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Preface

This book is a study in system programming using the Standard ML
language. (In the rest of the book this language will be referred to as SML).
Standard ML is one of several languages in the ML family, the other main
one being OCaml[OCaml], but this book concentrates on Standard ML and
in particular the Standard ML of New Jersey (SML/NJ) implementation. I
will revisit some related languages in the concluding chapter.

SML belongs to the class of functional programming languages. Functional
languages are very high-level languages that are often thought of as
academic curiosities, not up to the job of real-world programming. This book
aims to show that functional languages, in particular SML, can be used for
real-world programs.

The definition of system programming is a bit fuzzy. This book will only
cover programming in the Unix operating system. In Unix, by system
programming, I mean being able to write infrastructure programs such as
daemons and utilities that interact with other programs, not necessarily
directly with the user.

The Audience

I've seen many postings on Usenet news groups and mailing lists by
programmers interested in using functional languages who have been
unable to get very far due to the paucity of documentation and training
material. What material on functional programming that is available tends
to be either rather academic or only at an introductory level with small toy
examples. This book aims at improving this situation by working through a
project more typical of real-world programs. In addition there will be smaller
examples in tutorial chapters.

The major project in this book is a web server. It is similar in functionality to
the early CERN server. It supports CGI programming but only does the

15



Preface

original HTTP 1.0 protocol.

You, dear reader, should be a programmer familiar with Unix programming
using conventional languages such as C, C++ or Java. You have probably
been introduced to functional programming at college and retained an
interest in the subject but not had the opportunity to take it further.
Microsoft Windows programmers with some familiarity with the Posix
standards will benefit from this book too.

You should already have some familiarity with SML or other languages in
the ML family, or enough familiarity with functional languages that you can
pick up the language from a tutorial. This book is not a course on SML.
There are a number of books available that teach programming in SML.
There are also some tutorials available on the web. See Appendix A for more
information on what’s available.

The Environment

There are several implementations of SML available. The flagship
implementation is the New Jersey implementation from Bell Laboratories,
now a division of Lucent Technologies. This implementation is called
SML/NJ. It is available for a variety of machine architectures running some
flavour of Unix. It is also available for Microsoft Windows. All of the
examples in this book have been tested on Linux using version 110.0.7. You
can get it from [SML].

SML/NJ comes with a concurrent programming library known as
Concurrent ML or CML. The major project in this book will be written as a
concurrent program using CML.
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I. Programming with
Standard ML






Chapter 1. Introduction

What is Functional Programming?

This section gives a brief overview of functional programming to set the
scene. Figure 1-1 shows a rather simplistic classification of some
contemporary programming languages.

Figure 1-1. A Classification of Some Languages

[
CH+
imperative Java

Haskell
functicnal

Ssager

The conventional languages are based on the imperative programming
paradigm (which I'll abbreviate to IMP). This means that the program
progresses by applying commands to a store containing the program
variables. The commands cause updates to the contents of the store. As the
program executes the store goes through a sequence of states.

In functional programming (which I'll abbreviate to FP) there is no store
that is updated. The program progresses by computing new values from
existing values. There is nothing in pure FP that requires the existence of a
distinct store let alone an updatable one.

FP is further divided into two main camps, eager and lazy. Eager languages
always evaluate an expression at the earliest opportunity. All inputs to
functions are values. The ML language family is eager.
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Chapter 1. Introduction

Lazy languages delay the evaluation of an expression until its value is
actually needed. The aim is to avoid computing unneeded values. This
means that inputs to functions may be partially evaluated expressions. A
very useful consequence of lazy evaluation is that it becomes possible to deal
with data structures of infinite size, as long as you don’t need to evaluate all
of the data structure. The flagship lazy functional language is
Haskell[Haskell] with Clean[Clean] an important rival.

It might seem that there is not much difference between IMP and FP since
they both involve computing new values from existing values. The difference
is best illustrated graphically. Figure 1-2 shows a simple expression and a
graphical representation of the values and operators (functions).

Figure 1-2. The expression (X + y) * (u + v)

This expression illustrates several essential features of FP.

» Values flow between operators. The values are immutable by nature. A
value such as 3 is always 3 and never anything else.

* Operators always compute the same result given the same inputs (at least
within the same environment). If you compute 1+2 at one point in time
and do it again later you can expect to get the same result.

» The only effect of an operator is to produce an output value. Nothing else
is disturbed in the system.

Functions that always compute the same results for the same inputs are
called pure or referentially transparent. Functions that have no other effect
than to produce their output value are called side-effect free. These properties
are closely connected. If a function’s behaviour depends on some input other
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than its manifest inputs then some other function could change this other
input as a side-effect. In this case the behaviour of the function can change
at times and in ways that can be very difficult to predict and hard to debug.

FP says that these features of immutable values and pure, side-effect free
functions are so valuable that they must be preserved throughout the design
of the language.

IMP programs abandon these features as soon as the result of the expression
is assigned to a variable. A variable in IMP is a name bound to a box into
which different values can be placed at different times. This variable can be
updated by a side-effect of some function f . The behaviour of a function g in
another part of the program can depend on the value of this variable. These
two functions are communicating a value using the variable as a channel. I
call this a sneak path. The sneak path is not obvious from the source code.
There is nothing to see at the place where f is called to indicate that it is
making this communication. IMP programs are full of sneak paths. Part of
the challenge of figuring out an IMP program is tracing all the possible
sneak paths. IMP programmers are warned not to use lots of global variables
in their programs as it makes the scope of the sneak paths enormous. But
that only barely contains the problem.

A further problem with communication via a variable is that its correctness
depends on the order of operations. The call to f must be made before the
call to g or else it fails. You’ve probably had many bugs in your programs like
this where you've got something happening in the wrong order. I sure have.

In general, since variables go through sequences of states, getting
computation steps in the right order is essential to IMP. Controlling the
order of operation is a large part of what makes IMP difficult. You find that
you need to use a debugger to observe the order of events in the program and
the changes in variables just to figure out what is going on.

Pure FP eliminates these problems.

* The meaning of the word variable in FP is different. It is a name bound to
a value, not to a box holding a value. So the value associated with the
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variable is steady.

e All inputs to a function are made manifest in its declaration as argument
variables. For convenience a function may depend on the value of a
variable in a surrounding scope but this value must by definition be steady
during the lifetime of the function so the behaviour of the function cannot
vary over its lifetime.

* The communication between functions is more directly visible in the
source code.

» There is no order of evaluation to worry about. Referring back to Figure
1-2, you see that it doesn’t matter in what order the addition operators are
performed. The only ordering that is needed is that a function does not
compute until all its input values are available. This order can be
determined automatically by the language system so you don’t need to
worry about it at all.

These features make it a lot easier to reason rigourously about FP code. A
simple demonstration of the difficulty with IMP is the mathematical rule x
+ X = 2x. You would think that any logical system that violates even as
simple a rule as this is going to be hard to work with. So consider if this C
expression can be true: getchar() + getchar() == 2*getchar() !

Unfortunately, while pure FP is very nice in theory, it has its problems in
practice. Some of these are described in the next sections.

Pure FP and 1/O

The major problem with pure FP is input/output (I/0O). Except in the
simplest cases where a program can be cast as a function transforming one
file into another, I/O is a side-effect. For example, an FP program could have
sneak-paths by writing to a file and reading it back again later. The outer
world, the operating system, is a vast mess of state that the program has to
interact with.
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There are a variety of techniques that have been developed in recent years to
find a way to get pure FP and I/O to blend together. The most advanced can
be found in the Haskell and Clean languages. I won’t go into the details
except to mention the idea of lazy streams.

A lazy stream is an infinite list of values that is computed lazily. The stream
of keystrokes that a user presses on the keyboard can be represented as an
infinite (or arbitrarily long) list of all of the keystrokes that the user is ever
going to press. You get the next keystroke by taking the head element of the
stream and saving the remainder. Since the head is only computed lazily, on
demand, this will result in a call to the operating system to get the next
keystroke.

What'’s special about the lazy stream approach is that you can treat the
entire stream as a value and pass it around in your program. You can pass it
as an argument to a function or save the stream in a data structure. You can
write functions that operate on the stream as a whole. You can write a word
scanner as a function, toWords , that transforms a stream of characters into
a stream of words. A program to obtain the next 100 words from the
standard input might look something like

apply show (take 100 (toWords stdin))

where stdin is the input stream and take n is a function that returns the
first n elements in a list. The show function is applied to each word to print
it out. The program is just the simple composition of the functions. Lazy
evaluation ensures that this program is equivalent to the set of nested loops
that you would write for this in an IMP program. This is programming at a
much higher level than you typically get with IMP languages.

But we aren’t using Haskell or Clean. The approach of SML to I/O is to
revert to impure behaviour. You can use a read function and it will return
different values on each call. You can use a print  function and it will have
the side-effect of writing to a file. You can even have imperative variables
with assignment statements. These are called reference types. They provide
you with a box into which you can store different values at different times.
So this means that the sequencing of statements raises its ugly head in SML.
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With SML you can use a mixture of FP and IMP but naturally the IMP
should be kept to a minimum to maximise the advantages of FP. When we
get into concurrent programming later on we’ll look at ways of blending the
two. Communication between threads or coroutines can be used to emulate
lazy streams.

Pure FP and Plumbing

One of the awkward problems with pure FP is that all input values to a
function must be passed in as arguments at some point. This creates the
plumbing problem. If you want to pass a value to some point in the program
it must be plumbed through all of the functions in between which can lead to
a lot of clutter. This problem can be reduced a bit by taking advantage of
nested functions and scoping. In the following code

fun fabc =
let
fun g x count =

(
.. § (x-1) (count+1) ...

)
in

gb1l
end

the values a and ¢ are available to the function g without having to be
passed as arguments. But even doing this it can be sometimes be quite
awkward plumbing everything through. In practice, the careful use of some
global imperative variables can improve a program’s readability a lot, as
long as we don’t have sneak paths as an essential feature of an algorithm.

A second part to the plumbing problem is the chaining of values from one
function to the next. You often have code looking something like

fun f a =
let

\./.;all x, s1) =g all
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val (y, s2)
val (z, s3)

g bsi
gcs2

in
end

Here the functions are computing values X, y and z while passing some state
values between the calls. There is no easy solution to this in SML. The
Haskell language has a design pattern called a monad which neatly
simplifies this plumbing. In SML you would have to roll your own monads
which is messy enough that you might as well just grin and bear it.
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Chapter 2. Hello World

In this chapter I will show the basics of running simple SML programs. I will
start with the classic hello world program to show how to build a complete
runnable program. Then I will move on to more elaborate programs
following the classic development with programs like echo and word count.

During this development I will stop to examine some of the programming
idioms that are peculiar to functional programming and that often give an
imperative programmer difficulties. I will pay particular attention to loops,
using recursion, which is one of the biggest differences between imperative
and functional programming.

By the time you get here you should have studied one of the texts or tutorials
on SML cited in Appendix A.

All programming examples are available as complete source files that you
can run. I only cite pieces of each program in the text. You should also read
the complete programs.

Assembling the Hello World Program

The least you have to do to make SML say "hello world" is to use the top
level. This is a classic Read-Eval-Print loop where you type in an SML
declaration and it is immediately evaluated. For example

> sml

Standard ML of New Jersey, Version 110.0.7
- print "hello world\n";

hello world

val it = () : unit

- "D

You type in the print  expression at the prompt and terminate it with a
semicolon. It gets evaluated which has the side-effect of printing the string.
Then the compiler shows the return value which is () of type unit and is
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assigned to the special variable it . The type unit plays the same role as
void in C. Use a Control-D to exit from the compiler.

But this doesn’t get you a program that you can run as a command. For this
you need to do some more work. The SML/NJ system can save a program in
an (almost) ready-to-run form called a heap file. The steps it goes through
are shown in Figure 2-1

Figure 2-1. Compiling and Running a Program
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When you run the sml command you start off with the runtime, which is a C
executable, and a heap containing the compiler. The compiler compiles your
source file to one or more modules, here A, B and C, which are left in the
heap. Then you arrange for the contents of the heap to be dumped into a file
using the built-in exportFn  function. Just before the heap is dumped a
garbage collection is performed which removes all objects in the heap that
are not reachable from your program. This will get rid of the compiler.

Later you can run your program by starting another copy of the runtime and
loading your program into its heap.

You can find out where the runtime executable is on your computer by
looking for where the sml command is kept. In my installation I have these
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files.

> which sml
lusr/local/bin/sml

> |Is -l /usr/local/bin/sml
... lusr/local/bin/sml -> /src/sminj/current/bin/sml

> cd /src/sminj/current/bin
> s -a

A

v

.arch-n-opsys*
.heap/

.run/

.run-sml*

ml-burg -> .run-sml*
ml-lex -> .run-sml*
ml-yacc -> .run-sml*
sml -> .run-sml*
sml-cm -> .run-sml*

The sml command leads back to the .run-sml  shell script. This script runs
the executable in the .run subdirectory with a heap file that contains the
compiler, found in the .heap subdirectory.

