_union xlp x2p)

This characteristic sample of code shows how children of binary nodes
in the parse tree (Choice and sequential composition) are handled. There is
binary branching to compute the types of each of the two subexpressions,
and then multiset operations to find the type of the expression as a whole
(technically, of course, there are also the let binding operations). Because the
multiset operations have to take place after both recursive calls, tail recursion
is not possible with conventional techniques such as use of accumulators. A
solution (e.g., by using continuation-passing style®) would likely reduce the
readability of the code, which we do not consider worthwhile given that the
logarithmic-size stack solution described above makes it highly unlikely the
stack will ever overflow.

Using a different approach to type inference, with the BorTom-UP al-
gorithm discussed in Section 8.2, tail recursion will be achieved. This does,
however, incur different (although, arguably, not critical) efficiency disadvan-

See http://c2.com/cgi/wiki?ContinuationPassingStyle.
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tages.



Chapter 7

User guide

This chapter gives an introduction to the practical use of the tools developed
for type inference. The type inference software mainly consists of two differ-
ent programs, which will be treated separately here. Both programs make
use of the same library for type inference and supporting functions.

7.1 comp: The batch inference program

comp is a program which reads correct and complete component programs
and attempts to infer a type for the expression given in that program. For
practical purposes, it can read input from both a given file and from the
“standard in” stream.

To type a program stored in a file, simply run comp filename (with
“filename” replaced by the actual file name). To pass it a program over
“standard in”, replace the filename argument with a dash (“-”), then type in
the program or pass it a file by using the shell’s redirection facilities. For
most UNIX shells, the command comp - < filename works.

Depending on what you are interested in studying, there are various
command-line options which affect the presentation of the inference process
and the resulting type information:

7.1.1 Verbose mode: --verbose

When operating in this mode, the inference process is more “verbose”; for

every recursive call as the type is tracked all the way up to the basic elements
and then assembled together to form the complete type of the expression,
information is printed as to what is going on. For each recurrence, a new
indentation level is added as the program prints to the screen, to assist the

44
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user in understanding the recursion strategy used.

7.1.2 Compact mode: --compact

The compact mode displays the resulting type in a compacted form: for
each distinct member of the multiset representing the type, the cardinality is
shown instead of explicitly enumerating every member. For example, instead
of [a, b, b], the compact mode outputs [1 * a, 2 % b]. This is often practical for
larger programs, since the enumeration of every member of the multisets can
make the type hard to read.

7.1.3 Strict mode: --strict

Sets strict mode for declarations. Strict mode requires that every component
used in a declaration be previously defined. Unless strict mode has been set,
the parser will take unknown components as “implicitly empty”. This allows
the designer to leave out the declarations of empty components, which may
be desirable to improve readability.

7.1.4 Disabling the type cache: --no-cache

When set, -no-cache causes the type inference function to run with no
caching of the type results. This is only usable for testing purposes, as it
causes the function to run in exponential time.

7.1.5 Call statistics

The two options ——callstats—-decl and --callstats-exp x switches the
type inference program from reporting inferred types to reporting call statis-
tics for the inference function. --callstats-exp takes a numerical argument
which is the maximal length of the expressions (to relieve the program from
having to compute this). The output consists of a number representing the
length of the declaration (when run with --callstats-decl) or the max-
imal expression length (when run with --callstats-exp), followed by the
number of times the type inference function was called (including recursive
calls).

The declaration list does not have to be well-ordered when given to comp
as input, but such an ordering has to exist.

It is worth noting how conflicting declarations are handled. If the com-
ponent x has been declared two times, once as t—< A and then as x—< B, the
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Figure 7.1: The control flow of the comptop program

second definition is taken as a request to handle both cases non-determinately.
Thus, z is declared as (A + B).

7.2 comptop: The interactive top-level

comptop is useful for experiments where you want to “see what happens” to
the type of an expression if you change the declaration list in various ways.
It is implemented as a “Read-Evaluate-Print” (REP) system, illustrated by
the following flow chart:

Since comptop allows the user to build component programs incremen-
tally, the syntax rules deviate slightly from the given grammar for the lan-
guage. Specifically, individual declaration lines are not to be separated by
commas, but are simply appended to the end of the list of declarations by
entering a declaration, e.g., “b -< new a” and pressing Enter. Furthermore,
there is no notion of the “last” declaration, so the declaration list is not ter-
minated by a semicolon. To have the type of an expression inferred, simply
enter that expression and a type will be inferred with regards to the current
list of declarations, if possible. Having done this, one can still extend the
declaration list and infer types for arbitrary expressions later on.

