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Foreword 

A new language needs a simple and clear introductory book that makes it accessible to a broad range of 
programmers. In Foundations of F#, Robert Pickering has captured the essential elements that the 
professional programmer needs to master in order to get started with F# and .NET. As the designer of F#, 
I am thrilled to see Robert take up the challenge of presenting F# in a way that is accessible to a wide 
audience. 

F# combines the simplicity and elegance of typed functional programming with the strengths of the 
.NET platform. Although typed functional programming is relatively new to many programmers and 
thus requires some learning, in many ways it makes programming simpler. This is mainly because F# 
programs tend to be built from compositional, correct foundational elements, and type inference makes 
programs shorter and clearer. Robert first introduces the three foundational paradigms of F#: functional 
programming, imperative programming, and object-oriented programming, and he shows how F# lets 
you use them in concert. He then shows how this multiparadigm approach can be used in conjunction 
with the .NET libraries to perform practical programming tasks such as GUI implementation, data 
access, and distributed programming. He then introduces some of the particular strengths of F# in the 
area of “language-oriented” programming. 

F# is a practical language, and Robert has ensured that the reader is well equipped with information 
needed to use the current generation of F# tools well. Many computer professionals first encounter 
functional programming through a short section of the undergraduate curriculum and often leave these 
courses uncertain about the real-world applicability of the techniques they have been taught. Similarly, 
some people encounter functional programming only in its purest forms and are uncertain whether it is 
possible to combine the elements of the paradigm with other approaches to programming and software 
engineering. Robert has helped remove this uncertainty: typed functional programming is practical, easy 
to learn, and a powerful addition to the .NET programming landscape. 

F# is also a research language, used in part to deliver recent advances in language design, 
particularly those that work well with .NET. It combines a stable and dependable base language with 
more recent extensions. Robert’s book describes F# 2.0, the latest release of the language at the time of 
writing. The rest of the F# team and I are very grateful to Robert’s many suggestions, and the language 
has been greatly improved through this.  

 
Don Syme 

Designer of F#, Microsoft Research 
Original foreword to Foundations of F# (2007) 
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xvi 

When Microsoft introduced F#, the .NET community gained a new paradigm—functional programming. 
That was a welcome event for coders who’d avoided .NET because the existing languages were geared 
toward rapid line-of-business development. But whether or not you’ve stayed clear of .NET, if you’d like 
to know what functional programming can bring to your work, Beginning F# is an excellent place to start 
the adventure. 

When the first edition was published in 2007, functional languages were just starting to break into 
the mainstream. As it turned out, Robert Pickering displayed some impressive intuition about the 
importance they’d take on. In the short time since, they’ve become hot in the world of software 
architecture, so I’m especially pleased to see a second edition now. 

Pickering is one of the most experienced F# programmers outside Microsoft, with a tremendous 
amount to offer people who are curious about the language. I’m excited to see that in this book he shares 
his perspective on everything from basic F# program design to large-scale software architecture. You’ll 
find topics as deep as domain-specific languages and concurrency with a functional language. Beginning 
F# is truly geared toward professionals looking for real-world returns from this programming language. 

I value that real-world approach—it helps me, and I believe it will help others use functional 
programming for their day-to-day work. I also prize the book as a powerful ally when I make the case 
that functional programming isn’t just for academics anymore—it’s a skill that software developers in 
the trenches should master. I even used the original edition of Beginning F# to convince my boss of 
functional programming’s legitimacy. Thanks to the examples inside this book, I’ve witnessed more than 
one person make the transition from functional-programming novice to daily F# programmer, and I 
sincerely believe you’ll have that experience. 

 
Chance Coble 

Chief Architect 
Blacklight Solutions, LLC 
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Preface 

In 2003 I was looking for a way to process IL—the intermediate language into which all .NET languages 
are compiled.  At the time, .NET was fairly new and there weren’t a lot of options for doing this. I quickly 
realized that the best option was an API called Abstract IL, AbsIL for short. AbsIL was written in a 
language called F#, and I decided to use this language to write a small wrapper around AbsIL so I could 
extract the information I needed from a DLL in a form more usable than with C#. But a funny thing 
happened while writing the wrapper: even though in those days writing F# was a little hard going as the 
compiler was far from polished, I found I actually enjoyed programming in F#, so much so that when I 
finished the wrapper, I didn’t want to go back to C#. In short, I was hooked. 

During this period, I was working as a consultant, so I needed to regularly check out new 
technologies and APIs, and I got to do all my experimenting with F#. At the same time, a new way to 
communicate on the Web was emerging, and a new word was about to enter the English language: blog. 
I decided I should have a blog because anyone who was any one in technology seemed to have one, so  
I created strangelight.com, where my blog can still be found today. I later created a wiki about F#, 
also at strangelight.com, which continues to be very popular. 

My job meant I had to do a lot of traveling, so I spent quite a lot of time in hotel rooms or on trains 
and planes, and I came to view these occasions as time to try out stuff in F#. I ended up exchanging quite 
a lot e-mails with Don Syme, and eventually we met up. We went for a beer in the pub where Watson and 
Crick went after they first pieced together the structure of DNA. Will people talk about the pub were 
Syme and Pickering first met years from now? Errrm, perhaps not. Anyway, all this led me to wonder 
what I should do with my new-found knowledge of F# and functional programming. About this time,  
a guy named Jim Huddleston posted to the F# mailing list to ask if anyone would like to write a book 
about F#. Well, I just couldn’t help myself—it sounded like the job for me and in May, 2007, 
“Foundations of F#” was published. 