To build your own program you need to duplicate this arrangement. Here is
a basic hello world program.

structure Main=
struct

fun main(arg0, argv) =
(
print "hello world\n";
OS.Process.success

)

val _ = SMLofNJ.exportFn("hw", main)
end

All compiled programs are divided into modules called structures. Here I've
called it Main but the name doesn’t matter. After the structure is compiled
each of its declarations will be evaluated. Evaluating the function main
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doesn’t do anything but say that this is a function. But when the val
declaration is evaluated the exportFn function (in the built-in structure
SMLofNJ) will be called. This will write the heap into a file named hw with a
suffix that depends on the kind of operating system and architecture you are
using. For Linux on ix86 the file name will be hw.x86-linux

The second argument to exportFn names the function that will be called
when the heap file is read back in. This function must return a success or
fail code which becomes the exit code (0 or 1) of the program. These codes are
defined in the built-in OS.Process structure.

The next step is to compile this program. The SML/NJ system comes with a
built-in compilation manager that does a job similar to the Unix make
command. First you need a CM file that describes what you are going to
compile. Call it hw.cm. The least it needs to contain is

group is
hw.sml

Then compile the program as follows®

> CM_ROOT=hw.cm sml

Standard ML of New Jersey, Version 110.0.7, September 28, 2000
- CM.make();

[starting dependency analysis]

[scanning hw.cm]

[checking CM/x86-unix/hw.cm.stable ... not usable]

[parsing hw.sml]

[Creating directory CM/DEPEND ...]

[dependency analysis completed]

[compiling hw.sml -> CM/x86-unix/hw.sml.bin]

[Creating directory CM/x86-unix ...]

[wrote CM/x86-unix/hw.sml.bin]

GC #1.1.1.1.1.10: (10 ms)

write 1,0: 1356 bytes [0x40cd0000..0x40cd054c) @ 0x1000
........ stuff deleted

write 5,0: 28 big objects (271 pages) @ 0x15410

The most convenient way to pass in the name of the CM file is through the
CM_ROOe&nvironment variable. (If you don’t set CM_ROO7%hen a default of
sources.cm is used.) At the prompt type CM.make(); . This runs the
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compilation manager. Don’t forget the semicolon. You will be prompted until
you enter it.

The messages you get show the compilation manager figuring out that it
needs to recompile the source file. It then caches the compiled form in the
CM/x86-unix/hw.sml.bin file. Then the export step writes lots of stuff to
the heap file.

Now that you have the heap file you need a shell script to run it. Here is a
generic script.

heap=‘basename $0°
install=.
smibin=/src/sminj/current/bin

exec $smibin/.run-sml @SMLload=$install/${heap}.x86-linux "$@"

This script starts the runtime and specifies the heap file to load. This is
taken from the name of the script so that the same script can be used for
different programs by adding links or just copying it. The install ~ variable
allows you to move the heap file to some installation directory. Any command
line arguments will be passed through to the SML main function.

Now you can run it

> hw
hello world

Don’t be too worried about the large size of the heap file for such a small
program. Some people argue that there is something wrong with a language
if a program as small as this doesn’t produce a correspondingly small
executable and cry Bloat!. But few people write hello world programs. The
overhead in the heap file becomes much more modest in proportion when you
develop programs of a serious size.

That’s a fair bit of work to get a single program going but you only have to do
it once and copy it as a template for future programs.
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The echo Program

The echo program will just echo its arguments. It’s a simple extension to
hello world that demonstrates using the command line arguments. Here is
the program.

structure Main=
struct

fun main(arg0, argv) =
(

case argv of

0=0

| (first:rest) =>

(
print first;
app (fn arg => (print " "; print arg)) rest;
print "\n"

);

OS.Process.success

)

val _ = SMLofNJ.exportFn("echo”, main)
end

The name of the program is supplied to the main function as the first
argument, arg0 of type string . This is the same as argv[0] in a C main
function. The remaining command line arguments are supplied as a list of
strings in argv .

The case expression reads as follows. If the argument list is empty then
print nothing. Otherwise if it is non-empty then print the first one and then
print the rest of them preceded by a single blank. The app applies the
function to each of the strings in the list rest . This function prints the blank
and then the argument.

Be careful that you only put semicolons between imperative statements. If
you were to put a semicolon after the new-line print you would get this error
message from the compiler.
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echo.sml:14.2 Error: syntax error: inserting EQUALOP

This is because the parser in the compiler attempts to correct syntax errors
in order to continue compiling for as long as possible. Sometimes this works.
In this case it decides that it needs another expression after the semicolon
and chooses an equals operator to be the expression. The error message
points to the line after where the surplus semicolon is, here line 14, character
2. See Appendix B for more information on the compiler’s error messages.

For this program I've used a more elaborate run script since there is a bug in
the standard one in that it does not pass empty command line arguments
through to the SML program. For the echo program to be exactly right we
need to see the empty arguments too. This script copies in more of the
SML/NJ .run-sml  script.

install=.
smlbin=/src/sminj/current/bin

arg0=%$0
cmd=‘basename $0*

ARCH_N_OPSYS='$smlbin/.arch-n-opsys'

if [ "$?" 1= "0" ]; then
echo "$cmd: unable to determine architecture/operating system"
exit 1

fi

eval $ARCH_N_OPSYS

suffix=3ARCH-$OPSYS

exec $smibin/.run/run.$ARCH-$OPSYS @SMLcommand=$arg0 \
@SMLload=$install/${cmd}.$HEAP_SUFFIX "$@"
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Loops and Recursion

The Basics

The typical imperative loop idiom is demonstrated by this C function for
finding the sum of the nodes in a list.

typedef struct node {

int value;
struct node* next;
} Node;

int
sumlist(const Node* the_list)

{

int sum = 0;
Node* l;
for(l = the_list; | = 0; | = I->next)

{
}

sum = sum + |->value;

return sum;

}

This shows two major features of imperative loops. There is a loop variable,
here | , that passes through a sequence of values, one for each iteration.
There are values that are passed from one iteration to the next through one
or more other variables, here just sum. These are global to the body of the
loop in order to persist from one iteration to another. So the iterations are
communicating with each other via side-effects.

Both of these features are anathema to functional programming. You can’t
have variables changing from one iteration to the next like that. So for and
while loops and anything similar is out of the question.

Instead in functional programming, loops are done with recursion within a
function. The idea is that the computation within the recursive function
represents the computation of one iteration of the loop. The next iteration is
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started by calling the function again. Values are communicated between two
iterations via the arguments passed to the function. The rebinding of the
argument variables to different values on different calls is the closest you
will get to changing the value of a variable in pure functional programming.

Here is the same function in SML. In the first version I've written the case
expression out in full.

fun sumlist the_list =

(
case the_list of
[] = 0
| (virest) => v + (sumlist rest)

)

It can be made neater by merging the case expression with the function
definition.

fun sumlist [] =0
| sumlist (v:iirest) = v + (sumlist rest)

The algorithm is described by the following specification.

To find the sum of the elements in a list:

1. If the list is empty then define the sum to be 0.

2. If the list is not empty then we can split it into a first element and some
remaining elements. The sum is the value of the first element plus the
sum of the remaining elements.

This is a "divide and conquer" style of specification. We reduce the problem
of summing the list to a smaller problem by splitting it into two pieces. SML
provides a cheap mechanism to split the first element off from a list. Figure
2-2 shows this division.
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Figure 2-2. Summing a list by Divide and Conquer.
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To find the sum of the list [1, 2, 3, 4, 5] we reduce it to the problem of
finding the sum of the list [2, 3, 4, 5] and adding 1 to it. This continues
until we get to an empty list in which case its sum is known trivially. Then
we can complete the additions.

The problem with this algorithm is that the addition cannot be completed
until the sum of the remaining elements is known. This leaves a trail of
pending additions which is as long as the list itself. Each pending addition
means there is an incomplete function call taking up stack space. So the
stack space consumed is proportional to the length of the list. The iterative
algorithm in C above takes up constant stack space. When imperative
programmers point to the superiority of iterative loops this is a major
complaint they make against recursion.

But this problem is not a problem with recursion itself as much as how it is
implemented in imperative languages like C. We can sum the list with
recursion in constant stack space too using tail recursion.

Tail Recursion

A tail call to a function is one that is the last step made in the execution of
the calling function. In other words, the return value of the calling function
will unconditionally be the return value of the called function. Since there
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will be no more execution in the calling function its stack space can be
reclaimed before the tail call. This eliminates the accumulation of stack
space during the loop. This is called the tail call optimisation.

Here is the same function in SML taking care to use tail recursion.

fun sumlist the_list =
let
fun loop [ sum = sum
| loop (v:rest) sum = loop rest (sum+v)
in
loop the_list O
end

The first argument to the loop function is the remainder of the list to be
counted. The sum variable accumulates the result. The initial call to loop
supplies initial values for these variables. Each subsequent call to the
function passes updated values for these variables. When the remainder of
the list is empty then the value of the sum variable is the number of list
elements. Figure 2-3 shows the function calls in a data flow diagram.

Figure 2-3. Tail Recursion as Data Flow
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Each iteration of the loop function is an operation that shortens the list by
one and increments the sum. When the list is reduced to an empty list then
the accumulated sum is the answer.

I emphasised the word unconditionally in the definition of tail calls above
because sometimes what is a tail call can be obscured. For example if there is
an exception handler surrounding the tail call then this implies that the
calling function may sometimes still have work to do handling an exception
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from the called function so it can’t be a tail call. You may need to watch out
for this in loops.

Tail Recursion as Iteration

The first reaction of a C programmer to using recursion everywhere is to
object to the performance of using recursion instead of iteration. But the
programmer’s intuition on what is expensive and what isn’t is based on how
C works and is pretty much useless when it comes to functional
programming because it works so differently.

In this section I want to emphasise the equivalence of tail recursion and
iteration by working back from recursion to iteration. This will not only
show that tail recursion is as efficient as iteration but will also provide an
intuition that will be useful for bringing across imperative idioms to
functional programming.

If you have studied a little assembly language you will know of the variety of
machine instructions for jumping around in a program. The Intel
architecture has the simple unconditional JMPinstruction. This corresponds
to the goto statement in C. You would expect that a goto translates to a
single JMPinstruction. For calling functions there is the CALL instruction
which works like IMPexcept that it saves a return address on the stack. This
allows the calling function to continue execution after the called function has
finished.

But when we have tail recursion there is nothing to return to. By definition
the calling function has completed. So instead of using a CALL, we should be
able to use a JMPinstruction to implement the tail call. In other words, a tail
call is equivalent to a goto .

I'll demonstrate this equivalence by manually translating the sumlist
function to C. Here is the original in SML.

fun sumlist the_list =
let
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fun loop [] sum = sum

| loop (v:rest) sum = loop rest (sum+v)
in

loop the_list O
end

In C, using the Node type in the section called The Basics, I get the
(somewhat literal) code:

int

sumlist(const Node* the_list)

{

const Node* list; /* args to loop */
int sum;
list = the_list; [* args to the first call */
sum = 0;
goto loop; /* a tail call to loop */
loop:
if (list == 0)
{
return sum; /* value returned from loop */
}
else
{
int v = list->value;

const Node* rest = list->next;

list = rest; /* new args for the tail call */
sum = sum + v;
goto loop;

Since all calls to loop are tail calls I can use goto s instead of function calls

and use a label for loop . This translation simultaneously incorporates the
tail call optimisation and the inlining of the loop function. A good SML
compiler can be expected to perform these optimisations as a matter of
course and generate machine code as good as C for the sumlist  function.

Just to belabor the point, Figure 2-4 shows the equivalence graphically.
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Figure 2-4. Tail Recursion as Iteration
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Part (a) of the figure shows a function f in a recursive loop being called. In
the middle of its execution it calls itself recursively. This continues until one
of the invocations chooses not to call itself. Then the invocation returns and
the second half of the previous invocation executes. This continues until all
invocations have returned. Part (b) shows what we have with tail recursion.
There is no second half, the returned value from one invocation becomes the
returned value from the previous one and eventually the returned value
from the entire function. Looking at the diagram we see that the cascade of
returns is redundant. In part (c) the last invocation returns directly for the
whole loop. With a bit of inlining the recursion has become just a sequence of
executions of the body of the function f joined by goto statements, in other
words conventional imperative iteration.
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Using the Fold Functions

The structure of the code in Figure 2-3 is such a common pattern that there
is a standard built-in function to implement it. It is called List.foldl , but
it is also directly callable as foldl 2. Actually there are two variants, foldl
and foldr , depending on whether you want to read the list from left to right
or right to left. Normally you should read the list left to right for efficiency.

The function for summing the list using foldl can now be written

fun sumlist the_list = foldl (fn (v, sum) => v + sum) O the_list

The first argument to foldl  is a function that performs the body of the loop.
It takes a pair of arguments, the first is a value from the list and the second
is the accumulated value. It must then compute a new accumulated value.
The second argument to foldl  is the initial value for the accumulator and
the third is the list. The foldl  takes care of all of the iteration over the list.

