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Chapter 1

In tro duction

Lasciate ogne speranza, voi ch'intr ate
All hope abandon, ye who enter in!

| Dante Alighieri, Inferno, La Divina Commedia

1



2 CHAPTER 1. INTR ODUCTION

Dr. Gavin Bierman and Dr. Peter Sewell of the University of Cambridge's
Theory and Semantics and Opera groups are currently working together to
develop a language similar to ML, but which includes XML values as typed
¯rst-class data values, and a model of concurrency similar to the ¼-calculus.
This languageis called Iota.

Iota is a statically-t yped, strict, higher order, functional language. This
dissertation describes the development of i Care, an interpreter, compiler, and
runtime environment for the Iota languagetargeted at the Java Virtual Machine
(JVM) . This project, the ¯rst implementation of Iota, wasundertaken in parallel
with the design of the languageitself. As the implementation progressed,the
ideas it provoked were fed back into the language's design, and the design
progressed.

1.1 Assumptions

This dissertation describes not only the development of i Care, but also
its theoretical grounding. Those sections of the dissertation requires an
understanding of formal program semantics; Winskel [1993] provides a good
intro duction. The rest of the dissertation should be accessibleto all computer
scientists, although a working knowledgeof ML or another functional language
would be helpful. SeePaulson [1997].

1.2 Notation

This dissertation usesstandard notations throughout. Unfortunately, someof
the characters used con°ict with uses by the Iota language itself. Di®erent
typefacesand layout are used to distinguish such things. Fragments of Iota
are written in a monospacedface, thus ; terminals in the Iota grammar are
also written that way. Non-terminals are written like E. Meta-variables in
Iota fragments (variables which range over the fragment, not identi¯ers in
the language itself ) are written as in the following fragment: val x = 1.
Comments within things such as grammars are written like this . Types
are written thus.

The notation ¡!ai represents the vector (a1; : : : ; an );
¡ ¡ ¡ ¡ !
(mi ; vi ) represents the

vector ((m1; v1); : : : ; (mn ; vn )). In each case,n is the sizeof the vector.
In XML, the term \element" has a speci¯c technical meaning.1 However,

this term will often be usedin a non-technical sense,and it should be clear from
context which meaning is intended. If it is not clear, the term \XML element"
will be used to indicate the technical use. Any use of the word with a capital
letter, such as in the abstract syntax de¯nitions, will always have the technical
meaning.

1 \Eac h XML document contains one or more elements, the boundaries of which are either
delimited by start-tags and end-tags, or, for empty elements, by an empty-element tag. Each
element has a type, identi¯ed by name, sometimes called its " generic identi¯er " (GI), and
may have a set of attribute speci¯cations."[W3C, 2000, x3]
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1.3 Motiv ation

1.3.1 XML

Extensible Markup Language (XML) has been developed and standardised
by the World-Wide Web Consortium, the internationally recognisedstandards
body for World-Wide Web related languagesand protocols. Conceived as a
document language,XML's clean extensibility, the easewith which it may be
parsed, and its platform-independencehave lead many people to chooseXML
to represent and transmit all manner of semi-structured data2, way beyond the
document realm.

1.4 Iota Design Goals

Iota's design goals are explained by Bierman and Sewell [2001]. They state
that Iota should primarily be small and simple. Concurrent scripting and
communication support is required, as is support for the manipulation of XML
values. A small footprin t for the run-time system was also declared to be
important.

1.5 i Care | This Pro ject

The project this dissertation describes was to shadow the design of Iota, and
to produce its ¯rst implementation. The project speci¯cation included the
requirement that source code should be compiled to run on the Java Virtual
Machine, to mesh with the ideas and work of the AutoHAN project [Greaves
and Blackwell et al, 2001].

The early Iota design documents contained a reduction semantics and a
declarative typing judgement. As well as the implementation, this project
required the creation of a formal de¯nition of the compilation, an algorithmic
typing relation, and a transition semantics.

As the project proceeded,the feedback from the implementation prompted
changesin the Iota speci¯cation, meaning that coding was always aimed at a
moving target. This was expected, and the appropriate measureswere taken to
ensurethis did not signi¯cantly a®ectprogress.

1.6 Related Work

There is a considerable amount of work on XML processing, including two
proposalsfor the combination of functional languagesand XML | XM ¸ [Meijer
and Shields, 1999] and XDuce[Hosoya and Pierce, 2000]. These are presented
in sectionsx2.5.1 and x2.5.2 respectively.

2Semi-structured data is a term used technically by the database communit y to describe
data which are organised (p erhaps hierarchically) but such that the substructures are not
necessarily the same at each occurrence of a given structure.
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1.7 Thanks
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Chapter 2

Preparation

Considerate la vostra semenza:
fatti non foste a viver come bruti,

ma per seguir virtute e canoscenza.
Consider well the seedthat gave you birth:

you were not made to live your livesas brutes,
but to be followers of worth and knowledge.

| Dante Alighieri, Inferno, La Divina Commedia

7



8 CHAPTER 2. PREPARATION

2.1 Starting Poin t

When I started this project, I had experiencewith C at a professionallevel, and
a little experiencewith C++. I attended the part IA and IB coursesin Java,
and my part IB group project was written in that language. I have a small
amount of experienceusing °ex and bison, but not JFlex and CUP, the Java
equivalents.

I have attended all the coursesprovided hereon functional programming and
ML, but had little experienceof using that language. I had never encountered
Haskell or any other similar language,nor had I seenXDuce or XM ¸ . I had
not at that time attended the Topics in Concurrency coursewhich was to come
later in the year; in particular, the ¼-calculus was new to me.

Apart from a tiny amount of experiencewith Perl, and a working knowledge
of bash, I had no experienceof Python or other scripting languages.

I have in the past usedXML and MathML, but hadn't studied in detail the
XML speci¯cation.

2.2 Iota

In this section I present Iota, as it stands at the time of writing. This section
actsasa gentle tutorial on Iota; someof this material will be included in the user
manual for Iota [Bierman, Mellor, and Sewell, 2001]. The Iota speci¯cation is
presented in Appendix A, where details on the syntax and semantics, including
the pattern matching algorithm, are given.

Iota evolved considerably over the courseof this project, driven mainly by
feed-back from my experiencewith the language,both ascompiler implementor
and Iota developer. The version described here corresponds to the current
implementation.

2.2.1 Design Features

Iota's basic form is similar to that of ML [Paulson, 1997]. The language
is functional, with recursive, higher order functions and ML-style pattern
matching. As will beexplainedin x2.2.6,Iota is designedwith a typesystemthat
doesnot require complicated type annotations to be made by the programmer.
The price paid for that is that more errors will be allowed by the type system
| XML elements may fail to pattern match at run-time, with the result that
an exception is thrown.

Iota has a model of concurrency similar to that of the ¼-calculus. This is
described in detail in x2.2.8.

2.2.2 Syntax

The basic syntax of Iota is ML-lik e. ExpressionsE are thus:
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E ::= <decimal integers>
| 0x <hexadecimal integers>
| 0X<hexadecimal integers>
| 0<octal integers>
| true
| false
| null
| zero

| E © E where © is one of
+ - * / :: @ ˆ << >>
<= >= . && or == !=

| © E where © is one of » :
| E E
| ( E)
| ( E, : : : , E)
| [ E, : : : , E]
| []
| ()
| if E then E else E

: : :

Function application may be written by writing the function followed by its
argument, or by separating them with a full stop. Functions in Iota are unary,
though they may take a tuple as argument. There is no currying of functions.

Expressionsmay alsotake a form describingXML elements, inline functions,
let binding, concurrencyand channelcommunication constructs, and exceptions.
Theseshall be described in a little while.

Iota has ML-style pattern matching, which will be described in a moment.
Syntactically , there are two categoriesrelevant to pattern matching. A pattern
P is written in exactly the sameway as the expressionsthey are intended to
match, asidefrom the syntactic sugar features described in x2.2.7. In addition,
the wildcard * is allowed to take the place of any expression,which matches
anything and everything in the context in which it appears. A match M is of
the form

M ::= P => E
| P => E | M

Declarations may be made thus:

D ::= val P = E
| fun f M where f is an identifier

We may now add constructs for function declaration and let-bound
declarations to E:

E ::= : : :
| let D in E
| fn M
| fr f M where f is an identifier

: : :

The let clausebinds the declaration (it is visible only within the E inside that
clause). fn de¯nes an anonymous, non-recursive function. fr de¯nes an inline,
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recursively-de¯ned function (f is the function name, and M is the de¯nition
itself ).

2.2.3 Exceptions

Iota provides a simple exception handling mechanism. Exceptions are
represented by named constants of type exn.1 An exception may be raised
by library facilities, such as the I/O libraries, by a failure in pattern matching,
or using the raise expression(throw is a synonym of raise ).

Exceptionsmay behandledby a try E handle M block. Any exceptions
raised by the expressionE will be caught and matched against M . If pattern
matching fails then the next enclosingtry : : : handle block is tried. If no
enclosingtry block catches the exception then the program terminates, and a
diagnostic is issued.

E ::= : : :
| try E handle M
| raise E
| throw E

/* Exception constants */
| PMF
| IOError
| BadXML
| EOF
| NullDataError
| UserException

: : :

2.2.4 Pattern Matc hing

On entry to a function or exception handler, or on the left-hand side of a
val expression,a pattern occurs. The pattern is checked at run-time against
the an expression | the parameter of the function, the raised exception or
the right-hand side of the val , respectively. If the pattern matches, then
the appropriate identi¯ers are bound and execution continues. In the caseof
functions and exception handlers, subsequent patterns may be speci¯ed to be
tried if the ¯rst match fails. If pattern matching fails entirely , the exception
PMFis raised.

Consider

let fun f x::xs => "Non-empty: " ˆ x
| [] => "Empty."

in
(f "A"::"B"::[], f [])

;
The result of this expression is ("Non-empty: A", "Empty") . The

¯rst call to f attempts to match the expression"A"::"B"::[] against the
pattern x::xs . Thesematch with x bound to "A" and xs bound to "B"::[] .

1 It would be a simple extension to allow user-de¯ned exceptions.
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These bindings are made, and execution continues with the expressionon the
right-hand side of the arrow | "Non-empty: " ˆ x. This expressionis
evaluated and returned.

The pattern context is usually a binding one | all occurrencesof identi¯ers
create a new scope for that identi¯er, and its value is bound during pattern
matching. To match against the current value of an identi¯er in scope rather
than re-binding it, pre¯x the identi¯er with a $.

fun f x =>
let fun g ($x, y) => ("Yup", y)

| ( *, y) => ("Nope", y)
in

g (1, 42)
;
This function, if called with f 1 will result in ("Yup", 42) but otherwise

will result in ("Nope", 42) since the 1 in the call to g will not match the
current bound value of x as tested by the pattern $x .

The code (fn x::xs => 42)[] will result in the exception PMFbeing
raised, since [] does not match x::xs , and there are no other clausesin the
function's match to try .

Although it may not be obvious, the val clauseactually does use pattern
matching. In the expressionval x = 1 the right-hand side is evaluated (to
the value 1) and then that result is matched against the pattern x. The match
succeedsand the binding is made (x takesthe value 1).

The val clause is more powerful than this however. One may write val
(x, y, z) = (1, 2, 3) or even val x::xs = 1::2::3::[] . These
behave as one might expect: x becomesbound to 1, y to 2, z to 3, and xs to
2::3::[] .

One may also write val ( *, x) = (1, 2) or even val * = 42
(although that's prett y useless).

2.2.5 XML Elemen ts

One of the aims of Iota is to provide \complete, ¯rst-class integration of XML
data values"[Bierman and Sewell, 2001]within the language.2 Iota regardsXML
elements asa distinguished classof triples. The ¯rst element of that triple is the
the tag identi¯er, and the secondis an unordered collection of attribute-v alue
pairs, where the attribute namesare unique. The third element is a list of the
contents of the XML element in question(empty elements areregardedashaving
a zero-length list of contents). The fact that the contents are a list is important
| this allows normal list processingand higher order operations such as map,
filter , and foldl | to be applied to XML elements as easily as for any
other construct in the language. XML patterns have an additional component
| a boolean°ag indicating whether wildcarding in the attribute list is allowed.

Here are some examples. These are written with the list syntax explicit,
but programming with XML does not have to be performed this way. There

2 In fact, in order to conform to the XML speci¯cation, the Iota speci¯cation is currently
missing infrastructure for handling XML's processinginstructions and XML comments; adding
this will be trivial. The major component of XML support | handling the standard elements
| is in place.
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is a much more pleasant way of writing theseexamples,as will be explained in
x2.2.7.

The XML fragment

<tag>
<anothertag att="value">

<message>hello</message>
<emptytag />

</anothertag>
</tag>

can be written in Iota thus (the white-spaceis not signi¯cant):

<tag>
[ <anothertag att="value">

[
<message>["hello"]</message>,
<emptytag />

]
</anothertag>

]
</tag>

A useful pattern to apply against this expressionmight be

<tag>[<anothertag *>[x]</anothertag>]</tag>
The asterisk indicates that attribute wildcarding is accepted. The XML

fragment above would match this pattern, and x would becomebound to the
list [<message>["hello"]</message>, <emptytag />] .

That fragment would not, however, match the following pattern:

<tag>[<anothertag>[x]</anothertag>]</tag>
since the empty group of attributes on anothertag in the pattern does

not match the collection f ("att", "value") g and unlike the ¯rst pattern,
wildcarding is not allowed on that tag (there is no * to indicate so).

In order to simplify expressions, Iota allows the element <tag
atts >contents </ tag > to be written <tag atts //> contents .

Note that inside a tag, the string `tag' is written without quotation marks,
but the string `hello' (in a non-tag context) requires them. That it should be
this way was a deliberate design decision. It was presumedthat programmers
will inside tags wish to write strings (i.e. tag and attribute names)most often,
but elsewherethat programmatic constructions would be most used.

The expression <message>[hello]</message> denotes an element
named `message'with its contents taken as the value bound to the identi¯er
`hello' . When inside tags, to escape from \strings-only mode" into Iota's
programmatic mode, surround the expressionwith braces. This allows tag and
attribute namesto be computed, as in <f tagnamebynumber(x) g /> which
makesa function call to set the tag name.

It is not permitted to compute the label inside closetags. This forcesone
to usethe <tag //> or <tag /> forms if tag namesare being computed, and
ensuresthat open and closetags always correspond.



2.2. IOTA 13

2.2.6 T yp e System

Iota's type systemis oneaspect of the languagewhich was designedspeci¯cally
to support Iota's model of XML processing. Both XM ¸ (x2.5.1) and XDuce
(x2.5.2) aim (in di®erent ways) to model XML DTDs closely within their type
systems.The idea, in thosecases,is to restrict programssothat XML that they
create is not only well-formed, but matches an appropriate DTD as well. Iota
has a di®erent goal, which is to ensurewell-formednessonly. This meansthat
the type-systemis much simpler, and allows Iota to intro duce other features
such as attribute support (missing from XM ¸ ) or parametric polymorphism
(missing from XDuce).

The most basic typesare bool, int , char, and string. Theseare the typesof
booleans,integer values3, Unicode characters, and strings of such characters.

Also provided is the type data: the type given to data which cross the
program boundary (e.g. through a socket). A value of type data is a block
of an unde¯ned number of bytes, and has no semantics imposed other than
that. The only thing an Iota program can do with values of type data is pass
them elsewhere,or usebuilt-in functions such as Iota.String.fromUTF8 or
Iota.Markup.parse to impose some encoding upon them and bring those
values into domains that Iota handlesdirectly.

Rather than having complicated typesfor XML elements, Iota instead gives
them all the sametype | the type markup. The tags and attribute namesand
valuesmust be of type string, and the content of all XML elements must be of
type content list. In order then to allow elements be useful, the types string,
markup, char, int , and bool are de¯ned to be subtypes of content; wherever a
value of type content is required, a value of any of those other typesis allowed.

Like ML, function typesare written ¿1 ! ¿2, with the arrow represented as
-> on the terminal. A list of items of type ¿ has itself the type ¿ list.

Processes(to be discussedin x2.2.9) are given type proc. Channels (also
discussedin that section) which carry valuesof type ¿ have type ¿ chan.