About half a year later, it was announced that F# would be productized and made available as part 
of Visual Studio 2010. This seemed too good an opportunity to miss so I signed up to write a new version 
of the book, with the ambition of documenting the language as it is in Visual Studio 2010. The result is 
the book you are holding in your hands. 

It has been great fun watching F# evolve and turn from a rudimentary language into the fully fledged 
and highly usable tool you see today. I hope reading this book changes your life as much as writing it 
changed mine. 
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How to Obta in,  Instal l ,   
and Use F# 

This chapter is designed to get you up and running with F# as quickly as possible. You’ll look at how to 
obtain F#, how to install it on both Windows and Linux, and how to use the compiler in various ways. I’ll 
also discuss what version of software was used to test the examples in this book. 

Obtaining F# 
F# is now included in Visual Studio 2010 by default, so if you have this installed on your machine you 
may already have F# installed. If you have Visual Studio 2010 installed but you can’t see F#, then you 
need to ensure that you installed the package. This can be done through the Add/Remove Programs or 
Programs section of the control panel (see Figure 2-1).  

If you’re not a Visual Studio user or would prefer to use Visual Studio 2008 rather than 2010, then 
you’ll have to download the F# distribution separately. The best place to look for all F#-related 
information is the MSDN F# resource center at http://msdn.microsoft.com /fsharp/. A link to the 
compiler distribution is included in the top, left-hand corner of the F# resource center page. There are 
two versions—an MSI version, which will automatically install F# Visual Studio integration if Visual 
Studio is installed, and a ZIP version of the distribution, which is primarily targeted at non-Windows 
users. The package includes the compiler fsc.exe, as well as fsi.exe (the F# interactive console), some 
F#-based parsing tools, the F# base class libraries, the F# documentation, and some F# samples. 

 



CHAPTER 2  HOW TO OBTAIN, INSTALL, AND USE F# 

 

8 

 

Figure 2-1. Enabling F# in Visual Studio 2010 

Installing F# on Windows with Visual Studio 2008 
This section is for people using an older version of Visual Studio. (As noted, Visual Studio 2010 users will 
already have F# installed.) Installing F# on Windows with Visual Studio 2008 is straightforward. You need 
to be running an account with system administrator privileges, then download the MSI version as 
described in the previous section, and execute it. 

Please note that at the time of this writing the free Express Editions of Visual Studio do not support 
plug-ins, so you cannot use F# integration with them. However, you can install F#’s plug-in on top of the 
free Visual Studio 2008 Shell. See the MSDN Visual Studio Extensibility center for more details on Visual 
Studio 2008 Shell at http://msdn.microsoft.com/vsx2008/. 

Installing F# on Linux 
If you are unfamiliar with Linux and would like to try Mono, the simplest way is to download the SUSE 
Linux virtual machine (VM) image available on the Mono web site at http://www.go-mono.com/mono-
downloads.  
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Note Mono is a free, open-source, multi-platform implementation of the Common Language Runtime (CLR), 
which is compliant with the ECMA specifications of the Common Language Infrastructure (CLI) and compatible with 
Microsoft .NET. It is implemented by Novell with the aid of a number of community volunteers. 

This VM image comes with the latest Mono runtime and development tools preinstalled, so there’s 
no need to worry about setting up any of these. But the image does not currently include the F# 
compiler, so you will need to install it using the following instructions. I performed all of these steps as 
the root account. 

• Still in the /usr/lib/fsharp directory, run the command sh install-mono.sh. 

• Unpack the F# distribution and copy the resulting files to /usr/lib/fsharp. 

• In the /usr/lib/fsharp directory, run chmod +x install-mono.sh. 

• Run the dos2unix tool on the text file install-mono.sh. 

• Still in the /usr/lib/fsharp directory, run the command sh install-mono.sh. 

After performing those steps, I was able to use F# from the command line of any account by running 
mono/usr/lib/fsharp/bin/fsc.exe, followed by the command-line options. Obviously, this was 
inconvenient to run every time, so I created a shell script file in /usr/bin and as fsc. 

 
#!/bin/sh 
exec /usr/bin/mono $MONO_OPTIONS /usr/lib/fsharp/bin/fsc.exe "$@" 

 
I then ran chmod +x fsc to give users permission to execute it. After this, running the F# compiler 

was as simple as typing fsc at the command line. The F# interactive compiler, fsi.exe, the shell script 
for this is as follows: 

 
#!/bin/sh 
exec /usr/bin/mono $MONO_OPTIONS /usr/lib/fsharp/bin/fsi.exe --no-gui "$@" 

 
Figure 2-2 shows F# interactive running under Mono and Linux. 
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Figure 2-2. F# interactive running under Mono and Linux 

Using F# in Different Ways 
F# programs are just text files, so you can use any text editor to create them. Just save your program with 
the extension .fs, and use fsc.exe to compile them. For example, if you had the following program in 
the text file helloworld.fs: 

printfn "Hello World" 

you could just run fsc.exe helloworld.fs to compile your program into helloworld.exe, which would 
output the following to the console: 