In general the expression foldl f i | corresponds to the data flow
diagram in Figure 2-5. In this diagram I have represented the calling of the
function f by an @ operator. This applies the function to the pair of the list
element and the accumulated value. These two values are always supplied in
a single argument as a tuple with the list element first and the accumulated
value second.

Figure 2-5. The Data Flow for foldl
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There are further abbreviations you can do in the foldl  call. A function that
just adds two integers together can be derived directly from the addition
operator.

£

fun sumlist the_list = foldl (op +) O the_list
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The notation (op +) makes the addition operator into a function that can be
passed around like any other. The type of the function is declared in the
standard INTEGERsignature as (int * int) -> int which means it
takes a pair of integers as its argument, just as needed by foldl

This notation will only work if the compiler can work out from the context
that it is the integer addition operator that is needed, rather than real or
some other type. It can do this in this case because the initial value is known
to be the integer zero. If you wrote foldl (op +) 0.0 the_list then it
would know to use the real addition operator. You can’t write a sum function
that can sum either lists of integers or lists of reals.

The order of the arguments to foldl  is meaningful. You can use currying to
omit arguments from the right to create partially satisfied functions. For
example the expression foldl (op +) 0 represents a function that will
take a list and return its sum. You can write

val sumlist = foldl (op +) O

which binds the name sumlist  to this partially satisified function. When
you write sumlist [1, 2, 3] you satisfy all of the arguments for the
foldl and it executes. Similarly you could define

val accumlist = foldl (op +)
val sumlist = accumlist 0

and if you wrote accumlist x [1, 2, 3] you would be accumulating the
sum of the list elements onto the value of x. (The compiler will default
accumlist  to do integer addition in the absence of any type constraints
saying otherwise).

As a general rule when choosing the order of arguments, if you want to make
currying useful, then place the argument that varies the least first and the
most varying last. The designers of foldl  judged that you are more likely to
want to apply the same function to a variety of lists than apply a variety of
functions to a particular list. You can think of the first arguments as
customisation arguments so that foldl (op +) O customises foldl  to
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sum lists as opposed to foldl (op *) 1 which multiplies list elements
together.

Tail Recursion for Finite State Machines

A finite state machine, or FSM, is a common design technique for describing
repetitive behaviour. The FSM passes through a series of discrete states in
response to its inputs. As it makes the transition from one state to another it
performs some output action. This may continue forever or there may be an
end state. The word finite in the name refers to the finite number of different
discrete states that the machine can be in, not how long the machine runs
for.

Figure 2-6 shows a FSM to count words in text. There are two operational
states: in means the machine is inside a word, out means the machine is
outside a word. The ENDstate stops the machine. The text is supplied as a
sequence of characters. Each character causes a transition to another state,
which may be the same as the previous state.

If the machine is in the out state and it gets a white space character,
represented by ws in the figure, then it stays in the out state. If it gets a
non-white space character (and it’s not the end of data, eod) then it changes
to the in state because it has entered a word. A word is completed when
there is a transition from the in state back to the out state upon a white
space character. The [incr]  notation means that the count of words is
incremented during the transition.

If the machine gets an end-of-data condition then it stops at the ENDstate. A
word has to be counted if it is was in a word at the time.

43



Chapter 2. Hello World

Figure 2-6. Counting Words with a FSM

start

[ incr]

If you were to write this FSM in C you might implement the states with
small pieces of code joined with goto statements. It might be something like:

int
word_count(const char* text)
{
int count = O;
char c;

out:
C = *text++;
if (Ic) goto eod,;
if (lisspace(c)) goto in;
goto out;

Cc = *ext++;

if (Ic)

{
count++
goto eod;

}

if (isspace(c))

{

count++;
goto in;

}

goto in;

eod:
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return count;

}

(This is a bit ugly but it’s a literal translation of the design and it should
generate nice fast machine code if you care.)

Now that we know that tail recursion in functional programming is
equivalent to goto in imperative programming we can write the same
algorithm directly in SML. The set of states will correspond to a set of
mutually tail-recursive functions. Here is the word counter function.

and word_count text =
let
fun out_state [] count = count
| out_state (c:rest) count =
(
if Char.isSpace ¢
then
out_state rest count
else
in_state rest count

)

and in_state [] count = count + 1
| in_state (c:rest) count =
(
if Char.isSpace ¢
then
out_state rest (count + 1)
else
in_state rest count

)
in

out_state (explode text) O
end

The two state functions are part of a mutually recursive pair joined by the
and keyword. For convenience I've represented the text as a list of
characters. The built-in explode function makes a list of characters from a
string and the built-in Char.isSpace tests if the character is white space.
The output from the loop is in the accumulator count . It gets incremented
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whenever we leave the in state. In place of an explicit eod state we just
return the accumulated count.

Here is the main function that calls the word_count function.

fun main(arg0, argv) =
let
val cnt = word_count "the quick brown fox";
in
print(concat['Count = ", Int.toString cnt, "\n"]);
OS.Process.success

end

It counts the word in the foxy message and prints the result. To print I've
used the built-in concat function which concatenates a list of strings into a
single string and Int.toString to make a string from an integer.

Alternatively you can represent the state by a state variable and have a
single loop. The word_count function then becomes:

and word_count text =
let
datatype State = In | Out

fun loop Out [] count = count

| loop Out (c:rest) count =
(
if Char.isSpace ¢
then
loop Out rest count
else
loop In rest count

| loop In [] count = count + 1
| loop In (c:rest) count =
if Char.isSpace ¢
then
loop Out rest (count + 1)

else
loop In rest count
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in
loop Out (explode text) O
end

In this code I've used a datatype to define some states. This use of a datatype
is equivalent to an enumeration type in C or C++. Apart from that there is
little difference in such a small example. We now have just one tail-recursive
function that takes a current state argument. I've used pattern matching in
the function definition to recognise all of the combinations of state and
character list.

Concerning performance, using explode requires copying the string to a list
before counting. If you were dealing with long strings and were worried
about the amount of memory needed for two copies then you could try just
subscripting the string using String.sub . This may well run slower though
since there is bounds-checking on each subscript call.

This word counting example is just an example to demonstrate a simple
state machine. It’s a bit of overkill. The shortest piece of code to count words
in a string uses String.tokens

fun word_count text = length(String.tokens Char.isSpace text)

The getopt Programs

The getopt program will fetch the options from the command line and check
that the required options are present. I'll implement this in several different
ways to demonstrate some programming techniques.

The goal is to to recognise the following options.
-v
—verbose

This is optional.
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—width width
This is required. It sets the width.

—height height
This is required. It sets the height.

This prints a help message.

files
The remaining arguments are file names.

Our little program will print the file names. If the verbose option is given
then it will also print the width and height. The usage will be:
Usage: [-h] [-v|-verbose]

[-width width]

[-height height]
files

Mostly Functional

This first version, getoptl.sml ,is in a mostly-functional style. The
deviation is in the use of an exception to abort the program with an error
message.

The first part of the program has some type definitions for documentation.?

(* The options will be returned as a list of pairs
of name and value. We need to use an option type for
the value so that we can distinguish between a missing
value and an empty value.

*)
type Option = string * string option

(* The result from the command line parsing will
be a list of file names and a set of options.

48



Chapter 2. Hello World

*)
type CmdLine = (Option list) * (string list)

(* This exception will bomb with a usage message. *)
exception Usage of string

T've defined Option to be a pair of a string for the name of the option and an
optional string for its value. The name will be an internal canonical name.
The CmdLine type is to describe the result from parse_cmdline , namely a
list of options and a list of files.

I've defined an exception Usage which carries a message. I use this to abort
the program. The exception is caught when it aborts the main function and

prints a message on StdErr . The exception handler returns the failure code
so that the program exits with an exit code of 1.

The next section of the program scans the arguments.

fun parse_cmdline argv : CmdLine =
let
fun loop [] opts = (opts, []) (* no more args *)

| loop ("-h":rest) opts =
loop rest (("help”, NONE) :: opts)

| loop ("-v":rest) opts =
loop rest (("verbose", NONE) :: opts)

| loop ("-verbose":rest) opts =
loop rest (("verbose", NONE) :: opts)

| loop ("-width":rest) opts =
get_value "width" rest opts

| loop ("-height"::rest) opts =
get_value "height" rest opts

| loop (arg:rest) opts =

if String.sub(arg, 0) = #"-"
then

raise Usage (concat["The option ", arg,
" is unrecognised."])

else
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(opts, arg::rest) (* the final result *)

)

and get_value name [] opts =

(

raise Usage (concat]
"The value for the option ", name, " is missing."])

)

|  get_value name (v:rest) opts =

(
)

loop rest ((name, SOME v) :: opts)

in
loop argv []
end

The parse_cmdline  function scans the arguments in an inner loop. I've got
a type constraint on the expression pattern parse_cmdline argv to
indicate that its resulting value is of the type CmdLine . Although this is not
strictly necessary it aids readability. It can also make it easier to find the
location of type errors by putting in explicit points where the type is known.
(See Appendix B for a discussion on type errors). If you wanted a type
constraint on the argv argument then you would need to put it in
parentheses i.e. (argv: string list)

I've used literal strings in the binding patterns for conciseness. So for
example the second variant of the loop function says that if the argument
list starts with a "-h" then continue looping over the rest of the arguments
with the options table in opts augmented with the pair ("help”, NONE)

The first variant catches the case of running out of arguments while
scanning for options. In this case I return the options that I have and the list
of files is empty.

To handle an option which requires a value I've used a separate function,
get_value . It looks at the first of the rest of the arguments. If the rest of
the arguments are empty then the value is missing. If present then I add it
to the opts table and continue the loop. Note that with an option type, a
value that is present is tagged with the SOMHElata constructor. This
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algorithm will treat the case of -width -height as a width option having
the value -height

The get_value function must be joined to the loop function with the and
keyword to make the forward reference to get value inloop legal. The
two are mutually recursive functions.

The last variant of the loop function catches all the arguments that don’t
match any of the preceding option strings. Remember that in cases the
variants are matched in order from first to last. An identifier in a binding
pattern, here arg , will match any value. I need to check if the value starts
with a hyphen in which case it is an unrecognised option. I've used the
String.sub  function which subscripts a string to get a character. The first
character is at index 0. The #"-" notation is the hyphen character. If the
argument does not start with a hyphen then I return the final result which
is the options table and the rest of the arguments, not forgetting that arg is
one of them.

I've used parentheses to bracket the body of each variant although in this
code they are redundant. I find that I get fewer syntax surprises this way as
the code gets more complex. Imagine a body containing a case expression!

The next section of the program has some utility functions to deal with
option tables.

and find_option opts name : (string option) option =
(
case List.find (fn (n, v) => n = name) opts of
NONE => NONE
| SOME (n, v) => SOME v

and has_option opts name =
(find_option opts name) <> NONE

and require_option opts name and_value : string =

(

case find_option opts name of
NONE => raise Usage (concat[
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"The option ™, name,
" is missing."])

| SOME NONE => (* found but has no value *)
(

if and_value
then
raise Usage (concat]
"The option ™, name, " is missing a value."])
else

)

| SOME (SOME v) => v (* found and has a value *)
)

The find_option searches the table for a given name. I've used the
List.find function which finds the first entry in the option list that
satisfies the predicate function which is the first argument to List.find
Remember that each member of the list is a pair of name and value. So the
argument to the predicate is a pair, matching with (n, v) . The predicate
tests if the name field is the same as the supplied name.

The option tables have a subtle property. I built them in reverse by pushing
new options onto the front of the list. So if there are duplicate options then

the first one found will be the last on the command line. I either should not
rely on this or I should document it loudly.

The result from the List.find will be of the type Option option . That is
it will be NONE( the option was not found or else some name-value pair,
SOME (n, v) . TI've decided that I only want to return the value. But I have
to indicate if the value was found or not in the options table so I wrap it in
another level of option

The has_option  just tests if find_option returns a non-NONE value. The
equality and inequality (<>) operators are available for the type T option
if they are available for a type T.

The require_option function checks that an option is present in the table.
If the and_value flag is true then I also require it to have a value. If it has a
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value then I return it. Because every if expression must have both a then

and an else part I can’t avoid covering the case of an option not having a

value and not needing to, even though I don’t use this case in the program.
Better safe than sorry.

The final part of the program is the main function. It should be fairly
straightforward.

fun main(arg0, argv) =
let
val (opts, files) = parse_cmdline argv

val width = require_option opts "width" true
val height = require_option opts "height" true

fun show_stuff() =

(
print "The files are";
app (fn f => (print " "; print f)) files;
print ".\n";

if has_option opts "verbose"
then
print(concat[
"The width is ", width, ".\n",
"The height is ", height, ".\n"
)
else
0
)

if has_option opts "help"
then

print "some helpful blurb\n
else

show_stuff();

OS.Process.success
end
handle Usage msg =>
(
TextlO.output(TextlO.stdErr, concat[msg,
"\nUsage: [-h] [-v|-verbose] [-width width]",
" [-height height] files\n"]);
OS.Process.failure
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)

Observe again how all if expressions must have both a then and an else
part and each part must return a value. Since the print  function has unit
as a return value then the else part must too. The () is the notation for the
one and only value of the unit type. You can interpret it as "do nothing".