Iota, asspeci¯ed in Appendix A, is not a polymorphic language. However, a
number of featureshave polymorphic aspects,such asthe nil list, which behaves
as if it is of type ® list, where ® is determined by the type of expressionwith
which the nil interacts. To support features such as these,as will be explained
in x2.3.3, I extendedthe initial designto support full parametric polymorphism.

2.2.7 Syntactic Sugar and T yp e-Based Am biguit y
Resolution

Iota provides considerable syntactic sugar, designed to make programming
easier. Like most functional languages, Iota allows [1, 2, 3, 4] to be
written instead of the list 1::2::3::4::[] . Less conventionally , Iota also
allows list items to be written without a separating comma and surrounding
brackets when betweenan XML open tag and its corresponding closetag. This
allows XML elements to be written in almost exactly the sameway asonewould
in an XML document.

For example, the expression

<tag>
332 bit twos-complement signed integers, lik e Java
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<anothertag att="value">
<message>"hello"</message>
<emptytag />

</anothertag>
</tag>

is syntactic sugar for the Iota expressiongiven in x2.2.5. The only di®erence
betweenthe sugaredIota and the true XML equivalent is the quotation marks
around "hello" . These marks are essential in order to distinguish between
strings and identi¯ers.

This syntactic sugar,essential for Iota's usability, hasa number of important
rami¯cations for the language'simplementation. The ¯rst thing to note is that
Iota is now syntactically ambiguous!
Given a function x of type int ! string and y of type int , <tag>x y</tag> is
a valid expression,the result of which is say <tag>["x's result"]</tag> .
However, for x and y of type string, <tag>x y</tag> is alsovalid, giving say
<tag>["x's value", "y's value"]</tag> .

Note that in the ¯rst casean application operator hasbeeninferred between
x and y, but in the seconda list is inferred. Note that both of theseexamples
are correctly typed sincestring is a subtype of content.

There is not a direct mapping from whitespace to cons or application
operators; in certain casesan append operator may be inferred. For x and z of
type content and y of type content list, the expression<tag>x y z</tag> is
inferred to be equivalent to <tag>x :: y @ (z :: [])</tag> .

To complicate matters a little bit further, the application operator associates
to the left, but cons associates to the right. This means that the expression
inside <tag>x y z</tag> can either be (x © y) © z or x © (y © z)
depending on which operator is inferred for each ©.

When written as part of a pattern, this syntactic sugar is also valid, as is
the use of the wildcard. However, there may not be enough type information
(known or inferred) available to disambiguate the pattern. Take for example
the function

fun f <tag>x</tag> => x
Here, x is conceivably either of type content list making the pattern truly

<tag>x</tag> => x
or of type content, making the pattern in reality

<tag>x :: []</tag> => x
In this situation it is chosen(somewhatarbitrarily) that x is of type content

list. x can be forced to be of type content either like this:

<tag>x :: []</tag> => x
or, perhapsmore readably, like this:

<tag>x : content</tag> => x

The sametechnique is usedto allow the Iota expression0 to stand for either
the null processor the integer zero,depending on the type environment in which
it appears. This is the reasonfor the keywords null and zero being included
in the language| if the environment is not su±ciently restrictiv e then 0 may
fail to be disambiguated, at which point either of the keywords must be usedto
indicate the programmer's intention.
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2.2.8 Concurrency Mo del

Iota provides primitiv es for concurrent execution and for communication
between concurrently-executing processes. The concurrency model is similar
in style to the ¼-calculus. Concurrent execution is achieved using the parallel
operator || . Function calls to f and g in parallel may be written f || g. No
order of execution of concurrent contexts is speci¯ed.

Communication between concurrent execution contexts is achieved via
shared channels. Channels are typed: the values which may be transmitted
along them is restricted by type. Channelsare also bidirectional.

Channels may be created using the newchan expression, or created and
bound using the new expression. Output is achieved using the operator ! .
Input is performed onceusing ? and repeatedly using ?* .

The code

new c:int chan
in

c ! 3
||

c ? fn x => f x
;

createsa new channel along which values of type int may be transmitted,
binds that to the name c, and then sends the value 3 via c whence it is
dispatched to the function f .

The code

new c:int chan
in

c ! 1
||

c ! 2
||

c ! 3
||

c ?* fn x => f x
applies the function f to the values 1, 2, and 3, in no particular order; the

operator ?* performs repeatedinput, taking the three integersfrom the channel
c as they placed there.

Communication is asynchronous | there is no way to know when output
has beencompleted, nor does the repeated input operator await completion of
the function it invokes before listening for another value. If required by the
developer, such temporal restraints can be coded up, using two channels.

The I/O and parallel operators are of type proc, as are new and newchan .
The expressionsinside new and || must be of type proc . The function on the
right-hand side of either input operator must be of type ¿ ! proc, where ¿ is
the type of valuestransmittable along the channel in question.

It is not allowed for a try : : : handle clause to contain an expression
of type proc. This implies that any exceptions thrown inside an expressionof
type proc, wherever it occurs in the program, must necessarilyterminate the
program. This restriction neatly sidestepsthe problem of how exceptionsshould
a®ectconcurrently-executing code.



16 CHAPTER 2. PREPARATION

2.2.9 Pro cess-passing Mo del

Processes(expressionsof type proc) which do not occur in a top level, new
or || context | if they occur on the right-hand side of an input operator for
example | are not executed immediately. Instead, they are treated a little
like function closures| they may be passedaround the program like values,
and later executed. Unlike function closures, they may not be returned from
functions, but they may be passedalong channels.

Consider

new c:proc chan
in new d:proc chan
in

(c ! Iota.err ! "Hello world!")
||

(c ? fn x => d ! x || Iota.err ! "Whee!")
||

(d ? fn x => x)
;

This code sendsa processcapable of outputting "Hello world!" down
the channel c from whence it is read and placed in parallel with a process
capableof printing "Whee!" . The composite is sent down channel d and then
read and ¯nally executed(as speci¯ed by the ¯nal occurrenceof the identi¯er
x). Only then does any output occur (and the two messagescould come in
either order, sincethey are executedin parallel).

2.3 Prop osal Re¯nemen t and Pro ject Design

In this section, the project proposal (App endix G.3) is developed into a detailed
project design. Issues related directly towards the software implementation
stageof the project are developed later, in x3.

2.3.1 Requiremen ts Analysis

Fundamentally , the result of this project had to provide a meansto take Iota
sourcecode, compile to an executableform, and to executethat program. Iota
is an ongoing research project, and as part of that, this project must be easily
modi¯able.

Early discussionswith Dr. Bierman revealed that he hoped for not only a
batch compiler (one which takesas input a source¯le edited elsewhere)but also
an interactive system, which would allow one to enter fragments of a program
and then seethe results (particularly the type inferred for that fragment) before
entering more. Many ML implementations have such systems,and they are in
generalliked by programmerswho work with functional languages.Dr. Bierman
expressedno need for a graphical user interface | working with text-based
terminals such as the Linux terminal or an xterm would su±ce. However, I
wanted to keepmy options open at this point, especially asan applet may prove
useful for those who wish to try the languagewithout installing the software. I
resolved to bear in mind the possibility of interfacesother than plain text, but
not to implement one myself.
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Figure 2.1 UML usecasediagram for the i Care system
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Putting asidethe issueof useby programmers, there still remain other uses
to consider. As stated in x1.4 Iota is to be used in embedded devices and
other such situations where resourcesfor full compilation and interaction are
unlikely to be available. It is still necessaryfor code to be executablein those
situations however, so the system must be able to executea compiled form of
Iota directly, in a manner which utilises few resources.It is alsonecessaryto be
able to compile to the executableform without executing it directly. Developers
will want to be able to run their programs in the sameway that a device will
executethem | this is also taken into consideration.

By looking at the languageaspresented in x2.2 it is obvious that each oneof
the source-code-basedusecasesrequiresparsing, typechecking, and compilation
services.Someusecasesalso require compiled-code execution services.

The UML use casediagram in Figure 2.1 shows the situation at this point
in the design. The requirement for a particular service is shown by the
<<include>> relation on the diagram.

As described in x2.2.8, one important feature of Iota is its support for
concurrent execution. As can be seenfrom the following code fragment, Iota's
execution contexts must be very light-weight.

if x == 1
then

c ! x || Iota.err ! "x is 1."
else

d ! x || Iota.err ! "x is not 1."
This codeoutputs x down oneof a coupleof channels,and issuesa diagnostic.
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Notice that it is necessaryto create a new parallel execution context to do
this | there is no concept of placing two instructions in sequence,only in
parallel. Sincethere is no continuation for the output operator (communication
is asynchronous) all output must be performed this way | an executioncontext
must be created for the output, the output performed, and that context
destroyed again. This means that the parallel composition must be a very
light-weight operation, or performancewill su®ergreatly.

My intention when writing this project proposal | i.e. before the Iota
languagespeci¯cation was known | was to compile Iota sourcecode to Java
bytecode, and use Java's threading mechanisms for the concurrent execution.
Unfortunately, Java's threads are much too heavy for Iota as described above.
Java's thread mechanism providesconcurrencycontrol and other featureswhich
make spawning threads expensive. i Care requires a di®erent mechanism.

Rather than compiling to Java bytecode, I decidedthat i Care would convert
Iota sourcecodeto a di®erent intermediate code. This would then be interpreted
by a small virtual machine at run-time. The great advantage of this approach is
that the virtual machine has full scheduling control over which instructions will
be executed. Concurrency can then be simulated by interleaving instructions
rather than using Java threads, making the parallel composition operation very
e±cient | the machine simply adds another instruction to its queue. The
intermediate code was named simply iCode.

2.3.2 iCo de Design

Given that it has been decided to compile an intermediate code, the question
arisesasto what form the iCodeshouldtake; I identi¯ed the following properties:

Ease of Execution. Given that the code may be executed in a
resource-limited environment, it is imperative that the virtual machine
which executesit is as small as possible. For performance reasons,it is
important to have asmuch of the work doneat compile-time as is feasible.
For example, the code should, where necessary, provide information to
aid the allocation and deallocation of storage.

Compactness of Co de. For the same reasons of resource-limitation, it is
important that the code is compact | i.e. it describes a given program
in a small amount of space. This property and the previous one are
mutually-exclusive, to a certain degree,asmaking the code more compact
loosely implies making the instruction set more powerful.

Ease of Optimisation.

T yp echeckabilit y. The code should be typecheckable. This is not necessarily
an aim of all intermediate codes, but is one which was selectedfor the
designof iCode. The iCode is the form which will be transmitted between
machines when code is transferred for execution elsewhere.If the remote
machine is to trust the incoming code, a typeability property is essential.
Without that, the runtime systemmay be tric ked into executingarbitrary
code. Note that I make no claim of any form of security here | to
develop such an architecture is another project. However, typeability is
an important ¯rst step towards the trust of incoming code.
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For performance reasons, I don't want to have to perform full
Hindley-Milner style type-inferenceon the iCode at the remote site. This
might imply that type annotations or hints are required on the iCode.

In order to aid optimisation, it is important to ensurethat interdependencies
betweeninstructions are explicit in the iCode. As discussedin [Mycroft, 1998],
this means that stack-based codes should be avoided. Appel [1998] discusses
other desirableproperties, such asbeing in static single-assignment (SSA) form.
The form eventually taken by iCode is presented in x3.2.

2.3.3 The T yp e System

In the Iota design document [Bierman and Sewell, 2001] a typing relation for
Iota is given. This relation however is abstract, not algorithmic | a reasonable
algorithm for type-inferencecannot be derived directly from the relation given.
The job of devising an algorithm for type inference was proposed to be a
signi¯cant part of the project.

Given Iota's polymorphic nature (seex2.2.6), the obvious direction to move
is towards Hindley-Milner type-inference, the algorithm used by ML. This
algorithm hasa well-understood procedural form, based¯rmly upon uni¯cation
procedures.However, Iota hasa coupleof featureswhich meanthat the standard
Hindley-Milner algorithm is insu±cient. The ¯rst is Iota's subtyping.

The fundamental intention of the Hindley-Milner algorithm is to take the
program and to form equationsbetweentypestherein (where typesmay include
type variables) and then to use uni¯cation to ¯nd substitions on the type
variables such that all the equations are satis¯ed (or to demonstrate that the
equations are unsatis¯able, at which the type-inferencefails). Intro duction of
subtyping in essenceturns those equations into inequations, i.e. the restriction
is weakenedso that one type must be equal to or subsumedby another, rather
than speci¯cally equal to it. This intro ducessigni¯cant extra complexity.

The secondcomplication of Iota's is the type-basedambiguit y resolution
(seex2.2.7). Supporting this feature meansthat the system must in someway
maintain the knowledgethat not just onebut a collection of typings arepossible,
until someare shown to be unsatis¯able.

Inference algorithms in the presenceof subtyping are still under active
research. My investigation brought to light a number of relevant papers
including [Trifonov and Smith, 1996], [Pottier, 1996], and [Pottier, 2000].
Subtyping is also discussedin Pierce's book draft [Pierce, 2001,x15{19].

The algorithm I choseto implement for i Care is a variation on that given by
[Trifonov and Smith, 1996],but with a modi¯cation to support the maintenance
of a collection of possibletypings.

2.3.4 Design Metho dology

It was known at the start of the project that the Iota design was open to
signi¯cant change. For this reason, rigid design methodologies such as the
waterfall model were unsuitable. Instead, an iterativ e approach was necessary.
To cushion the implementation from the blow of Iota designchanges,a strongly
modular design is necessary.
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2.4 Testing

Given the iterativ e development model required for this project (seex2.3.4) it
was clear that an automated test system should help greatly, even from early
on in the project. Development by iteration is prone to problems whereby
experimental changes in one area may break code elsewhere. Parsers are
particularly susceptible;for example,changesin operator precedencemay have
unanticipated e®ectsthroughout the grammar.

2.4.1 Design Criteria

For my test system, I quickly cameup with the following set of designcriteria:
The tests should be executable by cron . cron will run an arbitrary
commandat arbitrary intervals and then mail a userwith the output. This will
ensurethat tests are not forgotten.

The system should tak e code from the CVS rep ository . If code was
taken from my homedirectory, then tests performedwhilst I wasworking would
almost certainly fail. The abilit y to manually run tests on my home directory
should be available too.

The code should be compiled from scratc h on each test run. This
will avoid obscureerrors (or the failure to detect them) when the build system
believes an object ¯le is up to date when it in fact is not. This is a common
problem with large projects, especially when the build systemis complicated by
automatic generation of sourcecode, such as the output of parser generators.

A database of test pro cedures should be available, and it should
be easily mo di¯able. As problems are discovered with the compiler, a test
caseshould be added to the database in order to ensure that the problem is
detected if it arisesagain.

2.4.2 Implemen tation

I have been waiting some time for an opportunit y to try out Python [van
Rossumet al, 2001],which I have seentouted as a more elegant solution than
Perl to problems in the latter's traditional domain (scripting, ¯le munging, and
`glue'). The program I needfor the test systemis exactly in this domain, and so
I decidedto write it in Python. This meant that I could learn a new language
with little risk | this is a su±ciently small problem that it could be re-doneif
the experiment fails.

2.5 Language Surv ey

Here is presented a survey of the languagessimilar in aim and style to Iota,
and their implementations. Iota was conceived as a functional language
which (among other things) used ML's powerful pattern matching facilities
to manipulate and act upon XML data. There are a number of functional
languageswhich contain XML primitiv esin this way. Oneis XDuce (pronounced
`transduce') by Hosoya and Pierce, and another is Meijer and Shields' XM ¸ .
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2.5.1 XM ¸

XM ¸ [Meijer and Shields,1999] is \a small functional languagewhich has XML
documents as its basic data types"[Meijer and Shields, 1999]. It has a strong
static type system which guarantees that XML documents created at run-time
will conform to the appropriate DTD. XM ¸ programsare written asif they were
XML documents, but with programmatic constructs written betweenthe tokens
<%= and %>. These programmatic constructs are modelled after functional
languagessuch asML and Haskell. Polymorphic and higher order functions are
available, as is pattern matching.