Hello World 

Visual Studio 
In my opinion, the easiest and quickest way to develop F# programs is in Visual Studio in conjunction 
with the F# interactive compiler (see Figure 2-3). You can type F# programs into the text editor, taking 
advantage of syntax highlighting and IntelliSense code completion; compile them into executables; and 
debug them interactively by setting breakpoints and pressing F5. Also, you can execute parts of your 
code interactively using F# interactive. Just highlight the code you want to execute and press Alt+Enter; 
F# interactive will execute the code and show the results. This is great for testing snippets individually. 
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Figure 2-3. Visual Studio 2010 hosting F# interactive 

SharpDevelop 
SharpDevelop is an open-source IDE with F# bindings that can be used for .NET and Mono 
development. The F# bindings are packaged with SharpDevelop, so to use them all you need to do is 
ensure that F# is installed then install SharpDevelop. After that it’s just a matter of creating a new F# 
project and off you go. The F# bindings for SharpDevelop do not offer as much functionality as Visual 
Studio does—only syntax highlighting and F# interactive are available. However, the development 
environment is still very useable, and the bindings are open source. So if you wish to extend them, you 
can help out with the project. Figure 2-4 shows SharpDevelop with an F# project open. 
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Figure 2-4. SharpDevelop with an F# project open 

F# Interactive Command-Line 
If you prefer, you can type your programs into the F# interactive console directly when it’s running in 
stand-alone mode, as shown in Figure 2-5. 

 

 

Figure 2-5. The F# interactive console running in stand-alone mode 
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When you use the interactive console, you type the code you want. When you’ve completed a 
section, you use two semicolons (;;) to indicate that the compiler should compile and run it. 

F# interactive responds to commands in two ways: If you bind a value to an identifier, it prints the 
name of the identifier and its type. So, typing the following into F# interactive: 

 
> let i = 1 + 2;; 

 
gives the following: 

val i : int 

However, if you just type a value into F# interactive, it will respond slightly differently. Typing the 
following into F# interactive: 

 
> 1 + 2;; 

 
gives the following: 

val it : int = 3 

This means the value has been bound to a special identifier called it that is available to other code 
within the F# interactive session. When any expression is evaluated at the top level, its value is also 
printed after the equal sign (note the 3 in the previous example). As you get to know fsi.exe and F# in 
general, using F# interactive will become more and more useful for debugging programs and finding out 
how they work. (I discuss values, identifiers, and types in more detail in Chapter 3.) 

You can get code completions by pressing Tab. I find this mode of working useful in testing short 
programs by copying and pasting them into the console or for checking properties on existing libraries. 
For example, in Figure 2-2 I checked the System.Environment.Version property. However, I find this 
mode inconvenient for creating longer programs since it’s difficult to store the programs once they’re 
coded; they have to be copied and pasted from the console. Using Visual Studio, even if you don’t intend 
to just run them interactively, you can still easily execute snippets with Alt+Enter. 

The Examples in This Book 
The code in this book will focus on using fsc.exe rather than fsi.exe. Although fsi.exe is great for 
testing code, running simple scripts, and running experiments, I believe fsc.exe is more useful for 
producing finished software. Since there’s little difference between the syntax and the commands, most 
examples will work with little or no adaptation in fsi.exe, and I’ll warn you when any changes are 
necessary. 

The samples can be downloaded from http://bfs.codeplex.com/. All the samples in this book were 
tested using .NET 4.0 running on Windows 7. A subset has also been tested running under Mono 2.4.2.3 
on Linux. 
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Summary 
This chapter described how to install and run F# and the different ways you can work with it. The 
following chapters will explain how to program with F#, starting in Chapter 3 with functional 
programming in F#. 
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Parsing Text  

Structured text formats that are readable by both humans and machines have been popular almost since 
the beginning of computing. Programming languages are a good example of this, but there are many 
others. Parsing text is related to the previous chapter, language orient programming, because if you want 
to implement a language that is not embedded in F# then creating a parser for that format would be the 
first step. However, there are many reasons that you may want to parse an existing text format, so I did 
not want to limit this chapter to parsing languages.  

Simple text formats such as comma separated values (CSV) are generally quite straightforward to 
parse, although even CVS can have its challenges, like handling escape characters correctly. As 
languages become more complicated, parsing them becomes more challenging. Even apparently simple 
languages like HTML can present some challenges when parsing. To a certain extent this has driven the 
popularity of XML, because parsers as prepackaged software components remove a lot of the work of 
parsing XML. Due to some of the limitations of XML other text formats that do require parsers to be 
written are still popular. The renewed interest in domain specific languages has led to a renewed interest 
in parsing text, so new DSLs that are external to programming languages can be created.  

Fortunately, F# comes with several different tools for parsing text. In this chapter, you’ll examine 
two of them: 

• using fslex.exe & fsyacc.exe 

• using the open source library FParsec 

As these two examples relate to parsing languages, I’ll start off with an example of how you might 
parse a simple CSV format. 