In a real program of course I would call some function to do the work of the
program and pass it the options and the file names. But the rest of the code
of the program may be quite large and it will only refer to the options in a
few places scattered throughout the program. It would be awkward to pass
the options table all the way through the program just to be read in a few
places. The program would quickly become difficult to read. Instead I will
cheat and put the options into a global table. Since they are used read-only
and are set before the body of the program is run this won’t break referential
transparency. The program will still be as good as pure.

The way to put values into global variables in SML is to use global reference
values. Reference values emulate the variables of imperative programs. But
we don’t have to get our hands dirty dealing with them. The SML/NJ utility
library includes a hash table module that uses reference values internally to
store its contents imperatively. In the next section I show how to set up one
of those.

Using a Hash Table

The SML/NJ utility library defines a generic hash table using imperative
storage so that you can update its contents. (See Chapter 5). The table is
generic over the key type. You need to supply a specification of the key type
and its properties to make an instance of the table type. Then you can create
values of the table type. All of the values have the same key type but each
can have a different content type, since the table is polymorphic in this type.
But all entries in a particular table have the same content type. SML does
not do dynamic typing or subtyping.
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The generic hash table is defined by this functor from the
hash-table-fn.sml file in the SML/NJ library.

functor HashTableFn (Key : HASH_KEY) : MONO_HASH_TABLE

The functor takes a Key structure as an argument and produces a hash table
structure. The HASH_KE¥signature describes what the Key structure must
tell the functor. Observe that in signatures, functions are described as a
value of a function type.

signature HASH_KEY =
sig
type hash_key

val hashval : hash_key -> word
(* Compute an unsigned integer from a hash key. *)

val sameKey : (hash_key * hash_key) -> bool
(* Return true if two keys are the same.
* NOTE: if sameKey(hl, h2), then it must be the
* case that (hashVal hl = hashVval h2).

*)
end (* HASH_KEY *)
For the option table I want strings for keys. So I've defined a string table key

with the following structure. The hash function comes from another library
module in the hash-string.sml file.

structure STRT_key
struct

type hash_key = string

val hashVal = HashString.hashString

fun sameKey (s1, s2) = (s1 = s2)
end

Now I can assemble these to make a module I call STRTthat implements a
hash table from strings to some content type. I've also defined a useful
exception that will be used later for when table lookups fail.

structure STRT = HashTableFn(STRT_key)
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exception NotFound

This structure conforms to the MONO_HASH_TABLdignature. Here MONO
means it is monomorphic in the key type. This signature describes all of the
types and values (including functions) that the hash table structure makes
public. Here is a part of this signature containing the features that I use
often.

signature MONO_HASH_TABLE =
sig

structure Key : HASH_KEY
type ’'a hash_table

val mkTable: (int * exn) -> 'a hash_table
(* Create a new table; the int is a size hint
* and the exception is to be raised by find.

“)

val insert: 'a hash_table -> (Key.hash_key * ’a) -> unit
(* Insert an item. |If the key already has an item
* associated with it, then the old item is
* discarded.

*)

val lookup: 'a hash_table -> Key.hash_key -> 'a
(* Find an item, the table’s exception is raised
* if * the item doesn't exist

“)

val find: 'a hash_table -> Key.hash_key -> 'a option
(* Look for an item, return NONE if the item
* doesn't exist

")

val listitemsi: 'a hash_table -> (Key.hash_key * 'a) list
(* Return a list of the items (and their keys) in
* the table
*)

end
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This shows that the table structure exports a copy of the Key structure that
defined it. This is good practice as it can be useful to get access to the hash
function of the table.

So now I have the type 'a STRT.hash_table which maps from string keys
to some content type represented by the type variable 'a . I can create a
table from strings to strings like this.

type OptionTable = string STRT.hash_table

val option_tbl: OptionTable = STRT.mkTable(101, NotFound)

The type constraint on the table value settles the type of the table
immediately to save the compiler and the reader having to figure it out.

Getopt with a Hash Table

With these hash table tools I can go on to write a neater getopt program,
called getopt2.sml . I'm in the habit of putting useful things like the string
table structure into a common module which can be used throughout a
project. I put global variables like the option table into their own separate
module. These would normally go into separate files. In the source code for
this program I've put them all in the same file. Here is the common module
which exports all of its declarations.

structure Common =
struct

(* *)
(* A hash table with string keys. *)

structure STRT_key =
struct
type hash_key = string
val hashVal = HashString.hashString
fun sameKey (s1, s2) = (sl = s2)
end

structure STRT = HashTableFn(STRT_key)
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exception NotFound

(* “)

end

Then I define a signature for the global module to constrain what it exports.
It’s got a basic API for setting and testing options. In keeping with the
previous getopt program an option value is an optional string so that I can
tell the difference between a missing option value and an empty option value.

signature GLOBAL =
sig
type Option = string option
(* Add an option to the table silently overriding
an existing entry.
*'
)

val

addOption: (string * Option) -> unit

(* Test if an option is in the table. *)
val hasOption: string -> bool

(* Get the value of an option if it exists. *)
val getOption: string -> Option option

end

Next I define the global module. The open declaration imports everything
from Commorand makes its names directly visible. Note that there must be
a definition for every name declared in the GLOBALsignature so the Option
type must be defined again.

structure Global: GLOBAL =
struct
open Common

(* *)
(* The option table. *)

type Option = string option
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type OptionTable = Option STRT.hash_table

val option_tbl: OptionTable = STRT.mkTable(20, NotFound)
fun addOption arg = STRT.insert option_tbl arg

fun hasOption name = STRT.find option_tbl name <> NONE

fun getOption name = STRT.find option_tbl name

(* “)

end

The option table is a value in the structure. This value will be created when
the module is compiled into the heap as I described in the section called
Assembling the Hello World Program. The value comes from the mkTable
function. It will end up in the exported heap file. When defining addOption

I made the argument type match the argument to the STRT.insert function.
This avoids unpacking and repacking the contents as it passes from function
to function.

I could have abbreviated the definitions of addOption and getOption
further by taking advantage of currying but I think that this obscures the
code a bit for no real gain.

val addOption = STRT.insert option_tbl
val getOption = STRT.find option_tbl

Finally the main program is rewritten to eliminate all mention of a table of
options.

structure Main=
struct

(* This exception will bomb with a usage message. *)

exception Usage of string

fun parse_cmdline argv : string list =
let
fun loop [] = [] (* no more arguments *)
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| loop ("-h":rest) = add ("help”, NONE) rest

| loop ("-v":rest) = add ("verbose", NONE) rest

| loop ("-verbose":rest) = add ("verbose", NONE) rest
| loop (“-width"::rest) = get_value "width" rest

| loop (“-height"::rest) = get_value "height" rest

| loop (arg:rest) =

(
if String.sub(arg, 0) = #"-"
then
raise Usage (concat[
"The option ", arg, " is unrecognised."])
else
arg::rest (* the final result *)
)
and get_value name [] =
(
raise Usage (concat['The value for the option ",
name, " is missing."])
)

| get_value name (v:rest) = add (name, SOME v) rest

and add pair rest =

(
Global.addOption pair;
loop rest
)
in
loop argv
end

fun require_option name and_value :

(

string =

case Global.getOption name of
NONE => raise Usage (concat[
"The option ™, name,

" is missing."])
| SOME NONE =>
(

if and_value

(* found but no value *)

Chapter 2. Hello World
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then
raise Usage (concat["The option ™, name,
" is missing a value."])
else
)
| SOME (SOME v) => v (* found with a value *)

fun main(arg0, argv) =

let

end

val files = parse_cmdline argv

val width = require_option "width" true
val height = require_option "height" true

fun show_stuff() =

(
print "The files are";
app (fn f => (print " ", print f)) files;
print ".\n";
if Global.hasOption "verbose"
then
print(concat|
"The width is ", width, ".\n",
"The height is ", height, ".\n"
D
else
0
)

if Global.hasOption "help"
then

print "some helpful blurb\n"
else

show_stuff();

OS.Process.success

handle Usage msg =>

(

TextlO.output(TextlO.stdErr, concat[msg,
"\nUsage: [-h] [-v|-verbose] [-width width]",

Chapter 2. Hello World
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" [-height height] files\n"]);
OS.Process.failure

val _ = SMLofNJ.exportFn("getopt2"”, main)
end

Since I am now using modules from the SML/NJ utility library I must
mention the library in the CM file for the program. Here is the getopt2.cm
file. It has the path to a CM file for the library which was created when
SML/NJ was installed.

group is
getopt2.sml
Isrc/sminj/current/lib/sminj-lib.cm

An alternative to having the table in the heap is to have it built on demand
when the program runs. A convenient way to do this in SML/NJ is described
in the section called Lazy Suspensions in Chapter 4.

The Deluxe getopt

The getopt programs I’ve done so far implement a simple command line
syntax. This next one, called getopt3.sml |, does the full Gnu-style syntax
with short and long options etc. It will report its usage as:
Usage: getopt
-v  -verbose Select verbose output
-width=width The width in pixels

-height=height The height in pixels
-h  -help Show this message.

I've written this program using the GetOpt structure in the SML/NJ utility
library. This structure is rather under-documented and not that easy to
figure out. You can find its signature in the getopt-sig.sml file. When you
use this module to parse the command line you get back a list of options and
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files similar to my first getopt program. But I will then transfer them to a
global option table as in the the second getopt program.

I start by building an Option module that contains the command line
parsing and can deliver the values of the options imperatively. The API for
this module is specified in the OPTIONsignature. I've put in an alias of Gfor
the GetOpt structure to save on typing.

structure Option: OPTION =
struct
structure G = GetOpt

The interface to the GetOpt structure revolves around a single type to
represent all of the possible options. This should be a datatype to be useful. I
start by defining the Option type. I keep the width and height as strings for
simplicity but in a real program you would probably use integers with
Int.fromString to do the conversion.

(* This represents an option found on
the command line.
*)
datatype Option =
Verbose
| Help
|  Width of string
| Height of string

An option is described by the following record type in GetOpt .

type 'a opt_descr = {
short : string,
long : string list,
desc : 'a arg_descr,
help : string
}

(* Description of a single option *)

The short field contains the single letter version of the option. If you have
more than one letter then they are treated as synonyms. The long field
contains the long version of the option as a list of strings. Again if you have
more than one then they are treated as synonyms.
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The desc field describes properties of the options value and how to map it to
the representation type (my Option ). The value of this field is of the
following datatype from GetOpt .

datatype 'a arg_descr
= NoArg of unit -> 'a
| RegArg of (string -> 'a) * string
| OptArg of (string option -> 'a) * string

The 'a type variable is a place holder for the representation type. If the
option takes no value then supply NoArg. You must include with it a
function that returns a representation value for the option. If the option
requires a value then supply ReqArg along with a function to convert the
value to the representation type and a description of the value for the usage
message. If the option’s value is optional then supply OptArg along with a
conversion function and a description as for RegArg . Note that for OptArg
the conversion function is passed a string option type to tell whether the
value is available or not.

Here is my code for part of the option description list.

fun NoArg opt = G.NoArg (fn () => opt)
fun RegArg opt descr = G.RegArg (opt, descr)

val options: (Option G.opt_descr) list = [
{short = "v", long = ["verbose"],
desc = NoArg Verbose,
help = "Select verbose output"

h

{short = ™, long = ['width"],
desc = ReqArg Width "width",
help = "The width in pixels"
h

T've defined two helper functions to make it easier to write the option
descriptions. My NoArg function takes a value of the representation type and
wraps it into a conversion function for the GetOpt.NoArg data constructor.

My RegArg does a similar thing but here the first argument opt is the
conversion function. The data constructors Width and Height in the
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Option type can be used as functions to construct values of type Option
from the types that they tag. For example the Width data constructor
behaves as a function with the type string -> Option which is just the
type needed for GetOpt.RegArg

The command line is parsed using the GetOpt.getOpt function. Its signature
is

datatype 'a arg_order

= RequireOrder

| Permute

| ReturninOrder of string -> 'a
(* What to do with options following non-options:

* RequireOrder: no processing after first non-option
* Permute: freely intersperse options and non-options
* ReturninOrder: wrap non-options into options

“)

val getOpt : {
argOrder : 'a arg_order,
options : 'a opt_descr list,
errFn @ string -> unit
} -> string list -> (a list * string list)

(* takes as argument an arg_order to specify the

* non-options handling, a list of option descriptions
* and a command line containing the options and
* arguments, and returns a list of (options,

* non-options)

)

The first argument is a record of details about the options. I'll just use
RequireOrder  for the ordering control. The options field is my list of
option descriptions. For an error function I just need something to print a
string to stdErr

fun toErr msg = TextlO.output(TextlO.stdErr, msg)

The second argument is the argv list. The result is a list of representation
values and the remaining arguments, the file names. Here is my code to
parse the command line.
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val opt_tbl: (Option list) ref = ref []

fun parseCmdLine argv =
let
val (opts, files) =
G.getOpt {

argOrder = G.RequireOrder,
options = options,
errFn = toErr
} argv

opt_tbl := opts;
files
end

When I get back the list of options I assign it to the imperative variable
opt_tbl . The variable must have an initial value which is constructed by
the ref data constructor from an empty list.