XM ¸ is an interesting piece of work, and to have strong typing which
guaranteesDTD conformanceis a powerful and useful property. Unfortunately,
XML attributes are not supported at the moment, though the authors plan to
use implicit parameters (described in [Lewis, Shields,Meijer, and Launchbury,
2000]) to support theseat a later date.

2.5.2 XDuce

XDuce [Hosoya and Pierce,2000]hasa type systembasedon regular expression
types[Hosoya, Vouillon, and Pierce, 2000]. Theseallow all runtime errors to be
eliminated, but with the disadvantage that complicated type annotations are
required to be addedby the programmer. Also, the type systemusedby XDuce
cannot be extended to a language which allows run-time generation of XML
fragments - it is impossibleto type theseat compile-time in the sameway.

2.6 Theory / Background Research

This project required considerable research on my part. As well as the
documents cited elsewherein this chapter, I made useof a number of resources
to further understand the ¯eld. Naturally , I studied the XML speci¯cation
[W3C, 2000]in great detail. In order to understand the concurrencyprimitiv es
o®eredby Iota, I studied the ¼-calculus, using [Sewell, 2000]. Further reading
examined the techniques being employed by XDuce and XM ¸ ; this camefrom
[Wadler and Blott, 1989], [Wadler, 1992], [Wadler, 1997], [Shields,Sheard,and
Peyton Jones,1998], [Lewis et al., 2000],and [Hosoya et al., 2000].

The technicalities of compiler development are discussedin two excellent
books: [Aho, Sethi, and Ullman, 1986]and [Appel, 1998]. The i Care compiler is
designedto be easilyextendedto make a number of optimising transformations;
my understanding of the techniques required came from those books just
mentioned, but also from [Mycroft, 1998].

I learned Python from the online tutorial [van Rossumand Drake Jr. (ed.),
2001b]and the manual [van Rossumand Drake Jr. (ed.), 2001a].
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Chapter 3

Implemen tation

Qui vid'i' gentepiµu ch'altrove troppa,
e d'una parte e d'altr a, con grand'urli,

voltando pesi per forza di poppa.
Percoteansi 'ncontro; e poscia pur lµ³
si rivolgea ciascun, voltando a retro,

gridando: ¿ Perch¶e tieni?À e ¿ Perch¶e burli?À .
Cosµ³ tornavan per lo cerchio tetro
da ogne mano a l'opposito punto,

gridandosi anche loro ontoso metro;
poi si volgea ciascun, quand'era giunto,

per lo suo mezzocerchio a l'altr a giostra.
Here, more than elsewhere,I saw multitudes

to every side of me; their howls were loud
while, wheeling weights, they usedtheir chests to push.

They struck against each other; at that point,
each turned around and, wheeling back those weights,

cried out: \Wh y do you hoard?" \Wh y do you squander?"
So did they move around the sorry circle
from left and right to the opposing point;

again, again they cried their chant of scorn;
and so, when each of them had changedpositions,

he circled halfway back to his next joust.

| Dante Alighieri, Inferno, La Divina Commedia

23
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Figure 3.1 A standard basicarchitecture for compilersof functional languages.
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In this chapter, the implementation of the i Care system is discussed.
Firstly , the high level architecture is considered,and then the major internal
representations are exhibited. This is followed by a formal de¯nition of the
compilation processand the execution semantics. The chapter concludeswith
a discussionof a program suite created to demonstrate Iota's capabilities.

3.1 Arc hitecture

As has beendescribed previously (x2.3) the project is to designan interpreter,
compiler, and run-time system for Iota. Obviously, it is important that as
much code aspossibleis sharedbetweenthesedi®erent incarnations. The UML
use casediagram in Figure 2.1 immediately identi¯es modularisations | the
user-interface speci¯c portions of the project, the typechecker, parser, code
conversion, and runtime handling should all be separated. Certain aspects
of the compiler architecture come immediately from conventional designs.
Traditionally , the source¯le is lexically-analysedusinga generatedlexer, turning
source text into a token stream, and the token stream then parsed using a
generatedparser to discover the syntax tree. The syntax tree is analysed for
semantic errors, and type-resolution is performed. Executable code is then
generated from the syntax tree. Optimisations are mainly performed on the
generatedcode (i.e. after the code generation) and on the syntax tree (between
parsing and code generation). SeeFigure 3.1.

i Care di®ers from this standard architecture in one respect. Given the
novelty of the type-inferenceengineto be employed (x2.3.3) it was decidedthat
as much complication should be removed from that stage as possible. i Care
performs all name resolution before the type-inferencestage. This removes all
alpha-conversionworries from the type-resolutionand semantic analysisphases.
A new compiler phase was intro duced to perform scope resolution. In this
phasethe concrete parse tree (that obtained directly from the sourcecode) is
converted into an abstract syntax tree, whereidenti¯ers arescope-resolved. This
phasealsoprovidesa convenient opportunit y to perform syntax-dependent sugar
removal, such as the conversion of [x, y] to x::y::[] . The representation
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Figure 3.2 The architecture of the i Care compiler.
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of the abstract syntax tree is namedsimply AbSyn in the code. Although i Care
was designedwith optimisation in mind, currently no optimisation phasesare
included. The i Care architecture with thesechangesis shown in Figure 3.2.

Each phase is realised as a class or tightly-associated group of classes.
Common to all thesephasesare a number of data representations. For example,
the representation of program constants is the sameregardlessof whether they
occur in the parsetrees, the iCode, or even at run-time. Thesedata-structures
are pulled out and placed in classesof their own. Figure 3.3 is a UML class
diagram showing the major components of the system.

I decided that I would like to use a resource¯le for error messages,rather
than hard-coding them into the program. This is a common technique used
when a program should be translatable to other languages| all the messages
that are to be presented to the user are kept in a separate¯le, and this can be
translated without the codebeingaltered. For this project I wasnot particularly
interested in inter-language issues. However, the sametechnique can be used
to have di®erent error messagesfor di®erent users| terse messagesfor experts
and more explanatory onesfor beginners,for example| and this interestedme
more. In general, the technique also improves the maintainabilit y of programs.
Fortunately, Java provides a framework for using resource¯les in exactly this
way [Campione,Walrath, and Huml, 2000a]. I choseto usethis architecture for
all my user-presented messages.

3.2 In ternal Represen tations

Here are presented the two major representations used within the compiler |
AbSyn and iCode.

AbSyn is the representation on which type inference is performed, and
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Figure 3.3 A UML classdiagram showing the major components of the i Care
system.
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which is converted thence to iCode. It is derived from the source ¯le
by parsing, removing syntax-dependent sugars, and resolving all identi¯ers.
Type-dependent ambiguit y resolution has not beenperformed at this stage.

iCode is the executable form of Iota; it is the ¯nal output by the compiler
and may also be passedbetweenmachines at runtime.

3.2.1 AbSyn

AbSyn is represented in a constructor style. The nameof the node is given ¯rst,
then the parameterswith their types. The type STE is that of a symbol table
entry . Thesecan carry a type, if one is given in the sourcecode, and a reference
to a function de¯nition, if the symbol is de¯ned to be a function. APair is the
type (AbSyn a1, AbSyn a2). Each AbSyn node carriesa source¯le location, for
error reporting; this detail is omitted. Figure 3.4 shows the nodesavailable; an
annotated version is given in Appendix B.

3.2.2 iCo de

In this section, the intermediate code (iCode) is presented. iCode hasa number
of categoriesinto which elements may fall. Theseare as follows:

Lo cation A referenceto program-wide storage or a stack location (or rather,
the equivalent of a stack location to the runtime engine).

A tom Things which are instantly evaluable | i.e. a Location dereferenceor a
constant.
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Figure 3.4 AbSyn: the i Care representation of Iota abstract syntax
Program(AbSyn [] fragments)
De¯nition(AbSyn e1 , AbSyn e2 , boolean new°ag)
Val(AbSyn p, AbSyn e)
Fun(STE [] stes)
Lambda(AbSyn body)
Match(APair [] contents)
Identi¯er(STE ste)
BoundID(STE ste)
NewChan(Type type)
Conditional(AbSyn condition , AbSyn left , AbSyn right )
UnaryOperator(int operator , AbSyn operand)
BinaryOp erator(int operator , AbSyn left , AbSyn right )
Tuple(AbSyn [] contents)
Markup(AbSyn otag, AbSyn ctag, APair [] attlist , boolean wildcard, AbSyn
content)
Throw(AbSyn expr)
Try(AbSyn e, AbSyn m)
Nought()

Expression Essentially , an iCode instruction.

Pattern Patterns against which matchesare made. Patterns are not executed
| they are data, rather than instructions.

Closeable Somethingof which a closuremay be made. In other words, system-
or user-de¯ned functions.

The categoriesserve as parameter types, and are abbreviated by their ¯rst
letter. The presentation of iCode is the same as for abstract syntax, except
that each constructor is in addition given a category (A, E, P). This is written
with a : following the constructor name. iCode is exhibited in Figure 3.5. An
annotated version of those details is given in Appendix C.
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Figure 3.5 iCode: the i Care executablecode
ID : A (L l)

Copy : E (L l , A a, E c)
Close: E (L l , C f , E c)
NewChan : E (L l , E c)
Tuple : E (L l , A [] xs, E c)
Element : E (L l , A t, A x, Attribute [] a, E c)
UnaryNode : E (L l , int op, A x, E c)
BinaryNode : E (L l , int op, A x, A y, E c)
Cond : E (A x, E c1, E c2)
Parallel : E (E c1, E c2)
Input : E (A c, A f , boolean r epeated)
Output : E (A c, A v)
Return : E (A x)
Stop : E ()
CallStart : E (A f , A v, E c)
CallComplete : E (L l , E c)
FunctionHeader : E(Match m, int escapes, int locals)
PushHandler : E(E h, E c)
PopHandler : E (E c)
Throw : E (A e)
Match : E (MatchPart [] ms, A v)

MatchIDPatt : P (L l)
BoundIDPatt : P (L l)
ConsPatt : P (P p1, P p2)
ElementPatt : P (P t, P c, Attribute [] atts , boolean wil dcard)
TuplePatt : P (P [] ps)
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3.3 Compilation to iCo de

In this section the procedurefor compilation from AbSyn to iCode is presented
formally. Two relations are used: +P which relates abstract syntax clausesto
iCodepatterns, and +, which relatesabstract syntax to iCodeexpressions.i Care
performs a small number of ad-hoc optimisations, such as tail-call optimisation
and naÄ³ve copy elimination. This presentation abstracts those away. When a
new symbol is created, it is given a type, to aid the type-checking of iCode.
This detail is unimportant here, and is ignored also.

+P is a trivial mapping from AbSyn clausesto equivalent iCode patterns.
Having +P ensuresthat iCode patterns and expressionsare disjoint, and that
only a restricted set of expressionsmay appear in pattern context. Apart from
that, +P is straightforward, and has beenelided to Appendix E.

The secondrelation, +, describes the conversion to iCode expressions.This
relation makes explicit the use of intermediate storage, processpassingversus
execution, and execution order. This relation involves a context with three
components: a °ag indicating that the clause is in process-executioncontext
(written p or e for processor expressioncontext respectively), a destination
for the result, and a continuation | iCode that should be executed once the
current clauseis complete. The destination and continuation may take either
values in the appropriate domain or a speci¯cally \nil" value, denoted by a `¢'.
If a rule holds no matter what the value of a given parameter, this is indicated
with an underscore(i.e. ` ' means\don't care"). Only a selectionof the rules for
this relation are presented here. The complete relation is given in Appendix D.

The process-executioncontexts are de¯ned by the operational semantics
given by Bierman and Sewell [2001]. The knowledge therein is distilled into
theserules so that compilation may be programmed.

p is the \in process-executioncontext" °ag (p 2 p; e).
s is the symbol to which we should be assigning.
c is the code that should be executedafter us.
k is any constant.
new proc func(P) returns a function fn () => P.
¡ ´ (p;s; c)

Consider the clausesfor compilation of constants:

+ const1 (k 6= Null )
( ; ¢; ¢) ` k + Return(k)

+ const2 (k 6= Null ; s; c 6= ¢)
( ; s; c) ` k + Copy(s; k; c)

These two clausesexhibit a common idiom among the rules. The ¯rst clause
states that, no matter what the valuesof the process-context °ag, if s and c are
nil then the compilation of a constant is Return(k). The secondstates that if s
and c are both set then the appropriate compilation is Copy(s, k, c). This idiom
is common to all the rules for AbSyn leaf-nodes. It allows for two situations |
either it is known what is to be donewith the value to be compiled (it is needed
as the intermediate value in somecompilation) or it is not known, in which case
there is nothing to be done other than return that value. Neither rule allows
for s to be nil and c to be non-nil, nor vice versa; compilation is unde¯ned in
thesecases.
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The constant Null is excluded from the rules const1 and const2. This is
becauseNull, being a process,behavesquite di®erently . Consider theserules:

+ null1 (p; ¢; ¢) ` Null + Stop()

+ null2 (p; s; c) ` Null + Copy(s;Null ; c)

+ null3
(e; s;Return(ID (s))) ` Null + z

(s fresh)
(e; ¢; ¢) ` Null + z

+ null4 (s; c 6= ¢; f = new proc func(Null ))
(e; s; c) ` Null + Close(s; f ; c)

null1 and null2 are similar to const1 and const2, but in null1 , instead of
returning the appropriate value, the processis executed. Execution of the null
processcompiles to the iCode instruction Stop, which simply terminates the
current execution context.

null3 and null4 are di®erent. When not in a process-executingcontext, any
process,including the null process,must be wrapped-up in a form which may
be unwrapped and executed at a later point in the program. This packaged
form will be passedaround the program. Rather than have two separateforms
for processesand function closures,which must also be packaged in a similar
way, i Care usesthe function closuremechanism for processestoo. A processis
packagedby creating a function of type unit ! proc which executesthat process
when applied to unit. This can be exhangedlike any other function closure,and
when the processis to be executed, this can be achieved simply by inserting a
function call (seerule id3 in Appendix D).

null3 is similar to const1, in that it provides a rule which says what to do if
s and c are nil. However, rather than de¯ning the compilation directly, it does
so in terms of another rule: null4 . null3 is most easily read from bottom to
top. Note ¯rst the sidecondition \ s fresh". In other words, s is a new identi¯er,
which translates at run-time into a new storage location. null3 states that, in
order to compile Null in the context (e; ¢; ¢), use the result of compiling Null
in the context (e; s;Return(ID( s))) instead. That result can be obtained by
applying rule null4 , since s and c are no longer nil. Taking all this together,
null3 can be understood assaying that oneshould createa new identi¯er s, and
then use rule null4 to create a processclosure for the Null, assignit to s, and
then when that is done executeReturn(ID( s)).

3.3.1 Example

Consider the following factorial function, and a call to it:

fun fact x =>
let fun facti (x, t) =>

if x <= 1 then t else facti(x - 1, x * t)
in

facti(x, 1)
;
fact 3;
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This parsesto a concrete syntax which, following syntax- and type-driven
disambiguation, translates to the following AbSyn:

Top level:

Program(Fun(Identi¯er (fact)) ; BinaryOp erator(app; Identi¯er (fact); 3))

Function fact:

Match((BoundID( x1); App(Identi¯er (facti ); Tuple((Identi¯er (x1); 1)))))

Function facti:

Match((Tuple(BoundID( x2); BoundID(t)) ;
Cond(BinaryOp erator(< = ; Identi¯er (x2); 1);

Identi¯er (t);
BinaryOp erator(app; Identi¯er (facti );

Tuple(BinaryOp erator(¡ ; Identi¯er (x2); 1);
BinaryOp erator(¤; Identi¯er (t); Identi¯er (x)))))))

Note that the identi¯ers have been disambiguated,1 and that the program
has been split into a number of separatefunctions without scoping worries |
the scopingof functions is handled by the scopingof identi¯ers able to reference
them, and theseidenti¯ers have beendisambiguated to refer to the appropriate
function.

Each function is typechecked, and then compiled to iCode.2 The derivations
in Figures 3.6, 3.7, and 3.8 illustrate this compilation.

1as indicated by the subscripts
2 In general, only functions which are actually referenced are compiled.
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Figure 3.6 Compilation of the top-level of the factorial program

s1, s2, s3 are fresh.