Parsing CSV Format 
In this section, I’ll consider two simple approaches to parsing the CSV format. The CSV, comma 
separated values, format is a way of storing tabular data in a text format. A comma is used to delimit the 
values stored in each column. It is one of the oldest text formats, and it was in use well before the PC era 
yet has no standard specification. The only real complexity in the CSV format is when you need to 
handle escape characters, and that is when you could have string value which contains a comma. In this 
case, you need to consider how to encode the comma so it doesn’t create a new column. However, we’ll 
not consider this because you’d have to use a parser tool like fslex.exe/fsyacc.exe or FParsec.  
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A useful CSV parser, to return you the file data in a tabular format, can be written in just a few lines 
of F#: 

 
open System.IO 
 
let parseFile filename = 
    let lines = File.ReadAllLines filename 
    seq { for line in lines -> line.Split(',') } 

 
This example uses the .NET BCL libraries to open a file and then uses F# sequence expressions and 

the String.Split method to create a sequence of arrays that contain the values in the columns. While 
this nice and simple approach works quite well, it has a couple of disadvantages. First, it doesn't validate 
that each row contains the same number of columns and secondly the results are always typed as 
strings, so the client of this code needs to handle values transformation. 

To tackle these two problems, you can create a CSV parser class that uses F#'s reflection to 
dynamically create strongly typed tuples. The basic idea is you give the class a type parameter, which 
must be tuple, and the class uses reflection to determine what the elements are of that tuple and how 
they should be parsed. This information is then used to parse each row of the given file. Finally, we 
implement the IEnumerable<'a> interface, to allow client code to simply enumerate the list of tuples that 
are produced. The use of reflection means that the implementation of the class is not trivial: 

 
open System 
open System.IO 
open System.Collections 
open System.Reflection 
open Microsoft.FSharp.Reflection 
 
// a class to read CSV values from a file 
type CsvReader<'a>(filename) = 
    // fail if the gernic type is no a tuple 
    do if not (FSharpType.IsTuple(typeof<'a>)) then 
         failwith "Type parameter must be a tuple" 
    // get the elements of the tuple 
    let elements = FSharpType.GetTupleElements(typeof<'a>) 
    // create functions to parse a element of type t 
    let getParseFunc t = 
        match t with 
        | _ when t = typeof<string> -> 
            // for string types return a function that down 
            // casts to an object 
            fun x -> x :> obj 
        | _  -> 
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            // for all other types test to see if they have a 
            // Parse static method and use that 
            let parse = t.GetMethod("Parse",  
                                    BindingFlags.Static |||  
                                    BindingFlags.Public,  
                                    null,  
                                    [| typeof<string> |],  
                                    null) 
            fun (s: string) -> 
                parse.Invoke(null, [| box s |])  
    // create a list of parse functions from the tuple's elements 
    let funcs = Seq.map getParseFunc elements 
    // read all lines from the file 
    let lines = File.ReadAllLines filename 
    // create a function parse each row 
    let parseRow row =  
        let items = 
            Seq.zip (List.ofArray row) funcs 
            |> Seq.map (fun (ele, parser) -> parser ele) 
        FSharpValue.MakeTuple(Array.ofSeq items, typeof<'a>) 
    // parse each row cast value to the type of the given tuple 
    let items =  
        lines  
        |> Seq.map (fun x -> (parseRow (x.Split(','))) :?> 'a) 
        |> Seq.toList  
    // implement the generic IEnumerable<'a> interface 
    interface seq<'a> with 
        member x.GetEnumerator() =  
           let seq = Seq.ofList items 
           seq.GetEnumerator() 
    // implement the non-generic IEnumerable interface 
    interface IEnumerable with 
        member x.GetEnumerator() =  
           let seq = Seq.ofList items 
           seq.GetEnumerator() :> IEnumerator 

 
However, once you have done the work of implementing this class, using it to work with data in CVS 

files in a strongly typed way then becomes easy. 
 

let values = new CsvReader<int*int*int>("numbers.csv") 
 
for x, y, z in values do 
    assert (x + y = z) 
    printfn "%i + %i = %i" x y z 
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Language Definition for the Other Examples 
In the remainder of the chapter, you'll look at two extended examples of how to parse a simple 
arithmetic language. The first implementation will use fslex.exe and fsyacc.exe. The second will use an 
open source parsing library FParsec. The language will be very similar to the one shown in the previous 
chapter. The language will have exactly the same specification, a language with four operations, except 
instead of using combinators the language will have its own textual format using *, +, /, - to represent 
the operations. An EBNF, Extended Backus–Naur Form, definition of the language is shown in the 
following code: 

 
digit        = "1" | "2" | "3" | "4" | "5" | "6" | "7" | "8" | "9" | "0" ; 
numpart      = digit , { digit } ; 
number       = [ "-" ] , numpart , [ "." , numpart ] ; 
operator     = "+" | "-" | "*" | "/" ; 
character    =   "A" | "B" | "C" | "D" | "E" | "F" | "G" 
               | "H" | "I" | "J" | "K" | "L" | "M" | "N" 
               | "O" | "P" | "Q" | "R" | "S" | "T" | "U" 
               | "V" | "W" | "X" | "Y" | "Z"  
               | "a" | "b" | "c" | "d" | "e" | "f" | "g" 
               | "h" | "i" | "j" | "k" | "l" | "m" | "n" 
               | "o" | "p" | "q" | "r" | "s" | "t" | "u" 
               | "v" | "w" | "x" | "y" | "z" | "_" ; 
ident        = character , { character } ; 
ident or num = ident | number ; 
expression   = ident or num ; 
               | [ "(" ] , ident or num , operator , ident or num , [ ")" ] ; 

 
Some examples of expressions in the language are as follows: 
 

1 + 2  
5.87 + (8.465 / 3.243) 

Using fslex.exe and fsyacc.exe 
In this section, you will look at how to use fslex.exe and fsyacc.exe, two tools that are available with F# 
and were created by the F# to create the parser for the F# language.  