Then I can write some accessor functions to get option information from the
table.

fun hasVerbose() =
(

List.exists (fn opt => opt = Verbose) (lopt_tbl)
)

fun hasHelp() =
(

List.exists (fn opt => opt = Help) (lopt_tbl)
)

fun getwidth() =
let
val opt_width = List.find
(fn Width _ => true | _ => false)
(‘opt_tbl)

case opt_width of
NONE => NONE
| SOME(Width w) => SOME w
| _ => raise Fail "Option,getWidth"
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The ! operator dereferences the imperative variable. It is like the * operator
in C. The operator precedence rules require the parentheses around the
dereference. I've used List.exists to check for the presence of the simple
options in the table.

To get the width value out I need List.find to return the entry from the
list. The predicate needs some more elaborate binding patterns in order to
recognise the Width tag and ignore the string value with an underscore. The
case expression must cover all possibilities or else you will get messy
warnings from the compiler which should be avoided at all costs or some day
you will miss a genuine error among the warnings. In this example I need to
cover the find returning a non-Width entry even though that is impossible
for the predicate I've used. The Fail exception is a built-in exception in the
Basis library that you can use to signal an internal fatal error. Use it only for
impossible conditions like this. The GetOpt implementation also uses it for
impossible conditions.

Finally I rewrite the require_option function to check that the option was
supplied on the command line. It works for all of the get* functions.

fun require_option func name : string =

(

case func() of
NONE => raise Usage (concat|
"The option ™, name,
" is missing."])

| SOME v => v
)

Then my main function becomes:
fun main(arg0, argv) =
let

val files = Option.parseCmdLine argv

val width = require_option
Option.getWidth "width"

val height = require_option
Option.getHeight "height”
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fun show_stuff() =

(
print "The files are";
app (fn f => (print " "; print f)) files;
print ".\n";

if Option.hasVerbose()
then
print(concat[
"The width is ", width, ".\n",
"The height is ", height, ".\n"
D
else
0
)

if Option.hasHelp()
then

print "some helpful blurb\n"
else

show_stuff();

OS.Process.success

end
handle Usage msg =>

(

toErr msg; toErr "\n";
toErr(Option.usage()); toErr "\n";

OS.Process.failure

Notes

1. The details of specifying the CM file name will change in a future release
of SML/NJ.

2. This function is called reduce in some languages
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3. My naming convention dresses up public names in mixed case and uses
lower case with underscores for private names. Types start with an
uppercase.
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The Basis library is the library of standard types, functions and modules
that are built-in for the Standard ML language. There is a set of reference
documentation in the form of HTML pages for the library. You can download
this documentation from the SML/NJ home page[SML]. You will need a copy
of this documentation to follow the programming examples in this book.

In this chapter I will give you a brief overview of the library and discuss in
more detail some of the more obscure features of the library. At the time of
writing this, a more detailed book on the library is still in preparation (by
another author).

You should also have a copy of the source code of the SML/NJ compiler. The
Appendix C describes how to download it. The compiler is itself written in
SML. The only part you need to pay attention to is the boot/ directory. This
contains the source code of the Basis library as well as the SML/NJ
extensions. I find it very useful to consult this when the documentation is
unclear.

Preliminaries

Start by reading the Introduction to the library in the Basis documentation
all the way through. Then read the "SML/96 Changes" section. This
documents changes to the language since some of the books and tutorials on
SML were written. The most notable changes for system programming are
the addition of:

« the char type and character literals (previously characters were
represented by strings of length 1);

» unsigned integer types called word with sizes of 8, 31 and 32, and the Ow
prefix for their literals;
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* hexadecimal signed and unsigned integers.

The value polymorphism restriction is not something you will likely
encounter. For the purposes of this book it mainly requires you to ensure
that imperative variables using the ref type are restricted to contain a
specific declared type.

The section on type abbreviations in signatures allows type declarations like
the type Option in the section called Getopt with a Hash Table in Chapter 2.
I won’t pay any attention to opaque signature matching but you will see it in
some of the library source where a signature is matched using ":> " instead
of ": ". The difference is that the opaque form ensures that a type can be
exported from a module with absolutely no information about its
implementation being available. Normally the compiler peeks inside
modules and can recognise when different type names exported from
different modules are the same type because they have the same
representation inside the module.

The next section on the "Top Level Environment" lists all of the types and
functions that are available directly without having to be qualified by a
module name. The phrase "top level" refers to the level of the prompt you get
when you start up the SML compiler. All of these top-level names are
associated with one of the library modules and are documented in more
detail there. This section just provides are reference for what names don’t
need module qualification. The overloading of operators and their
precedence is also presented.

General

The General structure contains miscellaneous definitions.

The exnName and exnMessage are important for dealing with uncaught
exceptions in your programs. You should always have some exception
handlers around a top-level function looking something like this.
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val success = OS.Process.success
val failure = OS.Process.failure

fun run args =
let

in
process args;
success
end
handle
10.lo {name, function, cause} =>

(
toErr(concat["lO Error ", name,
" " function,
" ", exnMessage cause, "\n");
failure

)
| Fatal => (toErr "Aborting\n"; failure)

| InternalError msg =>

(
toErr(concat['Internal error, ", msg, "\n"]);
failure

)

(* misc exception *)
| X =>
(
toErr(concat["Uncaught exception: ", exnMessage x,"\n"]);
failure

)

I usually have a Fatal exception to abort a program upon a fatal error. Each
site that detects the error produces an error message and raises Fatal to
abort the program. I also have an InternalError exception to report all
places that should be unreachabled. Each site that raises InternalError

must include a message that uniquely identifiers the site for debugging. The
last handler above catches all other exceptions and describes them.

The functions ! and := for dereferencing and assignment of imperative
variables are defined here. Assignment is made infix with a precedence in
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the top-level environment. Dereference is an ordinary prefix function and so
you will normally need to use parentheses around it. For example f Ix is
interpreted as a call to the function f with two arguments, ! and x when you
probably meant f (!x)

The function o composes two functions together. It is sometimes useful when
passing a combination of functions as an argument. For example a function
map (lookup o uppercase) could be applied to a list of strings to replace
each one by converting it to uppercase and then passing it through a lookup
function.

The before function looks a bit odd. You can use it to attach tracing messages
to expressions. For example

let

in

print "starting f\n";

f x before print "done fin"
end

Option

The Option structure provides some useful functions for dealing with
optional values. For any value v the expression (SOME V) represents the
value being present and NONHor an absent value.

When a function returns an optional value you can use getOpt to reduce it
to a definite value. It does this by providing a default if the optional value is
omitted. For example to look up a name in a translation table and return the
original name if it isn’t present write something like getOpt(STRT.find

table name, name)

If you are 100% confident that the optional result from a function is present
you can use valOf to reduce it to a definite value. It will raise the Option
exception if you are wrong.
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The isSome function can be useful to detect if an optional value is present. If
the base type of the option is an equality type you could write (f x) =
NONEBut this won’t work for all types for example, at the top level:

- val z = SOME (fn x => x);
val z = SOME fn : (‘a -> 'a) option
- z = NONE;
stdIn:25.1-25.9 Error: operator and operand
don't agree [equality type required]
operator domain: "Z * "Z
operand: (Y -> 'Y) option * 'X option
in expression:
z = NONE
- Option.isSome z;
val it = true : bool

Here z is an optional function and you can’t test two functions to see if they
are the same so you can’t write z = NONEeither. You must either use
isSome or use a case expression.

The other functions in the Option structure might be useful in special
circumstances. The map function looks to be the most useful.

Bool

The Bool structure provides some useful functions for I/O with booleans. For
example write

print(concat['The flag is ", Bool.toString flag, "\n"])}

to print out the value of a flag.

The fromString  function will do the reverse but it returns a bool option
to indicate errors. The scan function is for use with with the more general
string scanning system in StringCvt  which I will discuss in the section
called Text Scanning.
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Text

The Types

The String  structure provides a typical collection of string operations. The
documentation is straightforward.

Note that all subscripts are range checked. This can be a big performance hit
if you use, for example, the sub function to search through a string. Where
possible you should use some of the other functions. Alternatively you may
find that using explode followed by list operations is faster, at the cost of
using more memory. If you really need to do a lot of fast indexing into a
string you can find a subscript function without range checking in the
Unsafe.CharVector.sub function, which you can find in the

boot/Unsafe  directory of the compiler source.

The current version of SML/NJ (110.0.7) does not implement wide strings.

The Char structure provides a typical collection of character operations,
again straightforward. The character classification functions like isSpace
and case conversion are here.

Here are some examples.
fun uppercase s = String.map Char.toUpper s
(* Apply HTML quoting. *)

fun quoteHTML v =
let

fun quote #'\" = "&quot;"
| quote #'&" = "&amp;"
|  quote #'<" = "&lIt"

| quote ¢ = str ¢

in
String.translate quote v
end

* Break a string into words at white space. *)
fun split s = String.tokens Char.isSpace s
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For more elaborate string parsing on large strings the functions in the
Substring  structure will be more efficient. A substring is represented as a
pointer to a range of characters in an underlying string. So you can work on
pieces of the string without any copying. Here are some examples.

fun skipWhiteSpace s =
Substring.string(
Substring.dropl Char.isSpace (Substring.all s))

fun countLines s =
Substring.foldl
(fn (ch,n) => if ch = #'n" then n+l else n) 1
(Substring.all s)

Text Scanning

The StringCvt  structure provides the infrastructure for reading values out
of text. The infrastructure is based around the idea of a reader function that
can split a value off of the beginning of a stream. Then there are
transformers that build up more complex readers from simpler readers.

You have complete freedom in how you represent and implement streams
just as long as they have a functional style. This means that if you have a
stream strm and a get function that gets the first value of the stream then
the expression (get strm)  can be evaluated as many times as you like and
it will always return the same value since it has no side-effects on the
stream. The type of a reader function is

type (a, 'b) reader = 'b -> (‘a * 'b) option

In this, type 'b represents the stream and 'a is a value from the stream.
The reader function returns one value from the front of the stream along
with the remainder of the stream. An option type is used with NONE
representing failure to find a value in the stream. So for example if strm
contains the characters "abc" and get is a character reader then (get
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strm) returns the first character from the stream along with the rest of the
stream as the pair SOME(#"a", "bc")

Transformer functions convert a stream of some type T to a stream of
another type U. In the infrastructure they are applied on the fly. You have to
at some point arrive at a stream of characters for the text scanning. Figure
3-1 shows an example of transformations for reading a stream of integers
from character buffers. You write your transformer that can deliver
characters one by one from the buffers. This will involve maintaining an
offset into the buffer for where the next character will come from. Then you
can use the Int.scan  function to transform this stream of characters into a
stream of integers.

Figure 3-1. Some Stream Transformations

| "123 389 |—| "45 GEEE" |—

U your transformer

U Int. gcan StringCvt. DEC
| 123 |—| 98745 |—| GEGE |—

Some possible sources of character streams are:

+ a string. The StringCvt.scanString will transform a string to a
character stream and deliver it to a transformer, and return the first value
from the transformed stream. It is designed for one-off use to implement
fromString  functions.

* an input stream from a file. The TextlO.scanStream function will
deliver a stream of characters from a file to a transformer and then return
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the first value from the transformed stream. Since I/O streams are
imperative the stream will be updated but it will be pure enough to

complete the reading of the value.

+ a list of characters. The List.getltems function can deliver list
elements matching the requirements of a reader.

» a substring of a string using Substring.getc

Here is an example of a function that transforms a character stream by
splitting the stream into lines and extracting a triple of an integer, boolean

and a real from each line.

fun ibr rdr the_cstrm =
let
(* Read all characters to the end of the
string or a newline. This returns the
line and the rest of the stream.
*)
fun get_line cstrm rev_line =

(

case rdr cstrm of
NONE => (cstrm, implode(rev rev_line))
(* ran out of chars *)

| SOME (c, rest) =>

(
if ¢ = #\n"
then
(rest, implode(rev rev_line))

else
get_line rest (c:rev_line)

)

val (strm_out, line) = get_line the_cstrm []
val |11 = Substring.all line

val (i, 12) = valOf(Int.scan StringCvt.DEC
Substring.getc 1)

val (b, 13) = valOf(Bool.scan Substring.getc 12)
val (r, 14) = valOf(Real.scan Substring.getc 13)

SOME((i, b, r), strm_out)
end
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handle Option => NONE

The transformer must take a character reader as an argument so I want the
expression (ibr rdr) to be a reader that reads triples when rdr is a
character reader. But a reader is a function taking a stream as an argument.
So if I define the function as fun ibr rdr the_cstrm where the_cstrm

is the character stream to read then, using currying, the expression (ibr

rdr) will be of the correct type, i.e. a function taking a character stream.