App( f ; x) def= BinaryOp erator(app; f ; x)

z3
def= CallStart (ID( s1); ID(s2); CallComplete(s3; Return(ID( s3))))

z2
def= Copy(s2; 3; z3)

z1
def= Close(s1; fact; z2)

+ fun
(p; ¢; ¢) ` Fun(Identi¯er (fact)) + ¢

+ const2
(e; s2; z3) ` 3 + z2

+ id4
(e; s1; z2) ` Identi¯er( fact) + z1

+ app2
(p; s3; Return(ID( s3))) ` App(Identi¯er (fact); 3) + z1

+ app1
(p; ¢; ¢) ` App(Identi¯er (fact); 3) + z1

+ prog3
(p; ¢; ¢) ` Program(App(Iden ti¯er (fact); 3)) + z1

+ prog2
(p; ¢; ¢) ` Program(Fun(Identi¯er (fact)) ; App(Identi¯er (fact); 3)) + z1
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Figure 3.7 Compilation of the function fact

s1, s2, s3, s4 are fresh.

Id( i ) def= Identi¯er( i )

App( f ; x) def= BinaryOp erator(app; f ; x)

z5
def= CallStart (ID( s1); ID( s4); CallComplete(s5; Return(ID( s5))))

z4
def= Tuple(s4; (s2; s3); z5)

z3
def= Copy(s3; 1; z4)

z2
def= Copy(s2; ID( x1); z3)

z1
def= Close(s1; facti ; z2)

p1
def= BoundIDPatt (x1)

+P boundid
` BoundID(x1) +P p1

+ const2
(e; s3; z4) ` 1 + z3

+ id7
(e; s2; z3) ` Id(x1) + z2

+ tupl e2
(e; s4; z5) ` Tuple(Id( x1); 1) + z4

+ id4
(e; s1; z2) ` Id(facti ) + z1

+ app2
(p; s5; Return(ID( s5))) ` App(Id( facti ); Tuple(Id (x1); 1)) + z1

+ app1
(p; ¢; ¢) ` App(Id( facti ); Tuple(Id( x1); 1)) + z1

+ match
(p; ¢; ¢) ` Match((BoundID (x1); App(Id( facti ); Tuple((Id (x1); 1))))) + Match((p1; z1))
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Figure 3.8 Compilation of the function facti

I d(i )
def
= I dentif ier (i )

App (f ; x)
def
= BinaryOp erator( app; f ; x)

Mul( a1; a2)
def
= BinaryOp erator( ¤; a1; a2)

Sub(a1; a2)
def
= BinaryOp erator( ¡ ; a1; a2)

LTE (a1; a2) def= BinaryOp erator( < = ; a1; a2)

z15
def
= Copy(s12 ; 1; z13 )

z14
def
= BinaryNo de(s1; < = ; ID( s2); ID( s3); z11 )

z13
def
= BinaryNo de(s7; ¡ ; ID( s11 ); ID( s12 ); z6)

z12
def= BinaryNo de(s8; ¤; ID( s9); ID (s10 ); z9)

z11
def
= Cond(ID( s1); z2; z3)

z10
def
= Copy(s10 ; ID( x); z12 )

z9
def
= Tuple(s6; (ID( s7); ID( s8)) ; z7)

z8
def= Return (ID( s4))

z7
def
= CallStart(ID( s5); ID( s6); CallComplete (s4; z8))

z6
def
= Copy(s9; ID( t ); z10 )

z5
def
= Copy(s11 ; ID (x2); z15 )

z4
def= Copy(s3; 1; z14 )

z3
def
= Close(s5; facti ; z5)

z2
def
= Return (ID( t ))

z1
def
= Copy(s2; ID( x2); z4)

p1
def= TuplePatt ((BoundIDP att( x2); BoundIDP att( t )))

si are fresh, for i 2 [1; 12]

Pr oof One:

+ id7
(e; s11 ; z15 ) ` Id( x2) + z5

+ const2
(e; s12 ; z13 ) ` 1 + z15

+ binary2
(e; s7; z6) ` Sub(Id( x2); 1) + z5

+ id7
(e; s9; z10 ) ` Id( t ) + z6

+ id7
(e; s10 ; z12 ) ` Id( x) + z10

+ binary2
(e; s8; z9) ` Mul (Id( t ); Id (x)) + z6

+ tuple2
(e; s6; z7) ` Tuple(Sub(Id( x2); 1); Mul(Id (t ); Id( x))) + z5

Pr oof Tw o:

+ id7
(e; s2; z4) ` ID (x2) + z1

+ const2
(e; s3; z14 ) ` 1 + z4

+ binary2
(e; s1; z11 ) ` LTE (ID( x2); 1) + z1

Pr oof Three:

+ id4
(e; s5; z5) ` ID( facti ) + z3

One
(e; s6; z7) ` Tuple(Sub(Id( x2); 1); Mul(Id (t ); Id( x))) + z5

+ app2
(e; s4; z8) ` App (Id( f acti ); Tuple(Sub(Id( x2); 1); Mul(Id (t ); Id( x)))) + z3

+ app1
(p; ¢; ¢) ` App (Id (f acti ); Tuple(Sub(Id (x2); 1); Mul(Id (t ); Id (x)))) + z3

Pr oof Four:

Tw o
(e; s1; z11 ) ` LTE (ID( x2); 1) + z1

+ id5
(p; ¢; ¢) ` Id (t ) + z2

Three
(p; ¢; ¢) ` App(Id (f acti ); Tuple(Sub(Id (x2); 1); Mul (Id( t ); Id (x)))) + z3

+ cond
(p; ¢; ¢) ` Conditional (LTE (Id (x2); 1); Id (t ); App (Id( f acti ); Tuple(Sub(Id( x2); 1); Mul(Id( t ); Id( x))))) + z1

Pr oof Zer o:

+P tuple
` Tuple(BoundID (x2); BoundID( t )) +P p1

Four
(p; ¢; ¢) ` Conditional (LTE (Id (x2); 1); Id (t ); App (Id( f acti ); Tuple(Sub(Id( x2); 1); Mul(Id( t ); Id( x))))) + z1

+ match
(p; ¢; ¢) ` Matc h(T uple(BoundID( x2); BoundID( t )) ; Conditional (LTE (Id( x2); 1); Id( t ); App(Id (f acti ); Tuple(Sub(Id (x2); 1); Mul (Id( t ); Id (x))))))
+ M atch (p1; z1)
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3.4 iCo de Op erational Semantics

In this section there is given a formal description of the (iCode-interpreting)
run-time machine. This presentation is basedupon one given by Turner [1995].

Whilst abstract, the presentation here models the real machine closely. The
model is centred on a queue of Threads. Each Thread consists of an iCode
expressionwhich is the next instruction to be executed, a Store, which is a
mapping from Locations to RuntimeValues,an iCode expressionstack which is
the exception handler stack, a referenceto another Thread, which is the frame
of referenceto be usedon return from this function, and a RuntimeValue, which
is the value currently in the \formal parameter register" (FP). The FP is used
to passthe parameter to a function when it is called. The return Thread may be
nil (represented as ¢) which indicates that it is the top level function currently
being executed,and the program terminates on return. Also in the machine is
a channel state, which is a mapping from channel namesto a queueof Threads.

All stacks and queues(the instruction queue, the exception stacks and the
channel queue)may possibly be zero length. This is written ² .

Table 3.1 gives the abstract machine representations of program values
neededat run-time.

Table 3.1 The abstract machine representations of program values.

Item Represen tation
Constants Themselves
List consnode, with head v1 RuntimeValue.Cons(v1, v2)

and tail v2

Tuple, with contents ¡!vi RuntimeValue.Tuple(¡!vi )
XML element, with tag t, RuntimeValue.Element( t,

¡¡ ¡ ¡ !
(ni ; vi ), c)

attributes
¡¡ ¡ ¡ !
(ni ; vi ), and content c

Closure of function f , under Store s RuntimeValue.Closure(f , s)
A channel A channel name

For x a value and ~x a queue, x :: ~x denotesthe queuewith x as its head,
and the members of ~x as the consequent items. ~x :: x denotesthe queuewith
the members of ~x in the front and x at the tail.

The action of the machine is described as a transition system of states. A
machine state is denoted hqueueof Threads; channel statei .

There follows an exposition of the operational semantics. Many of the
possible transitions follow a similar theme and so most have been relegated
to Appendix F.
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t is a Thread
~t is a Thread queue
l is a Location
v is a RuntimeValue
k is a Constant
c is a ChannelState def= Location £ Channel queue
e is a iCodeExpression
x is a iCodeExpression
~x is a iCodeExpressionstack
s is a Store

deref (l ; s) = n if l 7! n 2 s
deref (v; s) = v

The most simple rule is that for the Copy instruction:

h(Copy(l ; a; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e;s[l 7! deref (a; s)]; ~x; t; v); ci

This dereferencesthe atom a given as its parameter, and then assignsthat
to the correct location l . The next instruction e is then placed on the end of
the instruction queue,along with the updated state, and the current exception
stack, return addressand FP. The channel state c is not changed.

The parallel instruction adds two Threads to the end of the queue, one
for each instruction to be executed in parallel. Note that the current state is
duplicated at this point.

h(Parallel(e;e0); s; ~x; t; v) :: ~t; ci ! h~t :: (e;s; ~x; t; v) :: (e0; s; ~x; t; v); ci

The Input and Output instructions are the most complicated, as they need
to handle repeatedversussingleinput, and the necessarybu®ering. Here follows
the rules for Output; those for Input are almost symmetrical.

h(Output (a1; a2); s; ; ; ) :: ~t; ci ! h~t; c[deref (a1) 7! ~q :: (Output (a1; a2))] i
where c(deref (a1)) = ~q, if ~q = ² or hd(~q) = Output ( ; )

h(Output (a1; a2); s; ; ; ) :: ~t; ci
! h~t :: (ei ; si [l i 7! deref (a2; s)]; ~x i ; t i ; vi ); c[deref (a1) 7! ~q]i

where c(deref (a1)) = (I nput(l i ; ai ; false; ei ); si ; ~x i ; t i ; vi ) :: ~q

h(Output (a1; a2); s; ; ; ) :: ~t; ci
! h~t :: (ei ; si [l i 7! deref (a2; s)]; ~x i ; t i ; vi );

c[deref (a1) 7! ~q :: (I nput(l i ; ai ; true; ei ); si ; ~x i ; t i ; vi )]i
where c(deref (a1)) = (I nput(l i ; ai ; true; ei ); si ; ~x i ; t i ; vi ) :: ~q

The Output instruction dereferencesa1 to get the channel on which it acts,
and a2 to get the value to send. The ¯rst of these rules deals with the case
where the output may not proceed;this occurs when the queuefor the channel
is either empty (~q = ² ) or has another Output instruction at the head (hd(~q) =
Output ( ; )). In this case,the current Output instruction is placed on the tail
of the queue(c is updated with the mapping deref (a1) 7! ~q :: (Output (a1; a2))).

The secondand third rules denote actual communication; this is allowed
when there is an Input instruction at the head of the appropriate queue. After
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the communication, the new state consistsof the old thread queue~t, with a new
instruction appended,and a new channel state. The new instruction consistsof
the input continuation ei , in the context of the input instruction (si , ~x i , t i , vi ).
The state si is updated to include the mapping from the Input-b ound identi¯er
l i to the value referencedby a2, dereferencedunder the Output instruction's
state. The new channel state is a mapping from the channel to the new queue.
For non-repeated input (rule 2) this is simply the tail of the old queue; for
repeated input (rule 3) the Input instruction is re-appendedalso.

Function calls are handled by the CallStart, CallComplete, and Return
instructions. These are the only instructions which manipulate the return
address.

h(CallStart (a;a0; e); s; ~x; t; v) :: ~t; ci ! h~t :: (f ; s0; ~x; (e;s; ~x; t; v); v0); ci
where deref (a) = Closure(f ; s0) and deref (a0) = v0

h(CallComplete(l ; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e;s[l 7! v]; ~x; t; v); ci

h(Return (a); s; ~x; t; v) :: ~t; ci ! h~t :: t[deref (a)=FP]; ci if t 6= ¢

h(Return (a); s; ~x; ¢; v) :: ~t; ci ! Termina tion with value v.

Exceptions are dealt with by the PushHandler, PopHandler, and Throw
instructions.

h(PushHandler(e;e0); s; ~x; t; v) :: ~t; ci ! h~t :: (e0; s;e :: ~x; t; v); ci

h(PopHandler(e); s; x :: ~x; t; v) :: ~t; ci ! h~t :: (e;s; ~x; t; v); ci

h(Throw(a); s; x :: ~x; t; v) :: ~t; ci ! h~t :: (x; s; ~x; t; deref (a)) ; ci

h(Throw(a); s; ² ; t; v) :: ~t; ci !
Termina tion with err or message matching exception deref (a).

Notice that Throw causesits parameter to be assignedto FP.

3.5 The Con troller Demonstration

In order to demonstrate the communication capabilities of i Care, a
demonstration was written in Iota which represents the actions of a home-area
network. It is, of course, far too simplistic to be a real presentation of the
techniques one might use in that domain, but it is su±cient to demonstrate
Iota's potential.

3.5.1 Arc hitecture

In this demonstration there are three devices:a \do or", a \HiFi", and a central
controller. There is also an HTTP server from which con¯guration details are
extracted. It is assumedthat the controller knows how to ¯nd the door, HiFi,
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Figure 3.9 The controller demo architecture.
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and HTTP server, and that the door and HiFi know how to ¯nd the controller.
The HiFi listens on port 10000for events and 10001for its code; the controller
on port 10002for events. The door sendsevents, but receivesnothing. Events
on the wire are XML fragments. This architecture is illustrated by Figure 3.9.

The sequenceof events (seeFigure 3.10) is as follows. The HiFi starts, and
listens on port 10001for its code. The controller is started. It requestsfrom
the HTTP server the con¯guration data for the HAN, and oncethis is received,
it passesthe HiFi its code and begins to listen on port 10002for events on the
network. The HiFi starts its code; it now understands the events it will later
receive.

At somepoint, the doorbell will ring. The door will send an event to the
controller, which will send a \get volume" request to the HiFi; the HiFi will
respond with its current volume. The controller will then, if the volume is
greater than the \quiet volume" entered in the con¯guration data, senda \set
volume" instruction to the HiFi, which will set its volume to the new, quieter
level. The door will be opened,triggering an event to be sent to the controller,
and then the door will be closed, and another event will be sent. At this, if
the HiFi was turned down before, the controller will sendanother \set volume"
event to restore the previous volume.

3.5.2 Kernel

In order to support the transfer of code to devices whilst respecting typing
constraints, a kernel interface was de¯ned. This is limited in its capabilities,
but servesto demonstrate the ideas involved.

The ¯rst layer of the kernel is the device-dependent layer. This contains the
code which has to break out of Iota to speak to the hardware. The interface has
one channel to which requestsfor network events are made, and one which is
connectedto the outside world, from which the events themselveswill come. A
textual channel is provided for diagnostics. Two functions are required, one for
setting the value controlled by the device(e.g. volume, in the HiFi), and onefor
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Figure 3.10 A UML sequencediagram for the controller demo.

HiFi Controller HTTP Server

HTTP request for configuration

Configuration file

Code

<doorbell />

Door

<getvol />

<volume value="10" />

<setvol value="2" />

<doorclosed />

<dooropen />

<setvol value="10" />
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getting the current value. For this demonstration, the device-dependent layer is
supported by the ¯le fake device.iota , which pretends to have something
to control just by remembering the last value to which it was set.

The top layer of the kernel is the interface to the rest of the code. The code
needsto be of the type (markup chan, unit chan, string chan, int ! proc, int
chan ! proc) ! proc. The kernel will, when the code is received, start that
code by passingit the parameters it requires to communicate to the device |
those channelsand functions which were discussedabove. The kernel interface
is given in the ¯le kernel.iota .

The ¯les named above are included in the Iota libraries, and shown in
Appendix G.