Note fslex.exe and fsyacc.exe are based on the ocamllex.exe and ocamlyacc.exe tools available with the 
O’Caml distribution. 

As discussed in the previous chapter, creating a language can be broken down into two steps: 
parsing the user input and then acting on the input. These are called the frontend and the backend. This 
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chapter will focus exclusively on the frontend, but it’s worth reminding ourselves what the AST from the 
previous chapter looked like. 

 
module Strangelights.ExpressionParser.Ast 
 
type Expr =  
  | Ident of string  
  | Val of System.Double 
  | Multi of Expr * Expr 
  | Div of Expr * Expr 
  | Plus of Expr * Expr 
  | Minus of Expr * Expr 

Tokenizing the Text: Fslex 
Tokenizing the text (sometimes called lexical analysis or lexing) basically means breaking up the text into 
manageable lumps, or tokens. To do this, you use the tool fslex.exe, which is itself a DSL for creating 
lexers (sometimes called scanners), programs, or modules for tokenizing text. The program fslex.exe is a 
command-line application that takes a text file representing the lexer and turns into an F# file that 
implements the lexer. 

An fslex.exe file has the extension .fsl. The file can have an optional header, which is placed 
between braces ({}) and is pure F# code, generally used to open modules or possibly to define helper 
functions. The rest is used to define the regular expressions that make up the lexer. You can bind a 
regular expression to an identifier using the let keyword, like this 

 
let digit = ['0'-'9'] 

 
or you can define a regular expression as part of a rule. A rule is a collection of regular expressions that 
are in competition to match sections of the text. A rule is defined with the keyword rule and followed by 
a name for the rule and then an equal sign and the keyword parse. Next are the definitions of the regular 
expressions, which should be followed by an action, which is an F# expression surrounded by braces. 
Each rule is separated by a vertical bar (|). Each rule will become a function that is capable of matching 
against a stream of text. If a match is found, then the rule fires and the F# expression is executed. If 
several regular expressions match the rule, then the longest match is used. The value returned by the 
function is the value returned by the action. This means that each action must be of the same type. If no 
match is found, then an exception is raised. 

Although the actions can be any valid F# expressions, it’s normal to return the token declarations 
that you will make in the fsyacc file. See the next section, “Generating a Parser: Fsyacc,” for more 
information about this. If you want to use the lexer on its own, you will place whatever logic you want to 
happen here, such as writing the token to the console or storing the token found in a list. 

The following example shows a file that is capable of tokenizing your little language. You usually do 
one of two things in the actions. If you’re interested in the match, you return a token that has been 
defined in the parser file. These are the identifiers in block capitals like RPAREN or MULTI. If you’re not 
interested, you call token with the special lexbuf value function to start the parsing again. The lexbuf 
value is automatically placed in your parser definition and represents the text stream being processed. It 
is of type Microsoft.FSharp.Text.Lexing.LexBuffer. Also notice how in places where you’re actually 
interested in the value found rather than just the fact a value was found that you use a function called 
curLexeme to get the string representing the match from the lexbuf.  
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{ 
module Strangelights.ExpressionParser.Lexer 
 
open System 
open System.Text 
open Strangelights.ExpressionParser.Parser 
open Microsoft.FSharp.Text.Lexing 
 
let curLexeme (lb: LexBuffer<byte>) = 
    Encoding.ASCII.GetString(lb.Lexeme, 0, lb.Lexeme.Length) 
} 
 
let digit = ['0'-'9'] 
let whitespace = [' ' '\t' ] 
let newline = ('\n' | '\r' '\n') 
 
rule token = parse 
| whitespace    { token lexbuf } 
| newline { token lexbuf } 
| "("                    { LPAREN } 
| ")"                    { RPAREN } 
| "*"                    { MULTI } 
| "/"                    { DIV } 
| "+"                    { PLUS } 
| "-"                    { MINUS } 
| ['a'-'z' 'A'-'Z' '_']+ { ID( curLexeme(lexbuf)) } 
| ['-']?digit+('.'digit+)?(['e''E']digit+)?    
                         { FLOAT (Double.Parse(curLexeme(lexbuf))) } 
| eof                    { EOF } 

 
A lexer can contain several rules. Any further rules are separated from each other by the keyword 

and,  a name for the rule, then an equal sign, and the keyword parse. After this are the definitions of the 
regular expressions that make up this rule. This is often useful if you want to implement comments in 
your language. Comments often produce false positives in lexers, since they can contain any text. To 
deal with this, when a start-comment token is detected, it is customary to switch to another rule that 
looks only for an end-comment token and ignores all other input. 