Let us review a sample session with comptop:

$ comptop
> a -< empty
a-<empty
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> b -< new a

b-<new a

>c < reu b new a

c—<reu b new a

> new C

<[a, a, b, c] | [a, a, b, c] | [a, a, c] | [a, a, c]I>
>

Having started comptop and been given the “>" prompt, the user starts
to enter component declarations one by one. After each, comptop will parse
them, print back the resulting declaration as a confirmation, and enter it
into the declarations list. Finally, the user enters an arbitrary component
expression, which may include references to the components which have al-
ready been declared in the session. This is what triggers the type inference
process, and the resulting type is immediately displayed as a response to the
expression.

At any point in a comptop session, the user can issue the 1ist command
to get the current list of declarations, in the order they were introduced in
by the user.



Chapter 8

Possible variants

This chapter will present some variations over the type inference algorithm.

8.1 Bounds-checking algorithm

While the implemented algorithm INFER-TYPE does not take bounds-checking
into account, it can be extended to do so.

The extended bounds-checking algorithm is called INFER-TYPE-BC. The
argument C is the class of components as defined in Section 4.2. The pseudo-
code is given on the next page.
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INFER-TYPE-BC(T, a, C)

—_

if CACHE-CONTAINS(a)

then return CACHE-LOOKUP(a)

ifa=c¢

then ¢ « ([],[],[],[])

2
3
4
) else
6
7
8
11 else

17 else
21 else

25 else

28 else

if a = newd
then z < LOOKUP(INITIAL-SEG(T, a), b)
if x + NIL
then error “Not typable”
else t' « INFER-TYPE-BC(T, z)
E (i() W {0}, o(t') 8 B}, 5 (1)) & {b}, p(t') & {B})
if a = reud
then z + LOOKUP(INITIAL-SEG(T, a), b)
if © = NIL
then error “Not typable”
else t' + INFER-TYPE-BC(T, z)
t e (i(t') (b}, o(t') & {b), 5(t"), p(t'))
ifa=(A+B)
then t; < INFER-TYPE-BC(T', A)
t> + INFER-TYPE-BC(T, B)
t = (i(t1) Ui(t2), o(t1) U o(t2),j(t1) U j(t2), p(t1) U p(t2))
if a = (A]|B)
then t; < INFER-TYPE-BC(T', A)
t> + INFER-TYPE-BC(T, B)
¢t (i(t) Wi(t2), o(t1) Wolt2), j(t1) W j(t2), p(t1) W p(t2))
if a = {A}
then t' = INFER-TYPE-BC(T', 4)
te (i(E),0, (), 0)
if a = AB
then t; < INFER-TYPE-BC(T', A)
t2 + INFER-TYPE-BC(T, B)
for i < 1 to length(C)
do for all x € C;
do if (o(t1) Wj(t2))(z) >
then error “Component x exceeds boundary’
i« i(t1) U (o(tr) W j(t2))
= (ot) W(t)) Uolt)
§ 4 () U (p(ta) @ j(12))
p' < p(t1) Wp(ts)
t (i',ol,jl,pl>
if notLEGAL-EXTENSION(T, a)
then error “Illegal extension of basis”

2

!

42 CACHE-ENTER(a,t)
43 returnt

The algorithm passes the original basis along the recursive calls. Decla-
rations are looked up in the appropriate initial segments; if we need a type
for newzr and I' = A, x—< A, A’, the type is looked up in A. When a type for
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new = has been found, we have to check if A’ is a legal extension of A, z—< A.
This means checking if there is some component in A’ which have excessive
numbers of instances, enforcing the property that every component in the
basis can be instantiated safely. This check is abstracted away here as a call
to LEGAL-EXTENSION.