The first thing the transformer does is read characters from the stream until
it has a complete line. The characters are accumulated into a list in reverse.
At the end they are joined into a string. This is the fastest way to accumulate
a string from characters.

Next I want to get the line into a stream that can be scanned. The
Substring.getc function satisfies the requirements for a reader function if
the stream is a substring. Then I can call the scan functions for each type to
get the values on the line. Note that I get back an updated substring in the
2,13 and |4 variables. I use valOf to get the result out from under the
SOMEIS the scan fails then it will return NONEwhich will cause valOf to
raise the Option exception. A reader function indicates failure by returning
NONEso that’s what the exception handler does.

The main program shows how StringCvt.scanString applies the
transformer to a string returning exactly one result.

fun main(arg0, argv) =
let
val text = "\
\ 123 true 234 \n\
\ -1 false -1.3e3 \n\
\

case StringCvt.scanString ibr text of
NONE => print "ibr failed\n"

| SOME (i, b, r) => print(concat[
Int.toString i, " "
Bool.toString b, " ",
Real.toString r, "\n"
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D

0OS.Process.success
end

See the documentation for StringCvt  for more details.

Bytes

Bytes are represented by the type word in the Word8 structure. The Byte
structure provides conversions between strings of characters and sequences
of bytes. This will be especially useful for the web server project since
reading and writing to TCP/IP sockets is done with bytes which we will want
to convert to strings.

Integers

The Basis library allows for multiple modules for signed integers of different
sizes. These all satisfy the common signature INTEGER On 32 bit
architectures SML/NJ only supplies 31 and 32 bit signed integers.

The 31 bit size looks strange but it is designed to help the garbage collector
(GC). The GC needs to scan each word in the heap and tell whether it is a
pointer or not. The SML/NJ solution is to use the least significant bit (LSB)
to tell the difference. If you want a 32 bit integer then it must be allocated in
a separate heap record with a type tag. (See the section called Heap Object
Layout in Chapter 7 for details). You should use 31 bit integers wherever
possible for more efficient storage.

The structures Int and Int31 are both 31 bit integers and the top-level type
int is the same as Int.iint . Use the Int32 structure for 32 bit integers.
There is also a structure called Largelnt  which is supposed to be the
largest integer type that the hardware implements. It is used as an
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intermediary when converting between integers of other sizes. The
bind-largest.sml file in the compiler’s boot directory shows the
definitions of the various integer types in terms of sizes. (The Position type
is used for file positions in the Posix functions).

To get an integer literal of a type other than Int.int you will need a type
constraint e.g. write (23: Int32.int) to get the 32 bit integer value 23.
You can use a 0x prefix for hexadecimal, like in C.

All integer operations check for overflow, unlike C. The Overflow exception
is raised if there is any integer overflow or underflow.

There are also matching unsigned integer structures, Word, Word8, Word31,
Word32, LargeWord and SysWord. These are of sizes 8, 31 and 32 bits as
you would expect. Use a Ow prefix for word values and Owx for word values in
hexadecimal. Arithmetic on unsigned integers does not raise the Overflow
exception.

The unsigned integer structures conform to the WORBignature which adds
bit-wise operations to the usual integer operations.

Finally there is an infinite precision integer structure Intinf . This
represents numbers with any number of digits. To input a literal
IntInf.int value you need to use fromString  i.e. write

valOf(Intinf.fromString "123456789876543210000000000")

Words can be serialised into byte arrays using the PACK_WORE&ructures.
These implement 16 and 32 bit serialisation in big or little endian order in
the Pack16Big , Pack32Big , Packl6Little and Pack32Little

structures.

Reals

The signature REALdescribes the floating-point numbers in SML. Just as
with the integer types there can be multiple structures for reals of different
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precision. But in the SML/NJ compiler there is just the single structure
Real64 and Real and LargeReal are aliases for it. The top-level type real
is an alias for Real.real

The design of the Real structure aims for correctness first and foremost.
This means it supports the IEEE 754 standard on Nan and infinity and
signed zero. All operations are checked and exceptions, such as Div and
Overflow , are raised. See the documentation for details.

What is unusual about the real type is that it does not allow the standard
equality operators, "=" and "<>". This is to avoid the usual confusion of
equality with inexact values. Instead the Real structure provides a collection
of comparison operators. You can use Real.== and Real.!I= for equality
checking with IEEE semantics. These are prefix functions on pairs so you
would have to write (Real.==(x, Y)) . The top-level "<", "<=", ">" and
">=" are still available as infix operators on the reals.

The Real structure includes a version of a math structure, conforming to the
MATHsignature, that provides trigonometric and logarithmic functions over
the real type in Real . However these functions are implemented directly in
SML rather than using an underlying math library such as the C library.
This makes them a bit slow.

The Basis definition describes Pack structures to serialise reals but
unfortunately they are not implemented in SML/NJ.

Lists

The List structure provides a typical collection of list operations.

The "@ operator will append two lists but this will result in copying the first
list in order that it remain immutable. Only prepending an element with

" is cheap. You can prepend in bulk using the revAppend function. This
will push all of the elements of the first list onto the front of the second. This
is useful when building lists in reverse in tail-recursive functions.
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The apply function, app, applies a function only for side-effects. These might
be for writing to an output stream or updating an imperative table.

The tabulate function can be useful for creating lists of a given length. For
example

implode(List.tabulate(100, fn _ => #" "))

will make a string of 100 blanks.

The ListPair  structure adds some functions for dealing with lists of pairs.

Arrays and Vectors

Arrays are the only other mutable data structure after the ref type. They
are similar to C arrays. Entries are indexed from 0. All index operations are
range checked. The top level array type can contain entries of any type (as
long as they are all the same type of course). In addition SML/NJ provides
arrays specialised to a fixed entry type: CharArray , Word8Array and
Real64Array . You could use CharArray as a text buffer or Word8Array as
a byte buffer. These conform to the MONO_ARRASignature.

If you want faster access without range checking then there are some unsafe
versions of these structures in Unsafe.CharArray , Unsafe.Word8Array

and Unsafe.Real64Array . See the section called The Unsafe API in
Chapter 4.

The Array2 structure provides two-dimensional arrays.

Vector types are like arrays but they are immutable. The most useful forms
of vectors are the monomorphic structures: CharVector , Word8Vector and
Real64Vector . The CharVector.vector type is defined to be the same as
the top-level string type so you can use its functions on strings. The
Word8Vector.vector provides a byte string that is used for binary I/O in
other parts of the Basis library.
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The Portable I/O API

The Basis library provides a portable I/O API built on top of the operating
system facilities. The source for most of the API can be found in the boot/IO
directory of the compiler. The OS-dependent part of the implementation can
be found in the boot/Unix  directory for Posix-based Unix systems.

Figure 3-2 shows the major interfaces of the I/O API. (The notation is based
on UML). SML signatures are pure interfaces and are extended by
refinement which adds new features and by specialisation which makes
abstract types concrete.

Figure 3-2. The Major Signatures of the Portable 1/0 API

«interfaces

STREAM IO
1 1
______ I | |
I 1
1 1
«interfaces «interfaces
IMPERATNE_iO TEXT_STREAM IO
x4 3
l e - et
1 ! 1
1 ! 1
«interfaces «interfaces
BIN_IO TEXT {0
«interfaces
PRIM_IO
A
1
1
:
«interfaces
OS_PRIM IO

The lowest level interface is PRIM_lO. It abstracts the basic operations of
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reading and writing over some I/O channel. The OS_PRIM_lO interface
extends this with some functions for associating a channel with a file via
some sort of OS-dependent file descriptor or handle.

The next level up is the STREAM_[Qinterface. It wraps buffering operations
around the I/O channels and calls them streams. It is abstract over any
implementation of I/O channels and any type of data element. (The PRIM_IO
interface will be used to provide an implementation for STREAM _|Olater).

Input streams are handled in a lazy functional manner. This means that
streams are read from only upon demand (as you would expect) and the read
returns a stream updated at a new position. So you can read from the same
stream value multiple times and it always returns the same data from the
same position. Output streams are imperative. Each write will append new
data to the output stream.

The TEXT_STREAM_IGQinterface specialises STREAM_IOfor characters and
extends it with a function to read a line of text and to write from substrings
(see the Substring  structure).

The IMPERATIVE_IO interface wraps around the STREAM_|Oand provides
an interface using imperative streams. This means that the position of a
stream is a hidden state variable which is updated after each read operation.
The IMPERATIVE_IO is then specialised into binary and text I/O. The
BIN_IO interface fixes the data type to be bytes. The TEXT_IO fixes it to be
characters with an understanding of text conventions such as line splitting.
It also gets knowledge of the Unix stdin, stdout and stderr text streams. The
underlying STREAM_IQinterface is made visible in TEXT_IO for when you
want to use a functional I/O style.

The implementation hierarchy is shown in Figure 3-3. The PrimlO structure
mainly defines some types and utility routines which represent buffered I/0.
These are specialised by having the I/O types bound to either bytes
(Word8.word ) or characters. This results in the structures BinPrimlO and
TextPrimlO  respectively. The PosixBinPrimlO  structure adds an
implementation of binary I/O using the I/O functions in Posix.I0O . (See the
section called Posix.IO ). Then the PosixTextPrimlO  structure casts the
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binary I/O to text I/O and this results in the TextlO structure.

Figure 3-3. The Major Structures Implementing the Portable 'O API

AN
<<pind=> WordB. word <<pind#> char
TextPrimlO
PosixBinPrimlO0 | | [ Posix.FileSys

PosixTextPrimlO
AN

TextO |

For binary I/O there is a matching BinlO structure that reads and writes
streams of bytes.

There is an IO structure that defines some common exceptions and types.
The 10.l0  exception is the main error reporting mechanism for the
portable I/O API.

Here is a simple example that counts characters, words and lines in a file. It
does the job of the Unix wc command but without the command line options.
Here is the main function.

fun main(arg0, argv) =

let
in

87



Chapter 3. The Basis Library

case argv of
[l => count TextlO.stdin ™

| (file::) =>

let
val strm = TextlO.openin file

in
(count strm file) handle x =>

(TextlO.closeln strm; raise x);

TextlO.closeln strm

end;

OS.Process.success
end
handle
10.lo {name, function, cause} =>

(
toErr(concat["lO Error: ", name,
", exnMessage cause, "\n"]);
0OS.Process.failure

)

| x => (toErr(concat["Uncaught exception: ", exnMessage Xx,"\n"]);
OS.Process.failure)

If there are no command line arguments then I read from stdin. If there are
some then I take the first one and ignore the rest. Any I/O exception from
the count function for a file is caught so that we can close the file. This is not
strictly necessary since the file will get closed anyway when the program
exits but I included it as an example of catching and reraising an exception.
An I/O exception from anywhere else will be caught in the outermost
handlers down the bottom.

Here is the count function. It is just a simple loop which terminates when
the inputLine  function returns an empty string. An empty line does not
terminate the loop since it will have a new-line character in it. The
inputLine  function also returns a new-line in the case of an unterminated
last line in a file. So the program will count an extra character in this case.
Words are counted by splitting the line into tokens at white space and
counting how many we get.

fun count strm file =
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let
fun read (nchars, nwords, nlines) =

(
(* This ensures the line ends with a \n
unless we are at eof.
*
)
case TextlO.inputLine strm of
" => (nchars, nwords, nlines)

| line =>
let
val words = String.tokens Char.isSpace line
in
read (nchars + size line,
nwords + length words,
nlines + 1)
end

)
val (nchars, nwords, nlines) = read (0, 0, 0)

print(concat[Int.toString nlines, " ",
Int.toString nwords, " ",
Int.toString nchars, " ",
file, "\n"])
end

The Portable OS API

The Basis library provides a portable API for operating system-level
operations. These deal in processes, file systems, time, date and
device-specific I/O attributes, and models for manipulating these resources
that are largely system-independent. In the Basis documentation this API is
described under the heading of "System".

The OSstructure contains part of the API in the substructures FileSys
Path , Process and IO as well as some common exception and error
handling functions. The OS.FileSys structure provides an API for scanning
directories, altering directories by deleting or renaming files and checking
access permission. You can get and change the current directory here too.
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The OS.Path provides an abstract view of file paths. The OS.Process
structure provides a few process-oriented functions that are still rather Unix
specific. The OS.IO structure provides an interface to the Posix poll system
call. Presumably it can be implemented in terms of other system calls on
other operating systems. I'll ignore it.

The signatures for the OS API can be found in the boot/OS directory of the
compiler. Most of the implementation can be found in the boot/Unix
directory for Posix-based Unix systems.

OS.FileSys

The file system API is straight-forward enough. I'll illustrate it with a
program to scan a directory tree looking for writable executable files on the
grounds that these might be a security hazard. Symbolic links won’t be
followed. I start with some useful declarations.

structure FS = OS.FileSys
structure OP = OS.Path

fun toErr msg = TextlO.output(TextlO.stdErr, msg)
exception Error of string
The structure declarations just provide convenient shorthand names. I've

added my own Error exception so that I can report more meaningful
context-sensitive errors.