The following example shows a simple parser that either finds strings that are like F# identifiers or 
discards C#-style multiline comments. Notice how when you find the start of a comment, you call the 
comment function to hop into the comment rule, and to find the end of it, you return unit to hop out of it. 

 
{ 
open Microsoft.FSharp.Text.Lexing 
} 
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rule token = parse 
| "/*"          { comment lexbuf; token lexbuf } 
| ['_''a'-'z''A'-'Z']['_''a'-'z''A'-'Z''0'-'9']* 
                { lexeme lexbuf } 
and comment = parse 
| "*/" | eof    { () } 
| _             { comment lexbuf } 

Generating a Parser: Fsyacc 
A scanner is a program or module that breaks a text stream into pieces. You can think of a parser as the 
thing that reorganizes the text into something more meaningful. The aim of the parser is usually to 
produce an AST, and this is done by defining rules that determine the order in which the tokens should 
appear. The tool fsyacc.exe can generate parsers that are look-ahead left-to-right parsers, more 
commonly called LALR(1). This is an algorithm for parsing grammars. Not all grammars can be parsed 
by this algorithm, but grammars that can’t are quite rare.  

Note The YACC part of the name fsyacc.exe is an acronym for Yet Another Compiler Compiler. 

The tool fsyacc.exe works with text files with the extension .fsy. These files have three distinct 
parts. First is the header, which is a section of pure F# code surrounded by percentage signs and braces 
(%{ for opening and %} for closing). This section is typically used to open your AST module and to define 
short helper functions for creating the AST. Next are the declarations, defining the terminals of your 
language. A terminal is something concrete in your grammar such as an identifier name or a symbol. 
Typically these are found by the lexer. Declarations have several different forms that are summarized in 
Table 13-1. The third section contains the rules that make up the grammar and are described in the next 
paragraph. 

Table 13-1. Declarations of Terminals in an fsyacc.exe File 

Declarat i on Descr ipt i on 

%token This declares the given symbol as the token in the language. 

%token<type> This declares the given symbol as a token, like %token, but with arguments of the 
given type. This is useful for things such as identifiers and literals when you need to 
store information about them. 

%start This declares the rule at which the parser should start parsing. 

%type<type> This declares the type of a particular rule; it is mandatory for the start rule but 
optional for all other rules. 
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Table 13-1. Continued 

Declarat i on Descr ipt i on 

%left This declares a token as left-associative, which can help resolve ambiguity in the 
grammar. 

%right This declares a token as right-associative, which can help resolve ambiguity in the 
grammar. 

%nonassoc This declares a token as nonassociative, which can help resolve ambiguity in the 
grammar. 

 

The declarations are separated from the rules by two percentage signs, which make up the last 
section of the file. Rules are the nonterminals of the grammar. A nonterminal defines something that can 
be made up of several terminals. So, each rule must have a name, which is followed by a colon and then 
the definition of all the items that make up the rule, which are separated by vertical bar. The items that 
make up rule are either the names of tokens you have defined or the names of rules; this must always be 
followed by an action that is F# code surrounded by braces. The following code is a snippet of a rule: 

 
Expression: ID { Ident($1) } 
    | FLOAT {  Val($1)  } 

 
Expession is the rule name and ID and FLOAT are two rules made up of just terminals. The sections { 

Ident($1) } and { Ident($1) } are the rule actions. Within these actions, you can grab the data 
associated with the terminal or nonterminal using a dollar sign and then the number representing the 
position of the item in which you are interested. The result of the action will itself become associated 
with the rule. All the actions of a rule must be of the same type, since a rule will be implemented as an F# 
function with the actions making up the items that it returns. Any comments within the rules should use 
the C-style comment markers, /* */. 

The following example shows a simple parser definition for your language. Note how all the actions 
associated with rules are simple, just creating instances of types from the AST, and that all the languages 
terminals are in block capitals. When compiling this example with the fsyacc.exe tool, it’s important to 
specify a module name using the --module switch. In this case you should specify 
Strangelights.ExpressionParser.Parser as the module name. 

 
/* This example shows how to write a parser file which creates */ 
/* nodes that carry F# values. */ 
 
%{ 
 
open Strangelights.ExpressionParser.Ast 
 
%} 
 
%start Expression 
%token <string> ID 
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%token <System.Double> FLOAT 
%token LPAREN RPAREN EOF MULTI DIV PLUS MINUS 
%type < Strangelights.ExpressionParser.Ast.Expr > Expression 
 
%left MULTI 
%left DIV 
%left PLUS 
%left MINUS 
 
%% 
 
Expression: ID { Ident($1) } 
    | FLOAT {  Val($1)  } 
    | LPAREN Expression RPAREN {  $2  } 
    | Expression MULTI Expression {  Multi($1, $3)  } 
    | Expression DIV Expression {  Div($1, $3)  } 
    | Expression PLUS Expression {  Plus($1, $3)  } 
    | Expression MINUS Expression {  Minus($1, $3)  } 

 
Let’s take a closer look at the items that make up your rule. The simplest rule item you have consists 

of one terminal, ID, in this case an identifier: 
 

ID { Ident($1) } 
 
In the rule item’s action, the string that represents the identifier is used to create an instance of the 

Ident constructor from the AST. A slightly more complex rule is one that involves both terminals and 
nonterminals: 

 
| Expression MULTI Expression {  Multi($1, $3)  } 

 
This rule item recognizes the case where you have a valid expression followed by a multiplication 

sign and then a valid expression. These expressions are then loaded into the constructor Multi from your 
AST. These expressions could be terminals in your language, such as an identifier or a literal, or they 
might be an expression composed of several terminals, such as a multiplication operation. 