An implementation of this algorithm would require an extension to the
component language syntax to include a way to specify the upper bounds
for each component. We have revised the syntax to include support for
this. In this revised syntax, upper bounds are given as “arguments” to each
component declaration. While the bound is required, 0 can be given to
have the component included in Cy (supporting an unbounded number of
instances). A small example program in the extended syntax is:

d(0)=<e,

a(2)—< newd,
b(3)< new anew d;
newb

The bounds checking in the algorithm happens in the final case, which
deals with sequential composition. The conditions in the original Seq typing
rule has been used to check that when two components are composed, the
resulting expression has no component exceeding its allowed number of in-
stances. The reasoning behind this is that the Seq rule is the only typing rule
which can yield expressions with increased number of instances compared to
those in the premise. We have to check all C'y_,, to see if the resulting expres-
sion will have more than ¢ instances of any component x € C;. To find the
strict upper bound on the number of instances of component x a sequential
composition AB can attain during a run of the composed expression, it will
not suffice to look at either A nor B in isolation. The number of instances
depends on the number alive after a run of A (o(t1)), and then during the
following run of B. We also have to consider that instances of z created by A
will be reused by any reu expressions during the run of B, and not increase
the instance count. We know that A and B both have all instances within
their upper bounds since types have been derived for them. This means that
at no point during execution of A will x have more than ¢ instances, and
o(t1)(x) < i. The additional number of instances of & which can be created
during a run of AB is j(t3)(x), because we can assume that x already has
a surviving instance from A which carries over to B. If this is not the case,
we will assume no instances when there is actually one, but one instance
cannot exceed any legal upper bound, since there is no class of components
which cannot have any instances. Hence, the composed type will never have
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instance counts exceeding boundaries, and we can raise an error in our algo-
rithm if (o(t,) W j(t2))(z) > ¢ (or equivalently, o(t1)(z) + j(t2)(x) > 7).

8.2 Bottom-up algorithm

The algorithms we have seen so far work recursively “backwards” by looking
at the starting expression, determining which expressions need to be typed in
order to construct the complete type, and then recurring right-to-left in the
ordered basis. An alternative approach is to start the computation of types
from the other end of the ordered basis — from the start — all the way through
the basis, and finally computing the type of the starting expression. This has
the advantage of being a conceptually simpler approach. The disadvantage
of this approach is that it is less efficient in most cases, since there is the
danger of computing types unnecessarily. This happens in the cases when a
component is declared but never used. It can also happen because we have
to compute types for both newx and reux for every component x in the
basis, at a point when we cannot know if either of them are actually needed.

The algorithm, INFER-TYPE-BU (“BU” abbreviates “Bottom-up”), fol-
lows.

INFER-TYPE-BU(T', z, C)
1 ifl=2<A4A
2 then CACHE-ENTER(A, COMPUTE-TYPE(A))

3 CACHE-ENTER(new z, COMPUTE-TYPE(new x))
4 CACHE-ENTER( reuz, COMPUTE-TYPE(reux))
5 INFER-TYPE-BU(A, z, C)
6 else if '=2x—<A
7 then CACHE-ENTER(A, COMPUTE-TYPE(A))
8 CACHE-ENTER( new z, COMPUTE-TYPE(new z))
9 CACHE-ENTER(reuz, COMPUTE-TYPE(reuxz))
10 t < COMPUTE-TYPE(z)
11 if Bounps-Ok(t, C)
12 then return ¢
13 else error “Some components has instance counts out of bounds”

This algorithm has the actual type inference abstracted away in the calls
to the CoMPUTE-TYPE function, because the process is essentially the same
as in the other algorithms. The only difference here is that all the results
needed are already stored in the cache, so COMPUTE-TYPE does not need
to recur. This has the added advantage of making INFER-TYPE-BU tail



CHAPTER 8. POSSIBLE VARIANTS 52

recursive, which means it can be expressed as an imperative loop. Thus, the
problems with stack overflow for exceedingly large expressions (see Section
6.7) are avoided.

For an understanding of the functioning of INFER-TYPE-BU, we look
at how the cache is built up step-by-step, each step representing an invoca-
tion of the algorithm, when running the algorithm on the following example
program:

d—e,

a— newd,
b—<(newa + reud);
newb

Following the algorithm, the type of € is first computed and entered into
the cache, then the types of newd and reud, and so on for the next decla-
ration.