Here is the main function.

fun main(arg0, argv) =
let
in
case argv of
[I => scan_dir OP.currentArc

| (file::) => scan_dir file;

OS.Process.success
end
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handle
OS.SysErr (msg, _) =>
(
toErr(concat["System Error: ", msg, "\n"]);
0OS.Process.failure

)

| Error msg => (toErr msg; OS.Process.failure)

| x => (toErr(concat["Uncaught exception:
OS.Process.failure)

, exnMessage x,"\n"]);

The program will take a directory name on the command line or if one is
omitted then the current directory is used. The OS.Path.currentArc

function provides a portable way to represent the current directory. Errors
that I expect from user input are reported via the Error handler. But I also
catch other OS.SysErr exceptions just in case.

I open a directory with the following function. It catches the OS.SysErr
exception and turns it into a more meaningful error message. (The optional
syserror  code in the exception is redundant).

fun open_dir dir =
(
FS.openDir dir
)
handle
OS.SysErr (msg, _) => raise Error (concat[
"Cannot open directory ", dir, ": ", msg, "\n"])

Finally here is the directory scanning function.

fun scan_dir dir =
let
* val _
val strm

= print(concat["'scan_dir ", dir, "\n"]) *)
= open_dir dir
fun get_files files =

(
case FS.readDir strm of
"™ => rev files (* done *)

| f=>
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end

let
val file = OP.joinDirFile
{dir = dir, file = f}

if FS.isLink file
then
get_files files
else
get_files (file::files)
end

)

val files = get_files []
val _ = FS.closeDir strm

fun show_wx file =
(
if FS.access(file, [FS.A_WRITE, FS.A_EXEC])
then
(print file; print "\n")
else
0
)

fun scan_subdir file =
(
if FS.isDir file
then
scan_dir file
else

0

app show_wx files;
app scan_subdir files
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The first line is just some tracing I used while debugging the function.

The val declarations are executed in the order that they appear. This is
important since they may have side-effects. The get_files function reads
the stream to build a list of files in the directory. It comes after the strm
name is defined because it refers to it as a global name. The directory stream

is updated imperatively by the readDir

function. The
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OS.Path.joinDirFile function is a portable way to add a path element. It
will use the right kind of slash.

I want to avoid accumulating open directories while walking the directory
tree as I might run out of open files if the tree is too deep. So instead I
extract the files and close the directory stream. This means that I will be
retaining in memory all of the files in the directories along a path through
the tree. File paths will be discarded on the way back up the tree so the
garbage collector can reclaim them if needed. There is lots more memory
than there are available file descriptors.

The show_wx function prints the file name if it is writable and executable. It
is iterated over the list of files using the built-in app function (see the section
called Lists). I recurse in scan_subdir by scanning each file that is a
directory.

OS.Path

The functions in OS.Path model a file path as a list of names called arcs.
There is also provision for a volume name for Microsoft Windows. File names

can have an extension marked by a "." character. There are functions for
splitting and joining all of these kinds of parts.

OS.Process

Your main interest in OS.Process is for the success and failure  values
which are needed as exit codes for your main program. The system
command for running shell commands could be useful but if you want to
capture the output see the functions in the Unix structure.

You can abort your program early with the exit or terminate  functions
but I prefer to use an exception for fatal errors. It leaves open the possibility
of higher-level functions trapping the errors.
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The getEnv function gets environment variables like the C library’s
getenv() function.

Time and Date

Time and Date values are provided in the Time and Date structures
respectively. They are documented in the Basis library under the "System"
heading. Their implementations appear in the boot/ directory of the
compiler.

Time values in SML/NJ are stored as a pair of seconds and microseconds.

The main trick to remember with the time type is that the top-level
operators are not overloaded on them. So if you want to subtract two time
values you need to write something like Time.-(t1, t2) . Similarly for the
other symbolic functions in Time.

Also the conversion with integer values uses the Largelnt  structure which
on 32-bit systems is the same as Int32 i.e. boxed 32-bit integers. (See the
section called Integers).

You can convert a date represented as the number of seconds since the Unix
epoch to a year/month/day representation using the Time and Date
structures. Write something like this:

val date
val year

Date.fromTimeLocal(Time.fromSeconds 99999999)
Date.year date

The month and day of the week is represented by the enumeration types
weekday and month in Date . There is no mechanism for converting these
values to integers or strings. You'll have to write your own. What you can do
though is use the Date.fmt function to format a date any way you like. It
uses the strftime() C library function underneath so the result should be
properly locale-dependent.

At the time of writing, SML/NJ has not implemented the Date.fromString
and Date.scan functions.

94



Chapter 3. The Basis Library

Unix

The "System" documention for the Basis library describes a Unix structure.
It’s not really a portable OS thing. It just provides some simple utility
functions for spawning a sub-process, talking to it through stdin and stdout
and killing it afterwards. The source for it can be found in the boot/Unix
directory of the compiler.

The POSIX API

The Basis library provides a useful collection of POSIX functions on Unix
systems. These are grouped together under substructures in the Posix
structure. The source for these functions can be found in the compiler in the
boot/Posix  directory surprisingly enough. Much of the SML
implementation is just a wrapper around calls to the corresponding C
functions. The C code is in the runtime under the c-libs/ directory.

Posix.Error

The syserror  value is a representation of the POSIX errno error codes.
This is the same type as OS.syserror  which appears in the OS.SysErr
exception.

It appears as an abstract type but internally it is represented as an integer
with the same value as the errno code. The errorMsg function returns the
same string used by the perror()  C library function. The unique name
returned by errorName is derived from the symbol for the POSIX error code.
If you need the actual integer value for the error code then you can use
toword .
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Posix.FileSys

The Posix.FileSys structure provides functions for dealing with
directories and files except for the actual I/O which is in Posix.IO . Where
possible you should use the corresponding OS.FileSys functions which are
intended to be a bit more portable.

At this level you are working with Unix file descriptors, represented by the
type file_desc . There is also a OS.lI0.iodesc  type for the file descriptors
used by the poll interface in OS.IO . A separate type is used to make the
0OS.10 interface more independent of the POSIX layer and therefore more
portable. Underneath they are both Unix file descriptors.

Most of the functions should be straight-forward to use. The flags may need
some explaining. Flags are represented by lists of values of some flag type.
The underlying bit patterns of the values in a list are or-ed together. Each
substructure containing flags inherits a flags function from the
POSIX_FLAGSsignature to convert the list to the bit pattern. For example
write

structure FS = Posix.FileSys

FS.chmod("myfile", FS.S.flags
[FS.S.irusr, FS.S.irgrp, FS.S.iroth])

to set the permissions of the file "myfile " to 0444. The sticky mode bit with
value 01000 is deliberately filtered out by the stat functions as it is not part
of the POSIX standard so you will never be able to test or preserve it.

To give the functions a workout here is a stat (basis/statx.sml) program that
reports a file’s status in detail. First I start with some useful declarations.
The wordToDec function is needed since the SysWord.toString function
always formats in hexadecimal. (See the Basis documentation on the WORD
signature).

structure FS = Posix.FileSys

exception Error of string
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fun toErr msg = TextlO.output(TextlO.stdErr, msg)

fun wordToDec w = SysWord.fmt StringCvt.DEC w

Here is the main function. It is pretty boiler-plate by now. It only recognises
a single command line argument which must be the file name. The various
functions we are using use the OS.SysErr exception so I've put in a
catch-all for it.

fun main(arg0, argv) =
let
in
case argv of
[file] => (stat file; OS.Process.success)

| _ => (toErr "Usage: statx filename\n"; OS.Process.failure)
end
handle
OS.SysErr (msg, _) =>
(

toErr(concat["Error: ", msg, "\n"]);
OS.Process.failure

)
| Error msg => (toErr msg; OS.Process.failure)

| x => (toErr(concat["Uncaught exception: ", exnMessage Xx,"\n"]);
0OS.Process.failure)

Here is the function to report the stat data. I've put in a SysErr handler on
the stat function so that I can report the file name. This is the most likely
error to come from the program. Note that for better portability you should
use the matching integer structure when printing integers e.g.

Position.toString for Position.int types. It happens on the Intel x86
architecture that Position = Int but this may not be true on other
architectures.

fun stat file =

let
val st = (FS.stat file)
handle OS.SysErr (msg, _) =>
raise Error (concat[ file, ": ", msg, "\n"])
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end

The first of the helper functions called from stat

val mode = FS.ST.mode st
val uid = FS.ST.uid st
val gid = FS.ST.gid st

print(concat[" File: ", file, "\n"]);

print(concat[" Size: ",
Position.toString(FS.ST.size st), "\n"]);

print(concat[* Type: ",
filetypeToString st, "\n"]);

print(concat[" Mode: ",
SysWord.fmt StringCvt.OCT (FS.S.toWord mode),
"I", modeToString mode, "\n"]);

print(concat[" Uid: ",
uidTolnt uid, "/*, uidToName uid, "\n"]);

print(concat["  Gid: ",
gidTolInt gid, "/*, gidToName gid, "\n"]);

print(concat["Device: ",
devToString(FS.ST.dev st), "\n"]);

print(concat[" Inode: ",
wordToDec(FS.inoToWord(FS.ST.ino st)), "\n"]);

print(concat[" Links: ",
Int.toString(FS.ST.nlink st), "\n"]);

print(concat["Access: ", Date.toString(
Date.fromTimeLocal(FS.ST.atime st)), "\n"]);

print(concat["Modify: ", Date.toString(
Date.fromTimeLocal(FS.ST.mtime st)), "\n"]);

print(concat['Change: ", Date.toString(
Date.fromTimeLocal(FS.ST.ctime st)), "\n"]);
0
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is filetypeToString It

searches a list of predicate functions to find one that works on the stat buffer
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value. The matching name is returned. I've put the list of predicates within a
local block so that is private to filetypeToString without being inside it.
This way the list isn’t built every time that the function is called, which is
wasteful. This doesn’t matter on this small program but it very well might in
other programs.

local
val type_preds = [

(FS.ST.isDir, "Directory"),
(FS.ST.isChr, "Char Device"),
(FS.ST.isBlk,  "Block Device"),
(FS.ST.isReg,  "Regular File"),
(FS.ST.isFIFO, "FIFO"),
(FS.ST.isLink, "Symbolic Link"),
(FS.ST.isSock, "Socket")
]

fun filetypeToString st =
let

val pred = List.find (fn (pred, ) => pred st) type_preds
in

case pred of

SOME (_, name) => name

| NONE => "Unknown"

end
end

The modeToString  helper function iterates over a list of flag testing
functions, one for each position in the final mode string. I've used currying to
make each of the expressions in the list a function from a mode to the
character for the mode in the string.

local
fun test flag ch mode =
(
if FS.S.anySet(FS.S.flags [flag], mode)
then
ch
else
o
)

fun test2 flagl chl flag2 ch2 mode =
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if FS.S.anySet(FS.S.flags [flagl], mode)
then
chl
else
if FS.S.anySet(FS.S.flags [flag2], mode)
then
ch2
else
4
)

val flags = [

test FS.S.irusr #'",

test FS.S.iwusr #'w",

test2 FS.S.isuid #"s" FS.S.ixusr #'x",
test FS.S.irgrp #'r",

test FS.S.iwgrp #'w",

test2 FS.S.isgid #"s" FS.S.ixusr #'Xx",
test FS.S.iroth #'r",

test FS.S.iwoth #'w",

test FS.S.ixoth #"x"

]

fun modeToString mode =

let
val chars = foldl
(fn (func, rslt) => (func mode)::rslt)
[l flags
in
implode(rev chars)
end

end

The next group of functions convert uids and gids to their string forms, both
as a decimal number and as a name from the passwd/group files. These use
functions from the Posix.ProcEnv  and Posix.SysDB structures, described
later. If there is any exception then I assume that the name is not known in
the file.

local
structure PROC = Posix.ProcEnv
structure DB = Posix.SysDB

fun uidToInt uid = wordToDec(PROC.uidToWord uid)
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pun gidTolnt gid = wordToDec(PROC.gidToWord gid)

fun uidToName uid =

(
(DB.Passwd.name(DB.getpwuid uid))
handle _ => "unknown"

)

fun gidToName gid =
(
(DB.Group.name(DB.getgrgid gid))
handle _ => "unknown"

)

end

Finally here is devToString . I need to do some bit operations to separate
the bytes of the dev_t word. The current SML definition for a device value
does not allow for the newer 64-bit device numbers. But on Linux on Intel
x86 I get the major and minor numbers in the lower 16 bits of the word. This
is not very portable.

fun devToString dev =
let

val word = FS.devToWord dev

val wl = SysWord.andb(SysWord.»(word, 0w8), Owxff)
val w2 = SysWord.andb(word, Owxff)

concat[wordToDec w1, ",", wordToDec w2]
end

POSIX_FLAGS

This signature is an interface that is inherited into each distinct set of flags
in other Posix structures. See for example Posix.FileSys.S for the mode
flags. It provides common operations on flags which are represented as
bit-strings internally. See the section called Posix.FileSys for an example
of flag use.
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Posix.IO

This structure provides the functions that deal with the content of files as a
stream of bytes. It works with the file descriptors that were created with the
Posix.FileSys functions. There is not a lot of need to use the read and
write functions in this structure for general purpose binary file I/O as the
BinlO structure in the section called The Portable I/ 0O API should be all
that you will need. You could use them in conjunction with other functions
that deal with file descriptors such as the file locking functions.