The hardest thing about creating a grammar is making sure it is not ambiguous. A grammar is 
ambiguous when two or more rules could be matched by the same input. Fortunately, fsyacc.exe can 
spot this automatically and warns you when this has occurred. It is only a warning because the parser 
can still function, it just has some rules that will not be matched so is probably incorrect in some way. 

Using the Parser 
Using the parser is very straightforward. You can use a lexer on its own, but a parser generated with 
fsyacc.exe always requires a lexer to work. You’ll look at how to use your lexer on its own and combined 
with a parser in this section. 
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Caution Remember, .fsl and .fsy files cannot be used directly by the F# compiler. You need to compile them 
using fslex.exe and fsyacc.exe and then use the generated .fs files. Typically you’ll use a pre-build event, 
which is available in the project properties dialog in visual studio to do this.  

To use your lexer, you first need to create a LexBuffer that represents the text to be processed. The 
LexBuffer class has a number of static methods that allow you to create an instance of it from different 
text sources. These include FromBinaryReader, FromBytes, FromChars, and FromTextReader. Typically to 
create a LexBuffer class from a string you use the Encoding class to encode it to a byte array then call the 
FromBytes static method. 

The following example shows your lexer in action. You’ve compiled the lexer into a module, Lex, and 
you use the token function to find the first, and in this case the only, token in the string. 

 
open System.Text 
open Microsoft.FSharp.Text.Lexing 
let lexbuf = LexBuffer<byte>.FromBytes(Encoding.ASCII.GetBytes("1")) 
let token = Lex.token lexbuf 
printfn "%A" token 

 
The result of this example is as follows: 

FLOAT 1.0 

Just grabbing the first token from the buffer is rarely of much value, so if you use the lexer in stand-
alone mode, it is much more common to create a loop that repeatedly grabs all tokens from the buffer. 
The next example demonstrates how to do this, printing the tokens found as you go. 

 
open System.Text 
open Microsoft.FSharp.Text.Lexing 
let lexbuf2 =  
    LexBuffer<byte>.FromBytes(Encoding.ASCII.GetBytes("(1 * 1) + 2")) 
while not lexbuf2.IsPastEndOfStream do 
    let token = Lexer.token lexbuf2 
    printfn "%A" token 

 
The results of this example are as follows: 
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LPAREN 
FLOAT 1.0 
MULTI 
FLOAT 1.0 
RPAREN 
PLUS 
FLOAT 2.0 
EOF 

It is much more common for a lexer to be used in conjunction with a parser module. The functions 
generated by the parser expect their first parameter to be a function that takes a LexBuffer and 
transforms it into a token (LexBuffer<'a,'cty> -> Pars.token in this case). Fortunately, this is the 
signature that your lexer’s token function has. The next example shows how you would implement this: 

 
open System.Text 
open Microsoft.FSharp.Text.Lexing 
open Strangelights.ExpressionParser 
let lexbuf3 =  
    LexBuffer<byte>.FromBytes(Encoding.ASCII.GetBytes("(1 * 1) + 2")) 
let e = Parser.Expression Lexer.token lexbuf3 
printfn "%A" token 

 
The result of this example is as follows: 

Plus (Multi (Val 1.0,Val 1.0),Val 2.0) 

And, that’s it! Once you have your AST, you have a nice abstract form of your grammar, so now it is 
up to you to create a program that acts on this tree. At this point, you’d want to hop back to the previous 
chapter and look at how you might transform the AST by either interpreting it or compiling it. 

FParsec Library 
FParsec is an open source combinator library for parsing text. It’s available from http://www. 
quanttec.com/fparsec/. It’s been implemented by Stephan Tolksdorf and is based on the popular 
Haskell parsing library Parsec http://www.haskell.org/haskellwiki/Parsec. It is an example of a 
combinator library, using similar ideas to the ones discussed in the previous chapter, parse are build up 
by combining a number of basic parsers defined in FParsec libraries via functions and operators also 
defined in the FParsec libraries. 

If you are used to reading BNF grammars and using regular expressions then you’ll probably find 
using fslex.exe and fsyacc.exe a little more intuitive than using FParsec. Despite this, FParsec is still 
fairly easy to use once you get your head round a few key concepts. The big advantage it has is that it is 
just library and no code generation or external tools are required. This means parser definitions tend to 
be shorter and leaves less awkward configuration for the development environment. Also, FParsec has 
been designed with performance in mind and generally produces parsers that are very fast and produce 
good error messages. 
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To demonstrate the use of FParsec we’re going to look at implementing the same arithmetic 
language we implemented with fslex and fsyacc. But first, you will start by looking at a few simple 
examples. 