Step Ezp Type
1 € ({110,101
1 new d ([d], [d], [d], [d])
1 reud ([l [d], [1,11)
2 newa ([a,d], [a,d],|a,d],[a,d])
2 reua ([a, d], [a, d], |d], [d])
3 (newa + reud) ([a,d], a,d],|a,d],]|a,d])
3 newdb ([a,b,d|,|a,b,d],|a,b,d], |a,b,d])
3 reub ([a, b, d], [a b,d], [a d], [a, d])

Figure 8.1: The cache construction during a run of the BoTTOM-UP algorithm

Bounds-checking with this algorithm has to be done carefully. We use the
Seq2 typing rule for typing sequential composition (recall that this variant of
the Seq rule does not check bounds). Finally, we check that the type of the
starting expression is within upper bounds, which is abstracted away here as
a call to the BOuNDs-OK function. The checking is done simply by counting
the instances of each component in the X* part of the type and comparing
the total amount with the allowed numbers in C. In other words, for every
component z € X', the program is well-typed if v € Co U ... U Cxi(a)-

Alternatively, the algorithm can be made to be more strict by enforcing
the property that all components have to be well-typed, regardless of whether
they play a role in the starting expression. More formally, for every t—< A €
[', newx has to be well-typed, which means that we do not allow A to have
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instance counts exceeding boundaries. Although such strictness may seem
unnecessary, disregarding the untypability of the unused parts of a basis may
cause trouble in the later stages of the design.



Chapter 9

Conclusions

9.1 Contribution

This thesis has detailed our implementation of a typing system which counts
the number of software component instances which results from various kinds
of composition. A simple component language tailored for this specific task
was introduced in [2], and reviewed in this thesis, along with a type system
for it. At the heart of our implementation is the type inference algorithm
which we formulated. Running in polynomial time, this algorithm assigns
a type to a program. The type consists of the number of instances each
declared component can attain in different situations. Non-determinism can
cause the actual number of instances to be lower, but there always exists a
run of the program such that the number of instances counted in the type
is attained. Running the program will never lead to a situation where the
number of instances in each of the situations ezceeds the number given in the
type. Thus, the types for expressions in our component language has strict
upper bounds on the number of instances of each component.

The implementation of the type inference algorithm has been used to
create tools which are useful both for analysis of the algorithm itself, and as
an application of the theory to help guide the design of component systems.

Furthermore, we have investigated two variations on the algorithm. An
important one was the bounds-checking algorithm, which relies on an exten-
sion of the component language to include upper bounds on the number of
instances of each component. Theory from [2] was applied to enforce these
bounds. The advantages of this algorithm is that it does not rely on the
composer to check that the bounds are acceptable after the typing process
has finished; it is able to fail immediately if bounds are exceeded, and in-
form the composer of the error. We also looked at the bottom-up algorithm,
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which starts the construction of types from the “bottom” of the component
dependency tree instead of recursively from the top. This has the advantages
of being conceptually simpler, as well as requiring constant-size stack space.

9.2 Further work

9.2.1 Language extensions

The implementation of the type system has been based on [2], which is still
ongoing work. The authors are currently planning additional features to the
language to make it more useful in more situations. In anticipation of this, a
goal in the implementation stage has been to keep the OCaml code easy to
read, understand, and extend.

One of the features being worked on is parallel composition, represented
by component expressions on the form (A||B), which means A and B will
be executed in parallel. We have seen experimental support for this in our
implementation, but the typing system is still in need of further refinement
to keep the instance bounds strict. When the theory is ready, it should be
simple to update the type inference implementation to reflect the refined
theory.

9.2.2 Development of the implementation

A natural extension of the type system implementation would be to adopt
the bounds checking algorithm. The efforts involved in this is not substantial,
and essentially involves extending the syntax for declarations to include the
upper bounds for the component being declared, as well as adding the logic to
check that sequential composition does not result in instance counts exceeding
boundaries.

Alternatively, the implementation may be changed to the bottom-up al-
gorithm. As this approach checks the boundaries only at the end, this has
the advantage that one can allow bounds checking to be disabled or enabled
according to the needs of the tool or composer.

The tools can also be enhanced. For the comptop tool, it would be useful
to have more versatile ways to manipulate the declaration. Most importantly,
support for removing individual components, or changing the declaration of
a component, should be of priority.
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9.2.3 Applications

The component language and type system are not strictly limited to applica-
tions within software component contexts. An interesting application would
be the modelling of conventional object-oriented program code. This could
be useful as a way to measure resource demand by class instantiation and
function invocation. The idea is to work on the function level by transform-
ing a function body according to some rules:

¢ (new x) = newxw
®(if b then Py else P,) = (P + P»)
(f(x)) = {2(=)}

Sequential composition is preserved, and what remains after transforma-
tion is deleted. The result is a component expression which is subject to
type checking for resource management. The challenges here is finding a way
to model loop statements and transforming threaded execution into parallel
expressions.
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