The Soulsof the Proud, bearing Heavy stones| Gustave Dor¶e



Chapter 4

Evaluation

Ben non sare' io stato sµ³ cortese
mentre ch'io vissi, per lo gran disio
de l'eccellenza ove mio core intese.
Di tal superbia qui si paga il ¯o;

In truth I would have been
lessgraciouswhen I lived | so great was that

desire for eminencewhich drove my heart.
For such pride, here one pays the penalty;

| Dante Alighieri, Purgatorio, La Divina Commedia
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The i Care project has been remarkably successful. I have achieved all the
goalsset out in the proposal,and gonebeyond the proposalin several directions.
The highlights of this project can be summarisedas follows.

A working suite of compiler, run-time system and in teractiv e
fron t-end has been created. The languagegiven in [Bierman and Sewell,
2001] is supported in its entiret y. The Java code for the project is 19,600lines
in total. It includes system functions for standard I/O, sockets, and XML
import, and a developers' framework for debugging. My implementation is
su±ciently robust that it is being usedby membersof the HAN research group.
My original project proposal stated that Dr. Sewell's ideas about concurrency
primitiv eswould only be included asan extension. Theseprimitiv esare included
as part of the languagespeci¯ed by [Bierman and Sewell, 2001]and have been
successfullyincluded in i Care. All this has been achieved in the context of a
changing languagespeci¯cation. A screenshotof an actual sessionis given in
Figure 4.1.

A standard library , written in Iota, has been created. This totals
430 lines, and includes APIs for HTTP GET and XML download, as well as
standard functionals such as foldl , foldr , map, and filter , and routines
for string, character, and number manipulation.

A test architecture has been develop ed. The test suite is extensive
and easily expanded. It includes all of the code in the standard library , and in
addition another 780 lines of Iota. The test architecture can be used not only
for development testing, but also for testing a new installation.

Signi¯can t demonstrations have been created. The demonstration
described in x3.5 shows the system working in a complex manner, potentially
in a heterogenousenvironment.

A formal speci¯cation of the compilation and an operational
semantics for iCo de has been develop ed. Although proof of the
soundnessof these speci¯cations is outside of the scope of this project, the
speci¯cation providesa ¯rm basisfor further work, and will prove to beexcellent
documentation for future i Care programmers.

From a personal point of view, this project has been equally successful.
This project o®eredsigni¯cant academicchallenges,including research beyond
the Trip os on typing (especially subtyping), semantics, and concurrency. I am
pleasedabout the things I learnt. This is the ¯rst occasionI have beeninvolved
directly with a cutting-edge research project, and I have learned a great deal
in that particular respect. I have been asked by Drs. Bierman and Sewell to
co-author the Iota user manual [Bierman et al., 2001], to be published as a
Computer Laboratory technical report. 1

This project is the ¯rst project of a signi¯cant sizewhich I haveundertaken in
Java. I have learneda great deal about Java, both asa languageand a platform.
This project also provided an opportunit y to learn Python, by writing the test
system in that language. I had never used Python before, was greatly pleased
by my successwith it, and plan to use it again in the future.

1Much of this will be tak en from x2.2 of this dissertation.
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Figure 4.1 An i Care interactive session

4.1 Further Work for the Iota Pro ject

A number of points for further research on Iota came from this ¯rst
implementation. My close study of W3C [2000] concluded that XML
conformance2 will require support for ProcessingInstructions (<? ?>), XML
comments (<!-- --> ) and the miscellaneous SGML-style tags such as
<!DOCTYPE>.

My work with the language showed that the simple exception scheme
explained in x2.2.3 will be insu±cient for large projects, especially those which
use socket I/O. One solution, proposed by Dr. Sewell, would be to group
threads so that groupscan be terminated asa whole, and thus the behaviour of
exceptionsthrown acrossthe thread boundary can be properly de¯ned.

A few other minor points have beendiscussedwith Drs. Bierman and Sewell,
and will be consideredin detail over the coming months.

2speci¯cally , conformance to the XML speci¯cation such that Iota programs can be
regarded as a non-validating processor
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Conclusions

E quindi uscimmo a riveder le stelle.
Thence we cameforth to rebehold the stars.

| Dante Alighieri, Inferno, La Divina Commedia

47



48 CHAPTER 5. CONCLUSIONS

The coding in Java went well, and I feel that the resulting code is
well-structured. However, if I were to attempt this project again, I feel that
I may choosea di®erent implementation language. I found that it wasawkward
to match implementation of typing judgements and program semantics with
the corresponding formal prescription in a way which convinced me that the
implementation was valid. Given that Iota now has a more stable de¯nition, I
would like to try implementing the compiler in a functional languagesuch asML,
or evenMLj, an ML-Java hybrid 1. This would likely producean implementation
whosevalidit y were more believable (although a formal proof would likely still
be intractable). On the other hand, somethinglike peepholeoptimisation might
bedi±cult or ine±cient in ML without usingmutable datatypes,and that might
destroy the bene¯ts that ML would otherwise provide. A new implementation
would make for interesting comparisonswith i Care.

5.1 Future Pro jects

5.1.1 T yp e-based parsing

One of the most tedious aspectsof the project was the creation of the ¯le which
served as input to CUP, the parser generator. Though it is relatively easy to
make declarations which follow the BNF 2, disambiguating those declarations
is quite di±cult. CUP and similar parser generatorssuch as yacc achieve this
disambiguation by assigningto each token a precedenceand associativit y. To
disambiguate the phrase2 * 1 + 1, the token representing * would be given
a higher precedencethan that which represents +, and the phrase would be
interpreted as (2 * 1) + 1. To disambiguate a::b::c , :: would be given
a right-associativit y, giving in e®ectthe rightmost :: a higher precedencethan
the other, and causingthe parseto be a::(b::c) .

Choosing the precedencesof tokens is often di±cult. For large grammars,
considering the LR parser mechanism directly or musing over all possible
combinations of tokens is infeasible. Intuition can often let one down however.
For the i Care parser, there were particular problems arising from the use of
the empty operator for function application. For example, the phrase x *
fact(x - 1) failed to parse in early versions of i Care, becausebefore one
has consideredthis speci¯c example, it is not intuitiv e as to what should be
the relative precedencesof * , ( , and the empty operator. The asterisk causes
problems elsewhere,becauseit is not only usedas the multiplication operator,
but also to describe the type of tuples.

Not only were theseproblemshard to solve, but the e®ort wasoften wasted.
Iota has extensive type-baseddisambiguation, as discussedin x2.2.7. All that
work carefully choosing the parse tree, and it just got sent to the type-checker
to be pulled apart again!

This may explain why creating token precedencesis unintuitiv e: it is natural
to ignore many token combinations becausethe phrasesin which they would
occur would be nonsensical,and would fail to type-check. This is no good to an

1More information on MLj and the techniques involved can be found in [Benton, Kennedy,
and Russell, 1998{2001], [Benton, Kennedy, and Russell, 1999], and [Benton and Kennedy,
1999]

2Backus-Naur Form, a formal speci¯cation of grammars for programming languages
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LR parser however | it must disambiguate the expressionto a tree from the
token stream along, without any semantic knowledge.

If the parsing stageunderstood the typesof the expressionsit was parsing,
it could perform all manner of disambiguations without recourseto precedences
| the nonsensicalpossibilities would be rejected ¯rst.

Although it was too late for my project, these thoughts prompted research
into parsing techniques which considered types as well as the token stream.
I came across one interesting paper by McCrosky and Sailor [1993] and
a consequent paper [Sailor and McCrosky, 1994].3 These give a di®erent
justi¯cation for type-basedparsing: not only would it make compilers easierto
write and potentially faster, but the program to be compiled could be simpler
too. One examplegiven in [Sailor and McCrosky, 1994] is the function

sincosx

In ML or Haskell, the parser would take sin cos x as (sin cos) x since
function application in those is left-associative. The typechecker would then
reject this parsed form (since sin cannot be applied to cos). The term must
instead be written sin (cos x) . Under Sailor and McCrosky's proposal
the parentheses would not be required | the type-error would cause the
left-associated form to be discarded,and the correct parsetree selected.

It would be an interesting development to i Care and even the languageIota
itself to adopt theseideas. I would be particularly interestedto seewhether this
reducesthe overall complexity of the compiler.

5.1.2 Test Arc hitecture considering In ternationalisation

i Care's test architecture is designedto test a complete, installed compiler. It
doesso by simply executing the programs, supplying input, and observing the
appropriate output. As was mentioned in x3.1 messagesare produced via
Sun's internationalisation architecture [Campione et al., 2000a]. This allows
the messagesthemselves to be speci¯ed in a resource¯le, separately from the
program's code, and is intendedto help the program support multiple languages.

To perform the tests correctly, it is necessaryfor the sameresource¯le to
be in usewhen the test is run as it was when the tests were created (otherwise
the output expected by the test will not match that made by the program,
even though internally the behaviour was the same). Things would be better
if the test programs could tell that, for example, error message42 had been
issued,rather than simply seeingthe messageitself. Then, even if the installed
resource¯le was di®erent, the tests would still succeed.This might be achieved
by having the test programs in someway tunnelling into the output module,
but this defeats the idea of testing a fully-installed system. For example, if a
fault in the resource¯le wascausingproblems, this would not be detectedusing
this technique. Another system is needed.

I put forward the ideathat the internationalisation processcould bereversed,
given the resource¯le. Consider the following fragment from i Care's default
resource¯le:

3Similar work appeared in Sailor's PhD thesis Freedom of Expression: E±ciently Parsing
Context-Sensitive Expressions in Programming Languages, University of Saskatchewan, a
copy of which I have been unable to obtain in time for this dissertation.
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22 = Mistyped pattern match on line {0}.
23 = Nested pattern match on line {0}.
24 = The list cons operator on line {0} is mistyped.

Given the error message The list cons operator on line 10 is
mistyped. it can be seenthat the messagewas producedusing error message
24 and the parameter `10' (the expressionf 0g is an insertion point to support
parameterised messages). Performing this reverse lookup should be possible
automatically.

There are a few complexities to consider. Insertion points, such as f 0g
above, obviously need to be handled properly. Secondly, output may be made
by a program under test that is not derived from the resource ¯le, such as
the echo of an erroneousline in the source¯le. Finally, the messagesmay be
ambiguous, such as

1 = Serious error occurred!
2 = Serious error {0}!

The word \o ccurred" may never be inserted into message2, but to all intents
and purposesthis resource¯le is ambiguous.

Despite these wrinkles, it seems to me that it would be relatively
straight-forward to create a program which reads a resource ¯le and creates
a parsing enginewhich could satisfy the needsexpressedhere. This could make
an interesting project, or form part of a larger project of test architectures.



Bibliograph y

Alfred V. Aho, Ravi Sethi, and Je®rey D. Ullman. Compilers: Principles,
Techniques,and Tools. Addison-WesleyPublishing Company, 1986.

Andrew W. Appel. Modern Compiler Implementation in Java. Cambridge
University Press,1998.

Nick Benton and Andrew Kennedy. Interlanguage Working Without Tears:
Blending SML with Java. In International Conference on Functional
Programming, pages126{137, 1999.

Nick Benton, Andrew Kennedy, and George Russell. MLj. World
Wide Web, http://www.dcs.ed.ac.uk/home/mlj/doc/index.html ,
1998{2001.

Nick Benton, Andrew Kennedy, and GeorgeRussell. Compiling Standard ML
to Java Bytecodes. In Proceedings of the ACM SIGPLAN International
Conference on Functional Programming (ICFP '98), volume 34(1), pages
129{140, 1999.

Gavin Bierman, Ewan Mellor, and Peter Sewell. The Iota User Manual.
Technical report, University of Cambridge Computer Laboratory, 2001. To
appear.

Gavin Bierman and Peter Sewell. Iota.HAN: A Concurrent XML-pro cessing
Languagefor Home Area Networking. Draft, January 2001.

Mary Campione, Kathy Walrath, and Alison Huml. The Java Tutorial: Trail
- Internationalization . Sun Microsystems, Inc., http://java.sun.com/
docs/books/tutorial/i18n/index.html , 2000a. This is a portion of
the web version of the book [Campione, Walrath, and Huml, 2000b].

Mary Campione,Kathy Walrath, and Alison Huml. The Java Tutorial: A Short
Course on the Basics. Addison-WesleyPublishing Company, 2000b.

David Greavesand Alan Blackwell et al. AutoHAN Project. World Wide Web,
http://www.cl.cam.ac.uk/Research/SRG/HAN/AutoHAN/ , 2001.

Haruo Hosoya and Benjamin C. Pierce. XDuce: A Typed XML Processing
Language(Preliminary Report). 2000.
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App endix A

Iota Speci¯cation

This section gives the last of the draft speci¯cations for Iota from which this
project wasdeveloped. This speci¯cation wasaccompaniedby further notesand
code examples,not shown.

A.1 Syntax

-- Disambiguating the concrete syntax involves type -- checking....

-- Expect some syntactic forms (eg list syntax [e1,..,en]) to really
be sugar, to be removed by a light -- weight translation phase before
typechecking.

-- We should treat the abbreviated forms for omitting closing tags as
syntactic sugar, uniformly in expressions and patterns.

Types

T ::= bool Booleans
int Integers
char Characters
string Strings
T1 * .. * Tn Tuples n=0 or n>=2
T -> T Function space
T list Lists
MU Mark -- up
content Content (to be marked -- up)
T chan Channel carrying T
proc Processes

-- take T1*..*Tn to be () if n=0
-- take * associative

Constants and Other Terminals

i Integer constant eg 678
b Boolean constant eg true,false
c Character constant eg `a`
s String constant eg "ab"

x Identifier eg ???
tag Tag eg ???
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a Attribute name eg ???

-- Concrete syntax for constants is not carefully chosen. I 0d suggest
stealing the rules from the SML 97 definition, page 3-- 4, for
integer and string constants, and writing character constants as
`a` (with the same escape sequences as for string constants).
Properly, we should consider the XML definition again.
Ultimately, must consider unicode to be truely XMLish. Take
identifiers to be as the symbolic identifiers, SML97 page 5.

-- What is a `tag 0? What is an `a 0? For now, I 0d suggest taking the
same tokens as identifiers.

-- The current language does not allow computation of tags or
attribute names, though we probably want to add that later. When
we do, I guess there are two choices -- either simply variables of
new types tag and aname, or arbitrary expressions of type string.

-- Expect a standard library to include eg + : int -> int -> int
and channels for interaction.

Expressions

e ::= i Integer constant
b Boolean constant
c Character constant
s String constant
x Identifier
if e then e else e Conditional
(e1,..,en) Tuple n=0 or n>=2
[] Empty List
e::e Cons
fn p=>e |..|p=>e Function
fr f p=>e |..|p=>e Recursive Function
e e Application
let decs in e Local declaration
<tag aes> e </tag> Markup
0 Empty process
e|e Parallel composition
try e handle e Exception handling
new x:T in e New channel declaration
e!e Output along a channel
e?e Input from a channel
e?*e Replicated input

and derived forms with their translations:

(e) e
[e1,..,en] n>=1 e1:: .. en::[]
e?p=>e e?fn p=>e
e?*p=>e e?*fn p=>e
<tag aes/> <tag aes> [] </tag>
<tag aes//> e <tag aes> e </tag>

Attribute Expression Sequences

aes ::= /empty/ Empty sequence
a=s aes

-- Surface syntax magic: inside a pair of tags, allow a
space -- separated sequence of expressions of type content

e::= ...
<tag aes> e1 .. en </tag> Markup n>=0
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-- Defer checking that tag pairs match up to the type system

Patterns, Attribute Patterns, Attribute Pattern
Sequences and Multiset Patterns

p ::= *:T Wildcard
x:T Variable (Typed)
$x Value pattern
i Integer constant
b Boolean constant
c Character constant
s String constant
(p1,..,pn) Tuple n=0 or n>=2
[] Empty List
p::p Cons
f mpsg Multiset pattern
<tp aps>p</tp> Markup pattern

and derived forms with their translations:

(p) p
[p1,..,pn] n>=1 p1::..::pn::[]
<tp aps/> <tp aps>[]</tp>
<tp aps//> p <tp aps>p</tp>

ap ::= * Wildcard
s String
x Identifier

aps ::= /empty/ Empty sequence
* Wildcard sequence
a=ap aps

mps ::= /empty/ Empty multiset
* Wildcard multiset
p mps extended multiset

tp ::= * Wildcard tag pattern
tag Constant tag pattern

-- We need to be careful with abstract syntax magic, e.g.
I 0d expect that if each pi is a pattern matching `content 0 then

<tp aps>p1 p2 ... pn</tp>

ought to be compiled to:

<tp aps>p1::p2::...::pn::[]</tp>

-- As in expressions, 0a 0 and the 0tag 0 in tp are just constants for now.