A good demonstration of programming at this level can be found in the
implementation of the execute function in the Unix structure. (See the
boot/Unix  directory of the compiler). It shows how to fork and exec a child
process and build portable I/O streams from file descriptors. Central to
building I/O streams are the mkReader and mkWriter functions that are
declared in the OS_PRIM_IO signature. (See the section called The Portable
I1/0 API). These build reader and writer objects for buffered I/O given a
POSIX file descriptor. You can find implementations of them in the
PosixBinPrimlO  and PosixTextPrimlO  structures. The result is this code
from the Unix structure.

fun fdReader (name : string, fd : PIO.file_desc) =
PosixTextPrimlO.mkReader {
initBIkMode = true,
name = name,
fd = fd
}

fun fdWriter (name, fd) =

PosixTextPrimlO.mkWriter {
appendMode = false,
initBlkMode = true,
name = name,
chunkSize=4096,
fd = fd

}

fun openOutFD (name, fd) =
TextlO.mkOutstream (
TextlO.StreamlO.mkOutstream (
fdWriter (name, fd), 10.BLOCK_BUF))
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fun openInFD (name, fd) =
TextlO.mkinstream (
TextlO.StreamlO.mkinstream (
fdReader (name, fd), NONE))

The name argument is only used for error reporting to distinguish the
stream. The implementation in the PosixBinPrimlO  and

PosixTextPrimlO  structures use the Posix.10.setfl function to change
the blocking mode as requested by the blocking and non-blocking versions of
the I/O functions in a reader or writer. You need to supply the correct initial
state for these modes. If you opened the file with, for example,
Posix.FileSys.openf with O_APPENDr O_NONBLOCKsing the flags in
Posix.FileSys.O then you must pass in the appropriate values for
initBlkMode  and appendMode.

The openOutFD and openinFD functions assemble the stream layers as
shown in Figure 3-2. The output stream is set to be fully buffered. Other
possible buffered modes, from the IO structure, are NO_BUHor no buffering
at all and LINE_BUF if you want to flush the buffer after each line of text.
(LINE_BUF is the same as BLOCK_BUHor binary streams).

Once you have built a stream on a file descriptor you cannot easily retrieve
the file descriptor to manipulate it while the stream is live. If you call
TextlO.StreamlO.getReader for example intending to get the reader’s
ioDesc field then the stream will be terminated on the assumption that you
will be taking over all I/O from then on. If you need access to the file
descriptor then you should save it somewhere yourself. You might do this if
you want to use the polling interface of the OS.IO structure. (The caninput
function on streams doesn’t poll, it just attempts to do a non-blocking read
on the file descriptor).

Here is the code for Unix.executelnEnv . It demonstrates file descriptor
manipulation while forking and setting up some pipes.

structure P = Posix.Process

structure PIO = Posix.IO
structure SS = Substring
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fun executelnEnv (cmd, argv, env) = let
val p1 = PIO.pipe ()
val p2 = PIO.pipe ()

fun closep () = (

)

PIO.close (#outfd pl);
PIO.close (#infd pl);
PIO.close (#outfd p2);
PlO.close (#infd p2)

val base = SS.string(SS.taker

(fn ¢ => ¢ <> #"") (SS.all cmd))

fun startChild () =

(

case protect P.fork () of
SOME pid => pid (* parent *)

| NONE =>

let

end

val
val

oldin = #infd pl
newin = Posix.FileSys.wordToFD OwO

val
val

oldout = #outfd p2
newout = Posix.FileSys.wordToFD 0wl

PIO.close (#outfd p1l);
PIO.close (#infd p2);

if (oldin = newin) then () else (
P1O.dup2{old = oldin, new = newin};
PIO.close oldin);

if (oldout = newout) then () else (
PI1O.dup2{old = oldout, new = newout};
PIO.close oldout);

P.exece (cmd, base:argv, env)

val _ = TextlO.flushOut TextlO.stdOut

val pid = (startChild ())

handle ex => (closep(); raise ex)
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val ins = openIinFD (base™'_exec_in", #infd p2)
val outs = openOutFD (base™'_exec_out", #outfd pl)

(* close the child-side fds *)
PIO.close (#outfd p2);
PIO.close (#infd pl);

(* set the fds close on exec *)
PIO.setfd (#infd p2, PIO.FD.flags [P1O.FD.cloexec));
PIO.setfd (#outfd p1,PIO.FD.flags [PIO.FD.cloexec]);

PROC {
pid = pid,
ins = ins,
outs = outs
}
end

The startChild function forks (see the section called Posix.Process and
Posix.Signal ) and dups file descriptors in the usual way to get the pipes
connected to stdin and stdout while being careful that they are not already
connected that way. Remember to close the unused ends of the pipe in the
parent and child or else you won’t be able to get an end-of-file indication
when the child exits.

Posix.ProcEnv

This structure provides access to information about a process such as its uid,
gid, pid, running time or environment variables.

You can also get system information via the uname and sysconf functions.
You form the string argument to sysconf by deleting the SC_prefix from
the POSIX value name, for example to get SC_OPEN_MAXrite
Posix.ProcEnv.sysconf "OPEN_MAX" . All of the SC_values defined in
unistd.h  on your system should be available this way.

To use file descriptors with isatty ~ you need the conversion function in
Posix.FileSys . For example to determine if stdin is a tty:
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fun isatty() = Posix.ProcEnv.isatty (Posix.FileSys.wordToFD 0OwO)

Posix.Process  and Posix.Signal

This structure provides functions to fork and exec processes, kill and wait for
them. Equivalent functions for the C library’s alarm() , pause() and
sleep() functions are also included. You can find a demonstration of fork
and exec in the section called Posix.lIO

The kill  function uses the signal values defined in Posix.Signal . This
defines a type signal with values for each of the POSIX signals. You can
also convert these to the integer codes for your platform with the toWword
function.

Unfortunately the POSIX API does not currently provide for setting signal
handlers. For that you need to resort the older signal API of the SMLofNJ
structure in the section called Signals in Chapter 4. (If you are looking in the
boot/Unix  directory of the compiler, the unix-signals* files define the
signals for this older API).

Posix.SysDB

This structure provides an API for reading the /etc/passwd and
letc/group  files. The uidToName function in the statx program of the
section called Posix.FileSys provides a little demonstration of the API.

Posix.TTY

This structure provides a termio-style API to terminals.

The following function from the ttyx (ttyx.sml) program shows how to
change the erase character on your terminal. (Updating a single field in a
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record is a pain in SML).

fun setErase ch =
let
val fd = Posix.FileSys.wordToFD 0wO
val attr = TTY.getattr fd
val new_attr = TTY.termios {
iflag = TTY.getiflag attr,
oflag = TTY.getoflag attr,
cflag = TTY.getcflag attr,
Iflag = TTY.getlflag attr,
cc = TTY.V.update
(TTY.getcc attr, [(TTY.V.erase, ch)]),
ispeed = TTY.getispeed attr,
ospeed = TTY.getospeed attr
}
in
TTY.setattr(fd, TTY.TC.sanow, new_attr)
end

Note that at the time of writing this, the Basis library documentation for
Posix.TTY doesn’t match SMIL/NJ version 110.0.7. In version 110.0.7 there
is no internal structure called Posix. TTY.CF . Its contents appear directly
in Posix.TTY . Similarly these functions which should be in the
Posix.TTY.TC structure appear directly in Posix.TTY : getattr ,

setattr , sendbreak ,drain , flush , and flow .
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Extensions

These are extensions to the Basis library that are specific to SML/NdJ. You
can find reference documentation to them in the "Special features of
SML/NJ" page via the SML/NJ home page[SML].

The Unsafe API

The Unsafe API is a collection of functions that bypass the normal safety
checks of the language and the Basis library. These functions are available
in the Unsafe structure. It provides:

» Access to the elements of arrays and vectors, including strings, without
the usual subscript range checks.

» Access to information about the memory representation of values.
* An interface to C functions in the runtime.

» Miscellaneous operations used internally by the compiler and associated
subsystems.

Unchecked subscripting is used internally by the array and vector functions
in the Basis library. Wherever possible you should design your code to make
use of the Basis functions. Using the unchecked operations directly puts
your program at risk of crashing.

Unsafe Vectors and Arrays

The following monomorphic vectors and arrays are available.
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Unsafe.CharVector

This operates on strings, which are vectors of characters.

Unsafe.Word8Vector

This operates on vectors of bytes.
Unsafe.CharArray
Unsafe.Word8Array

These operate on arrays of characters or bytes.

Unsafe.Real64Array

This operates on arrays of double precision reals. The C equivalent
would be the array type double[] .}

These structures conform to one of these two signatures.

signature UNSAFE_MONO_VECTOR =
sig

type vector
type elem

val sub : (vector * int) -> elem
val update : (vector * int * elem) -> unit
val create : int -> vector

end

signature UNSAFE_MONO_ARRAY =
sig

type array
type elem

val sub : (array * int) -> elem
val update : (array * int * elem) -> unit

val create : int -> array

end
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So you can see that you get to update elements of vectors in place just as you
can with arrays. The create functions create a vector or array of the given
length with uninitialised elements.

For arrays and vectors of other kinds of elements there are the structures
Unsafe.Vector  and Unsafe.Array  which conform to the following
signatures.

signature UNSAFE_VECTOR =
sig

val sub : (‘a vector * int) -> 'a
val create : (int * 'a list) -> 'a vector

end

signature UNSAFE_ARRAY =
sig

val sub : (a array * int) -> 'a
val update : (‘a array * int * 'a) -> unit
val create : (int * 'a) -> 'a array

end

The vector create function creates a vector from a list. You have to supply
the length of the list as the first argument. The array create function
creates an array given a length and an initial value for each element.

Memory Representation Information

The Unsafe.Object  structure provides some functions for getting
information about the memory representation. Read the source code in the
boot/Unsafe/object* files of the compiler. You won’t find much use for
this in your programs. The most useful functions look like being the
toWord32 , toInt32  functions which can convert a byte array to a 32 bit
integer. But there isn’t enough functionality here to be useful for serialising
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values into a wire protocol. (See the section called Integers in Chapter 3 for
serialising integers).

You could use this structure to estimate the size of objects in memory. Here
is my version of a function to estimate the size of a value, including
pointed-to values. I've used Oas an alias for Unsafe.Object

(* Estimate the size of v in 32-bit words.
Boxed objects have an extra descriptor word
which also contains the length for vectors
and arrays.

*)

fun sizeof v =

let
fun obj_size obj =
(

case O.rep obj of
O.Unboxed => 1 (* inline 31 bits *)

| O.Real => 1+2
| O.Pair => tup_size obj
| O.Record => tup_size obj

| O.RealArray => tup_size obj
| O.PolyArray => arr_size obj

(* includes Word8Vector.vector
and CharVector.vector

*'

)

| O.ByteVector => 1 +
((size(O.toString obj)+3) div 4)

(* includes Word8Array.array
and CharArray.array

*)

| O.ByteArray => 1 +
((Array.length(O.toArray obj)+3) div 4)

| _=>2 (* punt for other objects *)

)

(* Count the record plus the size of
pointed-to objects in the heap.

*)

and tup_size obj =

let
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fun sz obj =
if O.boxed obj
then
1 + (obj_size obj)
else
1

Vector.foldl
(fn (obj, s) => s + (sz obj)
1
(O.toTuple obj)
end

and arr_size obj =
let
fun sz obj =
if O.boxed obj
then
1 + (obj_size obj)
else
1

Array.fold|
(fn (obj, s) => s + (sz obj))
1
(O.toArray obj)
end
in
obj_size(O.toObject v)
end

This is a main function to try it out.

fun main(arg0, argv) =

let
fun show name v = print(concat|
"Size of ", name,
" =", Int.toString(sizeof v),
" 32-bit words\n"])
in
show "integer" 3;
show "real" 3.3;
show "string" "abc";
show "pair" ("abc", 42);

show "record" {a =1 b =45 ¢ = "fred};
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OS.Process.success
end

See the section called Heap Object Layout in Chapter 7 for more information
on object layout in the heap.

The C Interface

The runtime includes a collection of C functions that implement the low-level
Basis operations such as those in the Posix structure. The SML code calls
these C functions using the functions in the Unsafe.Clinterface structure.
These functions must be specially written to take arguments in the form of
SML values. This is not a general purpose interface to C functions. I only
mention it in case you think that it is for general purpose use.

Later versions of SML/NJ will include a general purpose interface for calling
any C function in a shared library which is loaded at run-time.

Miscellaneous Unsafe O