We should be explicit about the binding and identifier -- disjointness
assumptions. Briefly, all identifiers in a pattern are binding (in
whatever) and should be distinct.

Declarations

decs ::= dec
dec decs

dec ::= val p=e Value
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with derived form and translation

fun x p1=>e1 | .. | pn=>en val x = fr x p1=>e1 | .. | pn=>en

-- the `fun 0 form declares a possibly -- recursive function. We have
to have a value form for these, so might as well have an expression
form also and have this declaration just sugar for a val declaration.

A.2 T yping
Expect a translation to erase parentheses and replace the derived
forms. Not sure if this should be before or after typechecking
(depends how fancy the derived forms are). For now, we omit typing
rules for the derived forms.

Type Environments E are finite partial functions from identifiers to
types (no worries about well -- formedness or order here!). We write
E,E 0 for their union, asserting also that E and E0 have disjoint domain

Note that the typing rules, and the operational semantics rules to
follow, are really expressed over alpha -- equivalence -- classes of the
syntax. A compiler would disambiguate clashing names in a
scope -- resolution phase.

Judgements

E|- e : T under assumptions E, expression e has type T
E|- aes ok under E, attribute expression sequence aes is well -- formed
|- ap B E attribute pattern ap gives bindings E
|- aps B E attribute pattern sequence aps gives bindings E
|- mps : T B E multiset pattern sequence mps matches T, giving bindings E
|- tp ok tag pattern tp ok
|- p : T B E pattern p matches type T, giving additional bindings E
E|- dec B E0 under E, declaration dec gives additional bindings E0

T <: T 0 type T is a subtype of type T 0

E|- e:T

Standard stu®:

E,x:T |- x:T E|- c:char
E|- b:bool E|- s:string
E|- i:int

E|- e:T T <: T 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- e:T 0

E|- e1:bool E|- e2:T E|- e3:T E|- ei:Ti i=1..n n=0 or n>=2
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- if e1 then e2 else e3 : T E|- (e1,..,en):T1*..*Tn

E|- e1:T E|- e2: T list
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- [] : T list E|- e1::e2 : T list

|- pi : T B Ei i=1..n n>=1 |- pi : T B Ei i=1..n n>=1
E,Ei |- ei : T 0 E,x:T -> T 0,Ei |- ei : T 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- fn p1=>e1|..|pn=en : T -> T 0 E|- fr x p1=>e1|..|pn=en : T -> T 0

E|- e1 : T -> T 0 E|- e2: T E|- dec B E0 E,E 0|- e:T
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- e1 e2 : T 0 E|- let dec in e end : T
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-- Memo: do not allow `try e1 handle e2 0 for e1:proc, as then we0d
have to deal with exceptions across threads

XML constructs:

E|- aes ok
E|- e : content list
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- <tag aes> e </tag> : MU

Pro cess constructs:

E|- e:proc
E|- e 0:proc E,x: T chan|- e:proc

-- -- -- -- -- -- -- -- -- e.nil -- -- -- -- -- -- -- -- -- -- -- -- -- -- e.par -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- e.newE|- 0:proc E|- e|e 0 : proc E|- new x: T chan in e : proc

E|- e1 : T chan E|- e1 : T chan
E|- e2 : T E|- e2 : T -> proc
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- e.out -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- e.inE|- e1!e2 : proc E|- e1?e2 : proc e.rep

E|- e1?*e2 : proc

Note new x:T in e is allowed only for e:proc
Note input bodies must be T -> proc

E|- aes ok

E|- /empty/ ok

E|- aes ok
(and a does not appear on the left in aes)
-- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- a=s,aes ok

-- later expect to replace s by e, and require E|- e:string
-- disallow patterns with repeated attribute tags here

|- p : T B E

|- b:bool B fg |- (*:T) : T B fg
|- i:int B fg
|- c:char B fg |- (x:T) : T B x:T
|- s:string B fg

n=0 or n>=2
|- pi : Ti B Ei i=1..n
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- (p1,..,pn) : T1*..*Tn B E1,..,En

|- p1 : T B E1
|- p2 : T list B E2

-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- [] : T list B fg |- p1::p2 : T list B E1,E2

|- mps : T list B E
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- f mpsg : T list B E

|- tp ok
|- aps B E1
|- p : content list B E2
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- <tp aps>p</tp> : MU B E1,E2

|- p:T 0 B E1 T <: T 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- p:T B E1
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|- ap B E

|- * B fg
|- s B fg
|- x B x:string

|- aps B E

|- /empty/ B fg |- * B fg

|- ap B E1
|- aps B E2
(and the attribute of ap does not appear in aps)
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- a=ap,aps B E1,E2

? should we allow patterns with repeated attribute tags here? No (cf XML1.0p10)

|- mps : T B E

|- /empty/ : T list B fg |- * : T list B fg

|- p : T B E1
|- mps : T list B E2
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --|- p,mps : T list B E1,E2

|- tp ok

|- * ok |- tag ok

E|- dec B E 0

|- p : T B E0

E,E 0|- e:T
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --E|- val p=e B x:T

T <: T 0

bool <: content string <: content
int <: content MU <: content

char <: content

T <: T 0 T0 <: T 0 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --T <: T T <: T 0 0

Ti <: Ti 0 i=1..n n>=2 T <: T 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --T1*..*Tn <: T1 0*..*Tn 0 T list <: T 0 list

T1 0 <: T1 T2 <: T2 0
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --T1 -> T2 <: T1 0 -> T2 0

-- could replace the refl and tran rules by refl for
bool,int,char,string,MU,content,T chan, proc to get an algorithmic
presentation.

-- note no subtyping for T chan, as usual.
-- Minimal typing property?
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A.3 Op erational Semantics
Start by defining the reduction semantics only. Note that soon
we0ll need labelled transitions for library channel IO.

First define a partial function match(_,_) taking a value and a pattern
(in which all variables are distinct) and giving a substitution:

NOTE: This is still incomplete, as we need to take account of the
types because of the subtyping with Content/MU etc.

match(v,*:T) =fg
match(v,x:T) =f v/x g (NO TYPE-- CHECK?)
match(i,i) =fg
match(b,b) =fg
match(c,c) =fg
match(s,s) =fg
match((v1,..,vn),(pat1,..,patn)) = match(v1,pat1) [ ... [ match(vn,patn) n=0 or n>=2
match([],[]) =fg
match(v1::v2,pat1::pat2) = match(v1,pat1) [ match(v2,pat2)

match( f p1,..,pm g,v1::..::vm::[]) = match(p1::..::pm::[], v_f1:: .. :: v_fm ::[])
match( f p1,..,pn,* g,vm::..::vm::[]) = match(p1::..::pn::*, v_f1:: .. :: v_fm ::[])

where f:n -- >n is the first permutation (in what order?) such that this match is defined

(there 0s a fudge here -- really, the * on the rhs must be type -- annotated...)

match( <tag aes>v</tag> , <tp aps>p</tag> ) = tmatch(tag,tp) [ asmatch(aes,aps) [ match(v,p)

match(v,p) undefined otherwise

This needs auxiliary functions for tag, attribute sequence and attribute matching:

tmatch(tag,*) = fg
tmatch(tag,tag) = fg

asmatch(/empty/,/empty/) = fg
asmatch((a=s,aes),/empty/) undefined
asmatch(aes,*) = fg
asmatch(aes,(a=ap,aps)) = amatch(aes,a=ap) [ asmatch(aes,aps)

amatch(/empty/,a=ap) undefined
amatch((a=s,aes),a=ap) = amatch 0(s,ap)
amatch((a2=s,aes),a=ap) = amatch(aes,a=ap) if a2 /= a

amatch 0(s,*) = fg
amatch 0(s,s) = fg
amatch 0(s2,s) undefined if s2 /= s
amatch 0(s,x) = f s/x g

Note that the content -- matching magic is now entirely in the type -- based
disambiguation phase.

The semantics defines the following sets and relations:

Values v
Sequential reduction contexts C
Concurrent reduction contexts D
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Functional reduction e1
fun
¡ ! e2

Structural congruence e1 == e2

Process reduction e1
proc
¡ ! e2

Combined reduction e1 ¡ ! e2

Values

v ::= x
i
b
c
s
(v1,..,vn) n=0 or n>=2
[]
v::v
fn p1=>e1 | .. | pn=>en
fr x p1=>e1 | .. | pn=>en
<tag aes> v </tag>
0
v|v
new x:T in v
v!v
v?v
v?*v

-- in <tag aes> v </tag> insist the tags match. Should also insist
there are no repeated attribute names.

-- regard <tag aes/> as sugar here too
-- changed from before to have `v 0 in the process forms. See below.
-- include identifiers here, but will only consider operational

semantics wrt extensible type contexts, ie where all free names are of
channel types.

e1 fun¡ ! e2 defined with the sequential reduction contexts:

C ::= _
if C then e1 else e2
(v1,..,v(m -- 1),C,e(m+1),..,en) n>=2
C::e
v::C
C e
v C
let val x=C in e end
let val x=v in C end
<tag aes> C </tag>
C!e
v!C
C?e
v?C
C?*e
v?*C
C|e
e|C
new x:T in C

and axioms:

if true then e1 else e2
fun
¡ ! e1
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if false then e1 else e2
fun
¡ ! e2

fn p1=>e1 | ... | pn=>en v fun¡ ! match(v,pi)ei

fr x p1=>e1 | ... | pn=>en v
fun
¡ ! f fr x p1=>e1 | ... | pn=>en/x gmatch(v,pi)ei

where i in 1..n is the least such that match(v,pi) is defined.
(for now, just get stuck if there is none such. Later will raise
an exception)

let val x=v1 in v2 end
fun
¡ ! f v1/x gv2

-- Note that these rules allow fun -- reduction inside expressions of type
proc, eg x!((fn i:int=>z!i) 7 )

fun
¡ ! x!(z!7), and even

x!(e | (fn i:int=>z!i) 7 ) fun¡ ! x!( e | z!7). They don 0t specify
an evaluation order between parallel components (to not over -- constrain
the implementation). fun -- reduction has no side effects at present,
so it 0s simple. In particular, we don 0t need to worry about scope
extrusion in the fun rules. We do specify an evaluation order
elsewhere, though, in preparation for adding exceptions later.

e1 == e2

Define a structural equivalence == over core expressions to be the
least relation generated by axioms:

0|e1 == e1 sc.id
e1|e2 == e2|e1 sc.com
e1|(e2|e3) == (e1|e2)|e3 sc.ass
e1| new x:T in e2 == new x:T in e1|e2 if x not free in e1 sc.ext

and standard rules sc.cong.par, sc.cong.new, sc.refl, sc.sym,
sc.tran. Note it is important not to have congruence rules for tuples,
out, or in -- or any other constructs.

e1
proc
¡ ! e2 defined by the concurrent reduction contexts

D ::= _
_|e
new x:T in D

and axioms

x!v1 | x?v2
proc
¡ ! v2 v1

x!v1 | x?*v2
proc
¡ ! (v2 v1) | x?*v2

closed under structural equivalence.

-- Note that these rules now require the channel and argument parts to
both be reduced to values before communication can occur. (In fact,
it will be uncommon to write eg e!e 0 for non -- values).

-- Note that typing rules out examples like x!(new y: int chan in y)
where we don 0t know whether to scope -- extrude the new before or after
the output.

e ¡ ! e0 Explicitly, the complete reduction relation is defined by
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e
fun
¡ ! e 0

-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --C[e] ¡ ! C[e 0]

e1 == D[e1 0] e1 0 proc
¡ ! e2 0 D[e2 0]==e2

-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --e1 ¡ ! e2
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AbSyn

There follows an annotated version of the data given in Figure 3.4. The syntax
here is described in x3.2.1.

// The top-level node - an array of program fragments.
Program(AbSyn [] fragments)

// Created from let e1 in e2 (newflag becomes false)
// or new x:type in e2 (newflag becomes true, and
// e1 becomes Val(BoundID(x), NewChan(t)))
Definition(AbSyn e1, AbSyn e2, boolean newflag)

// val p = e
Val(AbSyn p, AbSyn e)

// fun f1 M1 and ... and fn Mn, where the STE array is the identifiers
// f1 to fn, and those STEs hold references to the Mi.
// (The Mi are matches).
Fun(STE [] stes)

// fn body
Lambda(AbSyn body)

// Match is caused by content1 | content2 | ... | contentn
Match(APair [] contents)

// Non-binding occurence of an identifer.
Identifier(STE ste)

// Binding occurence of an identifier.
BoundID(STE ste)

// newchan t, or derived from new, as described above.
NewChan(Type type)

// if condition then left else right
Conditional(AbSyn condition, AbSyn left, AbSyn right)

// operator is a code representing any of the unary operators.
UnaryOperator(int operator, AbSyn operand)

// operator is a code representing any of the binary operators.
BinaryOperator(int operator, AbSyn left, AbSyn right)

// (contents)
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Tuple(AbSyn [] contents)

// <otag attlist>content</ctag>, with wildcard indicating presence of * in
// attlist.
Markup(AbSyn otag, AbSyn ctag, APair [] attlist,

boolean wildcard, AbSyn content)

// throw e
Throw(AbSyn expr)

// try e handle m
Try(AbSyn e, AbSyn m)

// Zero of integers or null process (to be resolved at typechecking).
Nought()
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iCo de

There follows an annotated version of the data given in Figure 3.5. The syntax
here is described in x3.2.2.

// Dereference a location.
ID : A (L)

// Copy from a to l, then do c.
Copy : E (L l, A a, E c)

// Close f, put the result in l, then do c.
Close : E (L l, C f, E c)

// Create a new channel, put the reference to it in l, then do c.
NewChan : E (L l, E c)

// Create a new tuple representation with contents xs, put the result in l,
// then do c.
Tuple : E (L l, A[] xs, E c)

// Create a new XML element representation with tag t, content x, attributes
// a, put the result in and then do c.
// Attribute is (A name, A value).
Element : E (L l, A t, A x, Attribute[] a, E c)

// Perform the appropriate unary operation (as specified by op) using
// parameter x, put the result in l, then do c.
UnaryNode : E (L l, op, A x, E c)

// Perform the appropriate binary operation (as specified by op) using
// parameters x and y, put the result in l, then do c.
BinaryNode : E (L l, op, A x, A y, E c)

// If x then do c1 else c2.
Cond : E (A x, E c1, E c2)

// Create a new execution context for c1, then do c2.
Parallel : E (E c1, E c2)

// Perform input on channel c, then call function f with the received
// value as its parameter. Repeat this instruction if the flag is set.
Input : E (A c, A f, bool repeated)

// Perform output on channel c, of value v
Output : E (A c, A v)
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// Return the value x from this function.
Return : E (A x)

// Stop the execution of this context (i.e. throw away this context, as
// opposed to returning from this function).
Stop : E ()

// Call the function f with parameter v, and execute c when the call is
// complete.
CallStart : E (A f, A v, E c)

// Copy the value in FP (i.e. the value returned from a function call) into l,
// then do c.
CallComplete : E (L l, E c)

// Perform the appropriate allocation for escapes escaping variables and
// locals local variables, then perform match M.
FunctionHeader : E(Match m, int escapes, int locals)

// Push exception handler h onto the exception stack, then do c.
PushHandler : E(E h, E c)

// Pop the top exception handler from the stack, then do c.
PopHandler : E (E c)

// Throw (raise) exception e.
Throw : E (A e)

// Perform pattern match using matches ms, with comparand v (which may be null
// in which case FP is used).
// MatchPart is (P pattern, E expression).
Match : E (MatchPart[] ms, A v)

// Pattern to match the current value at location l.
MatchIDPatt : P (L l)

// Pattern to bind the location l, if the types match.
BoundIDPatt : P (L l)

// Pattern to match a Cons runtime value, with branches p1 and p2.
ConsPatt : P (P p1, P p2)

// Pattern to match an XML element runtime representation, with patterns to
// match the tag t, content c, attributes atts. If the flag is set, then
// wildcarding on the attributes is allowed (any attribute in the value for
// which there is no attribute named in this pattern will not cause a match
// failure).
ElementPatt : P (P t, P c, Attribute[] atts, bool wildcard)

// Pattern to match a Tuple runtime value, with contents ps.
TuplePatt : P (P[] ps)



App endix D

Compilation Relation +

p is \in process-executioncontext" °ag (p 2 p; e).
s is symbol to which we should be assigning.
c is the code that should be executedafter us.
k is any constant.
new proc func(P) returns a function ¸ () :P
¡ ´ (p;s; c)
¢is a speci¯cally null value.

means\don't care".

+ const1 (k 6= Null)
( ; ¢; ¢) ` k + Return (k)

+ const2 (k 6= Null; s; c 6= ¢)
( ; s; c) ` k + Copy(s; k; c)

+ nul l1
(p; ¢; ¢) ` Null + Stop()

+ nul l2
(p; s; c) ` Null + Copy(s; Null ; c)

+ nul l3
(e; s; Return (ID( s))) ` Null + z

(s fresh)
(e; ¢; ¢) ` Null + z

+ nul l4 (s; c 6= ¢; f = new proc func(Null))
(e; s; c) ` Null + Close(s; f ; c)

+ id1
(p; s; Stop()) ` Identi¯er (i ) + z

(for i of type pr oc)
(p; s; ¢) ` Identi¯er (i ) + z

+ id2 (c 6= ¢; for i of type pr oc)
(p; ; c) ` Identi¯er( i ) + CallStart(ID( i ); () ; c)

+ id3
(p; s; Return(ID( s))) ` Identi¯er( i ) + z

(for i of type ® ! ¯ ; s fresh)
(p; ¢; ¢) ` Identi¯er (i ) + z

+ id4 (s; c 6= ¢; for i of type ® ! ¯ )
( ; s; c) ` Identi¯er (i ) + Close(s; i; c)
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+ id5 (for i not of type pr oc, nor ® ! ¯ )
(p; ; ¢) ` Identi¯er (i ) + Return (ID (i ))

+ id6 (for i not of type ® ! ¯ )
(e; ; ¢) ` Identi¯er (i ) + Return (ID (i ))

+ id7 (s; c 6= ¢, for i not of type ® ! ¯ )
(e; s; c) ` Identi¯er( i ) + Copy(s; I D (i ); c)

+ unary1
(p; s; Return (ID( s))) ` UnaryOp erator (op;a) + z

(op 2 f: ; »g , s fresh)
(p; ¢; ¢) ` UnaryOp erator(op ; a) + z

+ unary2
(e; s0; UnaryNo de(s; op; ID( s0); c)) ` a + z

(op 2 f: ; »g ; s; c 6= ¢; s0 fresh)
( ; s; c) ` UnaryOp erator (op; a) + z

+ binary1

(p; s; Return(ID( s))) ` BinaryOp erator(op ; a1 ; a2 ) + z
(s fresh)

(p; ¢; ¢) ` BinaryOp erator(op ; a1 ; a2 ) + z
(op 2 f + ; ¡ ; ¤; =; <<; >>; < = ; > = ; && ; or ; == ; ! = ; ::; @; ^g)

+ binary2

(e; s1 ; z2 ) ` a1 + z1
(e; s2 ; BinaryNo de(s; op; ID( s1 ); ID( s2 ); c)) ` a2 + z2 (s1 , s2 fresh)

( ; s; c) ` BinaryOp erator(op ; a1 ; a2 ) + z1
(op 2 f + ; ¡ ; ¤; =; <<; >>; < = ; > = ; && ; or ; == ; ! = ; ::; @; ^g)

+ app1
(e; s; Return(ID( s))) ` BinaryOp erator(app ; a1 ; a2 ) + z

(s fresh)
(p; ¢; ¢) ` BinaryOp erator(app ; a1 ; a2 ) + z

+ app2

(e; s1 ; z2 ) ` a1 + z1
(e; s2 ; CallStart(ID( s1 ); ID( s2 );

CallComplete (s; c))) ` a2 + z2
(s; c 6= ¢; s1 , s2 fresh)

( ; s; c) ` BinaryOp erator(app ; a1 ; a2 ) + z1

+ par
(p; ¢; ¢) ` a1 + z1 (p; ¢; ¢) ` a2 + z2

( ; ; ) ` BinaryOp erator( jj ; a1 ; a2 ) + Parallel (z1 ; z2 )

+ out1
(e; s1 ; z2 ) ` a1 + z1

(e; s2 ; Output (ID( s1 ); ID( s2 ))) ` a2 + z2 (s1 , s2 fresh)
(p; ¢; ¢) ` BinaryOp erator(! ; a1 ; a2 ) + z1

+ out2
(e; s; Return(ID( s))) ` BinaryOp erator(! ; a1 ; a2 ) + z

(s fresh)
(e; ¢; ¢) ` BinaryOp erator(! ; a1 ; a2 ) + z

+ out3
(p; ¢; ¢) ` BinaryOp erator(! ; a1 ; a2 ) + z

(p; ¢; ¢) ` Matc h((() ; z)) + f (s; c 6= ¢)
(e; s; c) ` BinaryOp erator(! ; a1 ; a2 ) + Close(s; f ; c)

+ in1
(e; s1 ; z2 ) ` a1 + z1

(e; s2 ; Input (ID( s1 ); ID( s2 ); false)) ` a2 + z2 (s1 , s2 fresh)
(p; ¢; ¢) ` BinaryOp erator(? ; a1 ; a2 ) + z1

+ in2
(e; s; Return(ID( s))) ` BinaryOp erator(! ; a1 ; a2 ) + z

(s fresh)
(e; ¢; ¢) ` BinaryOp erator(? ; a1 ; a2 ) + z

+ in3
(p; ¢; ¢) ` BinaryOp erator(! ; a1 ; a2 ) + z

(p; ¢; ¢) ` Matc h((() ; z)) + f (s; c 6= ¢)
(e; s; c) ` BinaryOp erator(? ; a1 ; a2 ) + Close(s; f ; c)
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+ repin1
(e; s1 ; z2 ) ` a1 + z1

(e; s2 ; Input (ID( s1 ); ID( s2 ); true )) ` a2 + z2 (s1 , s2 fresh)
(p; ¢; ¢) ` BinaryOp erator(? ¤; a1 ; a2 ) + z1

+ repin2
(e; s; Return (ID( s))) ` BinaryOp erator(! ; a1 ; a2 ) + z

(s fresh)
(e; ¢; ¢) ` BinaryOp erator(? ¤; a1 ; a2 ) + z

+ repin3
(p; ¢; ¢) ` BinaryOp erator(! ; a1 ; a2 ) + z

(p; ¢; ¢) ` Matc h((() ; z)) + f (s; c 6= ¢)
(e; s; c) ` BinaryOp erator(? ¤; a1 ; a2 ) + Close(s; f ; c)

+ tuple1
(p; s; Return(ID( s))) ` Tuple( ¡!ai ) + z

(p; ¢; ¢) ` Tuple(¡!ai ) + z

+ tuple2
(e; sj ; zj +1 ) ` aj + zj

(e; sn ; Tuple(s; ¡!si ; c)) ` an + zn (s; c 6= ¢; i 2 [1; n]; j 2 [1; n ¡ 1], si fresh)
¡ ` Tuple(¡!ai ) + z1

+ markup1
(p; s; Return(ID( s))) ` Markup (tag; content ; atts ) + z

(p; ¢; ¢) ` Markup (tag; content ; atts ) + z

+ markup2

(e; stag ; zcontent ) ` tag + ztag
(e; scontent ; zname 0 ) ` content + zcontent
(e; sname i ; zv al i ) ` name i + zname i

(e; sv al j ; zname j +1 ) ` val j + zv al j

(e; sv al n ;
Element( s; ID( stag ); ID( scontent );

¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ !
(ID( sname j ); ID( sv al j )) ; c)) ` valn + zv al n

¡ ` Markup (tag; content;
¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ ¡ !
(name i ; val i )) + ztag

(s; c 6= ¢; i 2 [1; n]; j 2 [1; n ¡ 1]; stag , sname i , sv al i , scontent fresh)

+ cond

¡ ` a2 + z2
¡ ` a3 + z3

(e; s1 ; Cond(ID( s1 ); z2 ; z3 )) ` a1 + z1
(s1 fresh)

¡ ` Conditional (a1 ; a2 ; a3 ) + z1

+ try
(e; s; PopHandler( c)) ` a1 + z1

(e; s; c) ` a2 + z2

( ; s; c) ` Try (a1 ; a2 ) + PushHandler (z2 ; z1 )

+ throw
(e; s0; Thro w(I D (s0))) ` a + z

(s0 fresh)
( ; ; ) ` Thro w(a) + z

+ newchan
( ; s; c) ` NewChan(¿) + NewChan(s; ¿; c)

+ fn1
(p; s; Return(ID( s))) ` Lambda(a) + z

(s fresh)
(p; ¢; ¢) ` Lambda(a) + z

+ fn2
(p; ¢; ¢) ` a + f

(s; c 6= ¢)
¡ ` Lambda(a) + Close(s; f ; c)

+ fun
¡ ` Fun(s) + ¢
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+ val1
(p; s; Stop()) ` Val(a1 ; a2 ) + z

(p; s; ¢) ` Val(a1 ; a2 ) + z

+ match
` pi +P qi (p; s; c) ` m i + zi

(i 2 [1; n])
¡ ` Matc h(

¡¡ ¡ ¡ ¡!
(pi ; m i )) + Matc h(

¡¡ ¡ ¡!
(qi ; zi ))

+ defn1
(p; s; c) ` a2 + z2 (e; ¢; z2 ) ` a1 + z1

¡ ` De¯nition (a1 ; a2 ) + z1

+ defn2
(e; ¢; ¢) ` a + z1

¡ ` De¯nition (a1 ; ¢) + z1

+ prog1
¡ ` Program( a2 ; : : : ; an ) + z

(p; ¢; z) ` a1 + z0
(z0 6= ¢; n > 1)

¡ ` Program( a1 ; : : : ; an ) + z0

+ prog2
¡ ` Program( a2 ; : : : ; an ) + z

(p; ¢; z) ` a1 + ¢ (n > 1)
¡ ` Program( a1 ; : : : ; an ) + z

+ prog3
¡ ` a + z

¡ ` Program (a) + z
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Compilation Relation +P

+P const
` k +P k

+P boundid
` BoundID( i ) +P BoundIDP att( i )

+P id
` Identi¯er (i ) +P Matc hIDP att( i )

+P cons
` a1 +P p1 ` a2 +P p2

` BinaryOp erator(:: ; a1 ; a2 ) +P ConsPatt( p1 ; p2 )

+P tuple
` ai +P pi

` Tuple(¡!ai ) +P TuplePatt (¡!pi )

+P markup
` t +P pt ` c +P pc ` n i +P pn i ` vi +P pv i

i 2 [1; n]
` Markup (t;

¡ ¡ ¡ ¡ !
(n i ; vi ); w; c) +P ElementP att( pt ;

¡ ¡ ¡ ¡ ¡ ¡ !
(pn i ; pv i ); w; pc )
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iCo de Op erational
Semantics

t is a Thread
~t is a Thread queue
l is a Location
v is a RuntimeV alue
k is a Constant
c is a ChannelState

def
= Location £ Channel queue

e is an iCodeExpression
x is an iCodeExpression
~x is an iCodeExpression stack
s is a Store

deref (l ; s) = n if l 7! n 2 s
deref (v; s) = v

deref (¡!a ; s) = (deref (a1 ; s); : : : ; deref (an )) n = j¡!a j
deref (atts ; s) = (( deref (n1 ; s); deref (v1 ; s)) ; : : : ; (deref (nm ; s); deref (vm ; s))) atts = (( n1 ; v1 ); : : : ; (nm ; vm ))

h(Copy(l ; a; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s[l 7! deref (a; s)] ; ~x; t; v); ci

h(Close(l ; f ; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s[l 7! RuntimeV alue:Closure(f ; s)] ; ~x; t; v); ci

h(NewChan (l ; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s[l 7! RuntimeV alue:Channel ()] ; ~x; t; v); ci

h(T uple( l ; ¡!a ; e); s; ~x; t; v) :: ~t ; ci ! h~t :: (e; s[l 7! RuntimeV alue:Tuple(deref (¡!a ; s))] ; ~x; t; v); ci

h(Element (l ; a; a0; atts ; e); s; ~x; t; v) :: ~t ; ci !

h~t :: (e; s[l 7! RuntimeV alue:Element (deref (a; s); deref (a0; s); deref (atts; s))] ; ~x; t; v); ci

h(UnaryNo de(l ; ©; a; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s[l 7! deref (a; s)] ; ~x; t; v); ci

h(BinaryNo de(l ; ©; a; a0; e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s[l 7! deref (a; s)©deref (a0; s)] ; ~x; t; v); ci

h(Cond( a; e;e0); s; ~x; t; v) :: ~t ; ci ! h~t :: (e; s; ~x; t; v); ci if deref (a; s) = tr ue

h(Cond( a; e;e0); s; ~x; t; v) :: ~t ; ci ! h~t :: (e0; s; ~x; t; v); ci if deref (a; s) = f alse

h(Parallel (e;e0); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s; ~x; t; v) :: (e0; s; ~x; t; v); ci

h(Output (a1 ; a2 ); s; ; ; ) :: ~t ; ci ! h~t ; c[deref (a1 ; s) 7! ~q :: (Output (a1 ; a2 ))] i

where c(deref (a1 ; s)) = ~q, if ~q = ² or hd( ~q) = Output ( ; )

h(Output (a1 ; a2 ); s; ; ; ) :: ~t ; ci !

h~t :: (ei ; si [l i 7! deref (a2 ; s)] ; ~x i t i ; vi ); c[deref (a1 ; s) 7! ~q]i

where c(deref (a1 ; s)) = (I nput (l i ; ai ; false; ei ); si ; ~x i ; t i ; vi ) :: ~q
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h(Return (a); s; ~x; t; v) :: ~t ; ci ! h~t :: t [deref (a; s)=F P ]; ci if t 6= ¢

h(Return (a); s; ~x; ¢; v) :: ~t; ci ! Termina tion with value v.

h(Stop() ; s; ~x; t; v) :: ~t; ci ! h~t; ci

h(CallStart( a; a0; e); s; ~x; t; v) :: ~t; ci ! h~t :: (f ; s0; ~x; (e;s; ~x; t; v); v0); ci

where deref (a; s) = Closure(f ; s0) and deref (a0; s) = v0

h(CallComplete (l ; e); s; ~x; t; v) :: ~t ; ci ! h~t :: (e; s[l 7! v]; ~x; t; v); ci

h(FunctionHeader (e); s; ~x; t; v) :: ~t; ci ! h~t :: (e; s; ~x; t; v); ci

h(PushHandler (e;e0); s; ~x; t; v) :: ~t; ci ! h~t :: (e0; s; e :: ~x; t; v); ci

h(PopHandler( e); s; x :: ~x; t; v) :: ~t; ci ! h~t :: (e; s; ~x; t; v); ci

h(Thro w(a); s; x :: ~x; t; v) :: ~t; ci ! h~t :: (x; s; ~x; t; deref (a)) ; ci

h(Thro w(a); s; ² ; t; v) :: ~t; ci !

Termina tion with err or message matching exception deref (a).



App endix G

Iota Code Examples

G.1 http.iota

There follows the code for the HTTP client included in the Iota library . This is
the most complex of all the Iota code in the test suite, and illustrates many of
Iota's features.
( ¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤

¤
¤ I o t a I n t er p r et er and C om p i l er
¤

5 ¤ F i l e : h t t p . i o t a
¤ A u t h or : Ewan M el l o r < i o t a@ew an m el l o r . or g . uk>
¤ P u r p ose : A n HTTP 1 . 0 c l i en t ( GET on l y , f o r now ) .
¤
¤)

10

i m p or t " t est / l i s t " ;
i m p or t " t est / s t r i n g " ;

f u n I o t a . I O . HTTP ( h ost : s t r i n g ,
15 p or t : i n t ,

l o c a t i o n : st r i n g ,
par am s : ( st r i n g ¤ st r i n g ) l i s t ,
r esu l t : ( i n t ¤ st r i n g ¤

( st r i n g ¤ st r i n g ) l i s t ¤ d at a ch an ) ch an ) = >
20 l e t v a l c h a r sn a r f er =

( f n r ead ch = > f n ch ar ch = > f n d at ach = > f n c h a r p l ea se = > f n d a t a p l ea se = >
new d at ab u f : d at a ch an
i n

d at ab u f ! n u l l d a t a
25

j j
( ¤ W henev er we get a r eq u est on c h a r p l ea se , t h en we r ead a d at a b l ock

( f r om t h e d at ab u f ch an n el i f p o ss i b l e , o t h er w i se f r om r ead ch ) and
t ak e t h e f i r s t c h a r a c t er , p u t t i n g t h e r est i n t o d at ab u f .

30 ¤)

( c h a r p l ea se ?¤ f n ( ) = >
d at ab u f ?
f n n u l l d a t a = >

35 ( r ead ch ? f n d a t ab l ock = >
l et v a l ( c , r est ) = I o t a . D at a . F i r st U T F 8C h ar d a t ab l ock
i n

d at ab u f ! r est
j j

40 ch ar ch ! c
)

j d a t ab l ock = >
l et v a l ( c , r est ) = I o t a . D at a . F i r st U T F 8C h ar d a t ab l ock
i n

75
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45 d at ab u f ! r est
j j

ch ar ch ! c
)

50 j j
( ¤ W henev er we get a r eq u est on d a t a p l ea se , we sen d t h e co n t en t s o f

d at ab u f down d at ach , and t h en c r ea t e a sh u n t f r om r ead ch t o d at ach .
¤)

55 ( d a t a p l ea se ?
f n ( ) = >

l et v a l sh u n t = r ead ch ?¤ f n x = > d at ach ! x
i n

d at ab u f ?
60 f n n u l l d a t a = > sh u n t

j x = > d at ach ! x j j sh u n t
)

)
i n l et v a l c r l f = # n u10 # ^ # n u13#

65 i n l e t f u n m ak e p ar am s [ ] = > [ ]
j ( p : st r i n g , v : st r i n g ) : : x s = > ( p ^ " : " ^ v ^ c r l f ) : : m ak e p ar am s x s

i n l et v a l so ck et = I o t a . I O . con n ect ( h ost , p or t )
i n l et v a l ( i n ch a r , i n d a t a , c h a r p l ea se , d a t a p l ea se ) = ( new chan ch ar ,

new chan d at a ,
70 new chan u n i t ,

new chan u n i t )
i n

( ¤ Send t h e r eq u est . ¤ )

75 so ck et !
I o t a . St r i n g . t oUT F 8( " GET " ^ l o c a t i o n ^ " HTTP/ 1 . 0 " ^ c r l f ^

( I o t a . St r i n g . f r o m St r i n g L i st ( m ak e p ar am s par am s ) ) ^
c r l f )

80 j j
( ¤ C r eat e a b u f f er i n g c h a r sn a r f er f o r t h e r esu l t . ¤ )

( c h a r sn a r f er so ck et i n ch a r i n d a t a c h a r p l ea se d a t a p l ea se )

85 j j
( ¤ P ar se t h e HTTP r esp o n se . ¤ )
(
l e t f u n m a t c h c h a r l i s t

( c : ch ar : : cs , con t ) = >
90 (

( c h a r p l ea se ! ( ) )
j j

( i n ch a r ?
f n x : ch ar = > i f x = = c

95 t h en
m a t c h c h a r l i s t ( cs , con t )

e l se
t h r ow I O E r r or

)
100 )

j ( [ ] , con t ) = > con t ! ( )

i n l et v a l m a t ch st r i n g = f n st r = > f n con t = >
105 m a t c h c h a r l i s t ( I o t a . St r i n g . t oC h ar L i st ( st r ) , con t )

i n l et f u n m a t ch u n t i l c = > f n con t = >
( c h a r p l ea se ! ( ) )

j j
110 ( i n ch a r ?

f n x : ch ar = > i f x = = c
t h en

con t ! ( )
e l se

115 m a t ch u n t i l c con t
)

i n l et v a l get n u m b er an d sp ace = f n r esu l t = > f n con t = >
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( l e t f u n get n o t = >
120 ( c h a r p l ea se ! ( ) )

j j
( i n ch a r ?

f n x = > i f x = = # nu32#
t h en

125 r esu l t ! t
j j

con t ! ( )
e l se

get n o ( t ¤ 1 0 + I o t a . Char . d i g i t V a l u e ( x ) )
130 )

i n
get n o zer o

)

135 ( ¤ g e t s t r i n g : ( t er m ch ar , r esu l t , con t 1 , con t 2 ) ¡ > p r oc

R eads ah ead u n t i l i t sees t er m ch ar , i n w h i ch case i t sen d s u n i t down
con t 1 , o t h er w i se i f i t sees LF i t sen d s u n i t down con t 2 . I n ei t h er
case i t sen d s ev er y t h i n g i t h as seen up t o t h a t p o i n t as a st r i n g down

140 r esu l t .
¤)
i n l et v a l g e t s t r i n g =

f n t er m ch ar = > f n r esu l t = > f n con t 1 = > f n con t 2 = >
( l et f u n g e t l e t t e r s = >

145 ( c h a r p l ea se ! ( ) )
j j

( i n ch a r ?
f n x : ch ar = > i f x = = t er m ch ar

t h en
150 r esu l t ! I o t a . St r i n g . f r om C h ar L i st ( r ev s )

j j
con t 1 ! ( )

e l se i f x = = # nu13#
t h en

155 r esu l t ! I o t a . St r i n g . f r om C h ar L i st ( r ev s )
j j

con t 2 ! ( )
e l se

g e t l e t t e r ( x : : s )
160 )

i n
g e t l e t t e r [ ]

)

165 i n l e t v a l d o h ead er s = f n r esu l t = > f n con t = >
new h s : ( st r i n g ¤ st r i n g ) l i s t ch an
i n new par am : st r i n g ch an
i n new v a l u e : st r i n g ch an
i n new r 0 : u n i t ch an

170 i n new r 1 : u n i t ch an
i n new r 2 : u n i t ch an
i n new r 3 : u n i t ch an
i n new r 4 : u n i t ch an
i n

175 ( h s ! [ ] )
j j

( r 0 ! ( ) )
j j

( r 0 ?¤ f n ( ) = > g et s t r i n g # : par am r 1 r 4 )
180 j j

( r 1 ?¤ f n ( ) = > g et s t r i n g # n u13# v a l u e r 2 r 2 )
j j

( r 2 ?¤ f n ( ) = > m a t ch u n t i l # n u10# r 3 )
j j

185 ( r 3 ?¤ f n ( ) = >
par am ? f n p = >
v a l u e ? f n v = >
h s ? f n h = >

i f p = = " "
190 t h en

r esu l t ! h
j j
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m a t ch u n t i l # n u10# con t
e l se

195 h s ! ( ( p ,
I o t a . St r i n g . f r om C h ar L i st ( t l ( I o t a . St r i n g . t oC h ar L i st v ) ) )
: : h )

j j
r 0 ! ( )

200 )
j j

( r 4 ?¤ f n ( ) = > v a l u e ! " " j j r 3 ! ( ) )

i n l et v a l ( st a t u s , r eason , h ead er s ) = ( new chan i n t ,
205 new chan st r i n g ,

new chan ( st r i n g ¤ st r i n g ) l i s t )
i n l et v a l c1 = new chan u n i t
i n l et v a l c2 = new chan u n i t
i n l et v a l c3 = new chan u n i t

210 i n l e t v a l c4 = new chan u n i t
i n l et v a l c5 = new chan u n i t
i n

( m a t ch st r i n g " HTTP/ " c1 )
j j

215 ( c1 ? f n ( ) = > m a t ch u n t i l # n u32# c2 )
j j

( c2 ? f n ( ) = > get n u m b er an d sp ace st a t u s c3 )
j j

( c3 ? f n ( ) = > g et s t r i n g # n u13# r eason c5 c4 )
220 j j

( c4 ? f n ( ) = > m a t ch u n t i l # n u10# c5 )
j j

( c5 ? f n ( ) = > d o h ead er s h ead er s d a t a p l ea se )
j j

225 ( st a t u s ? f n s = >
r eason ? f n r = >
h ead er s ? f n h = >

r esu l t ! ( s , r , h , i n d a t a )
)

230 )
;
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G.2 kernel.iota

( ¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤
¤
¤ I o t a I n t er p r et er and C om p i l er
¤

5 ¤ F i l e : k er n el . i o t a
¤ A u t h or : Ewan M el l o r < i o t a@ew an m el l o r . or g . uk>
¤ P u r p ose : A k er n el f o r b o o t st r a p p i n g .
¤
¤)

10

f u n k er n el
( mu , m ur eq , er r , set , get , cod e ) = >

cod e ?¤ f n n ew cod e = > n ew cod e ( mu , m ur eq , er r , set , get )
j j

15 I o t a . er r ! " E x ecu t i n g r ec ei v ed cod e . "
;

G.3 fake device.iota

( ¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤¤
¤
¤ I o t a I n t er p r et er and C om p i l er
¤

5 ¤ F i l e : f a k e d ev i c e . i o t a
¤ A u t h or : Ewan M el l o r < i o t a@ew an m el l o r . or g . uk>
¤ P u r p ose : A si m u l a t o r f o r d ev i ce w i t h a s i n g l e p ar am et er .
¤
¤)

10

i m p or t " t est / k er n el " ;
i m p or t " t est / l i s t " ;

l e t v a l muchan = new chan m ar kup
15 i n l e t v a l m ur eq = new chan u n i t

i n l et v a l v a l u e = new chan i n t
i n l et f u n set x = > v a l u e ? f n y = > v a l u e ! x

j j
I o t a . er r ! " Now " ^ I o t a . I n t . t o St r i n g x

20 i n l e t f u n get c = > v a l u e ? f n y = > v a l u e ! y j j c ! y
i n

( v a l u e ! 1 0 )
j j

( m ur eq ?¤ f n ( ) = > muchan ! I o t a . C on t en t . t oM ar k up
25 ( hd ( I o t a . M arkup . p a r se

( I o t a . I O . l i s t en 1 0 0 0 0 ) ) ) )
j j

( k er n el ( muchan , m ur eq , I o t a . er r , set , get , I o t a . I O . l i st en F o r F u n c t i o n 1 0 0 0 1 ) )
;



Pro ject Prop osal

In tro duction

Dr Gavin Bierman of this university's Theory and Semantics and Opera groups
is currently working to develop a functional language, similar in syntax and
semantics to ML, which includes a datatype for XML elements. This approach
will use ML's pattern matching syntax to refer to XML document fragments,
making the manipulation of those document fragments easy. This project is
called Iota.

Prop osal

I shall produceboth an interpreter and a compiler for Iota; the quantit y of code
sharedbetweenthe interpreter and compiler will be large. My implementation
will be targeted at the Java Virtual Machine (JVM) ; the targetting to which was
requestedby Dr Bierman. This will ensurethat code is highly portable, even
to PDAs with a K Virtual Machine (KVM) implementation installed. The K
Virtual Machine (KVM) is a cut-down implementation of the JVM , which forms
part of Sun's Java 2 Platform, Micr o Edition . This virtual machine is designed
speci¯cally for usein low-resourcedevices.The primary platform for the KVM
is Palm OS, but it should be possibleto port it to any platform for which there
is a C compiler available. The possibility of execution on low-resourcemachines
is a de¯ned goal of Iota.

The implementation shall be developed, demonstrated,and tested primarily
using standard PC hardware and software.

In the event of seriousproblems,I will fall back to writing only an interpreter,
and possibly only for a subsetof the language.

Extensions

I have spoken with Dr Peter Sewell with regards to intro ducing concurrency
and event primitiv es into Iota. His ideas are interesting, and I would like to
intro ducethoseideasinto my implementation. However, further discussionwith
Dr Bierman is necessary, and in any casethe problemsthat this causesmay well
make the project di±cult. I currently consider the intro duction of these ideas
to be an extension,which I shall attempt if time allows.

The Home Area Networking (HAN) Group may be able to make use of
my implementation as part of their work. I have no idea of the feasability

80



of this at the moment, and in fact have yet to speak to them about this. I
also have no intention of relying on their work for my project. However, this
would make an impressive demonstration of the software, and would be an
interesting exercise. If time were available, I may investigate this idea further.
It would also be necessaryto run a Java virtual machine on the devicesthey
are using, which are likely to be low-power, low-storage devices. This implies
that the KVM should be used. Porting the KVM would probably represent
signi¯cant time consumption, soI would hope to demowith platforms for which
an implementation already exists. The useof my implementation with the HAN
Group software is a possibleextension,and doesnot form part of my coreproject
deliverables.

Starting Poin t

Aside from the courseswhich make up the Computer ScienceTrip os, I have no
prior experiencein writing compilers or interpreters. I am pro¯cient in C, and
have small amounts of experiencewith C++. I have no experienceoutside of
the courseof Java or ML.

Timetable and Milestones

Week 0: Mon 16 Oct

Selecta document markup languagefor my project documents.
Research into compiler construction. Revision of compiler related courses.
RereadAho et al. Read Optimising Compilers notes.
Research Java bytecodes, the JVM, and the KVM.
Research XML.
Research MLj, XMLam bda, XDuce, and any interesting ideasthey provoke.
Submit ¯nal prop osal, Fri 20 Oct.
Discusswith Dr Bierman in detail the intended form of Iota.

Week 2: Mon 30 Oct

Research into the limitations on JVM / JDK versionswhich may be imposedby
the potential embedded nature of real-world installations. Update installation
of JVM on my machine, oncethe target versionshave beenselected.
Research and select lexer generators,parser generators,and other useful tools,
with special attention paid to the featuresof the JDK usedby those tools, and
whether they will be available in a KVM environment.
Further research as provesnecessary.
Start to designcompiler / interpreter.
Any other preparatory work.

Week 4: Mon 13 Nov

Begin coding.
Write lexer.



Week 5: Mon 20 Nov

Write typechecker.
Write simple interpreter which takes the intermediate code output by the
type-checker, in order that the coding so far (and the languagespeci¯cation)
may be checked.
Milestone 1: A simple in terpreter should now be working.

Week 7: Mon 4 Dec

I will be in Spain. Write progressreport and dissertation as far as possibleat
this point.
Review coding position, and re-evaluate code structure.
Review goalsand reconsidertimescales.
Holiday.

Week 10: Mon 25 Dec

Hard-core coding, sinceuniversity has yet to restart.
Write the back-end for the compiler.

Week 13: Mon 15 Jan

Return to university.
Complete progressreport.
Ensure compiler is working (if not already the case).
Milestone 2: The compiler should now be working.

Week 15: Mon 29 Jan

Consider extensions.
This week is available in caseof slippagewith the progressreport.
Progress rep ort submission Fri 2 Feb.

Week 16: Mon 5 Feb

Extensions, if possible.
This time is available in caseof slippagewith coding.

Week 21: Mon 12 Mar

Dissertation write-up.

Week 22: Mon 19 Mar

Easter break.
Dissertation write-up.



Week 27: Mon 23 Apr

Return to university.
Dissertation write-up.

Week 28: Mon 30 Apr

This week is available in caseof dissertation problems.

Week 29: Mon 7 Ma y

Dissertation printing and binding.
Any emergencydissertation problems.

Week 30: Mon 14 Ma y

Dissertation submission Fri 18 Ma y.

Viv a voce announcemen t Fri 15 June; examination Mon 18 June.

Resource Requiremen ts

I intend to use my own Linux box for development, with daily automatic
duplication of the CVS repository hereinto my home-spaceon thor, for inclusion
in the nightly backup there. I shall alsocopy my repository to CD oncea week,
and of coursecheck manually that both are working correctly.

A Java development kit is already installed on my own machine. It may
needto be updated.

If I were to integrate my work with the HAN work for demonstration, I
may needan account there. I will needaccessto either a device with working
KVM implementation, or a C compiler along with the necessaryinformation
for porting. This work will only be consideredas an extension if things go
well. I shall consider the acquisition of these resourceswhen deciding whether
to proceed.