FParsec comes with a number of predefined parsers, so the simplest usage is to just use these. The 
following example shows the use of the pfloat parser, which parses a float and returns a string. 

 
open FParsec 
 
let pi = CharParsers.run CharParsers.pfloat "3.1416" 
 
printfn "Result: %A" pi 

 
The result of this example when compiled and run is as follows: 

Result: Success: 3.1416 

Even in this simple, three line example there’s a few important things to note. We’ve already 
mentioned the parser, pfloat, this one of many predefined parsers that can be used as building blocks. 
Table 13-2 summarizes the important ones. The function run runs the parser on a string. There are a 
number of other functions to allow you to run a parser on just about any other input type. Table 13-3 
lists all of these functions along with the type of input they should be run on. Finally, notice that the 
result is printed out as "Success: 3.1416". This is because not just the floating point number is returned. 
The result is actually a discriminating union which indicates success or failure of the parsing and also 
contains information about the position of the parser as well as the result of the parser, in this case a 
floating point number. You’ll look at the result in more detail in the next example. 

Table 13-2. Useful Predefined Parsers 

Funct ion Descr ipt i on 

upper Matches a single uppercase letter 

lower Matches a single lower case letter 

digit Matches a single digit from 0 to 9 

hex Matches a single hexadecimal digit, from 0 to F, including both upper and lowercase letters  

spaces Matches zero or more whitespace character, that is space, tab, and new line 

spaces1 Matches one or more whitespace, that is space, tab, and new line 

pfloat Matches a floating point number 

pint32 Matches a 32 bit integer 
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It's worth noting that ”letter” as used in Table 13-2 refers to the UTF-16 notion of letter and includes 
many accented and non-latin characters. 

Table 13-3. Functions for Executing Parsers on Various Text Types 

Funct ion Descr ipt i on 

run The simplest way to run a parser on a string 

runParser Runs the parser on text contained in a FParsec.CharStream class, a class used 
internally by FParsec to represent the text being parsed 

runParserOnString Runs the parser on a string 

runParserOnSubstring Runs the parser on part of a string specified by a start and end index 

runParserOnStream Runs the parser on a System.IO.Stream 

runParserOnSubstream Runs the parser on part of a FParsec.CharStream specified by a start and end 
position 

runParserOnFile Runs the parser on a file 

 

When parsing it’s generally important to know whether the operation succeeded or failed. FParsec 
use the ParserResult discriminating union to do that. This type gives access to the result if parsing was 
successful and error information if it was not. In both cases, information about the position of the parser 
is also returned. The next example shows how to use the ParserResult type. 

 
open FParsec 
 
let parseAndPrint input = 
    let result = CharParsers.run CharParsers.pfloat input 
    match result with 
    | CharParsers.Success (result, _, _) ->  
        printfn "result: %A" result 
    | CharParsers.Failure (_, errorDetails, _) ->  
        printfn "Error details: %A" errorDetails 
 
parseAndPrint "3.1416" 
parseAndPrint "    3.1416" 
parseAndPrint "Not a number" 
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The result of this example when compiled and run is as follows: 

result: 3.1416, pos: (Ln: 1, Col: 7) 
Message: Error in Ln: 1 Col: 1 
    3.1416 
^ 
Expecting: floating-point number 
 Error details: Error in Ln: 1 Col: 1 
Expecting: floating-point number 
 
Message: Error in Ln: 1 Col: 1 
Not a number 
^ 
Expecting: floating-point number 
 Error details: Error in Ln: 1 Col: 1 
Expecting: floating-point number 

We can see from the output of this example that the first time the parseAndPrint function is called 
the parser successfully parsers the input, but the other two times it fails. While you would not expect a 
floating point parser to be able to parse the input "Not a number" you’d probably like it to be able to 
parse "    3.1416", which is simply a number prefixed with whitespace. The parser pfloat does not 
handle whitespace, but you can create a parser that does by combining pfloat with the spaces parser. 

 
open FParsec 
open FParsec.Primitives 
 
let wsfloat = CharParsers.spaces >>. CharParsers.pfloat 
 
let pi = CharParsers.run wsfloat "    3.1416" 
 
printfn "Result: %A" pi 

 
The result of this example when compiled and run is as follows: 

Result: Success: 3.1416 

In this example, you used the operator >>., one of FParsec’s custom operators, to combine the two 
parsers. This operator means combining the two parsers and only returning the result of the second. In 
this context combine looks for text matching first parser followed by text that matches the second parser. 
A similar operator .>> is also defined. This combines two parsers, keeping only the input from the first 
parser. It useful to think of the dot in these operators as representing which parsers result will be 
returned. The operator .>> is useful if, for example, the whitespace you’re trying to ignore is postfixed 
rather than prefixed. 

While being able to combine parsers and ignore the results of one is useful in some contexts it’s 
often important to be able to combine the results of the parser as well as the parsers themselves. The 
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operator >>= allows you to do this. On the left-hand side of the >>= operator accepts a parser, just like the 
>>. and .>> operators, but the right-hand side accepts a function which is passed the results of the first 
parsers and must return a parser. The following example illustrates a common usage pattern of this 
operator. 

 
open FParsec 
open FParsec.Primitives 
 
let simpleAdd = CharParsers.pfloat >>= fun x ->  
                CharParsers.spaces >>= fun () ->  
                CharParsers.pfloat >>= fun y ->  
                preturn (x + y) 
 
let pi2 = CharParsers.run simpleAdd "3.1416 3.1416" 
 
printfn "Result: %A" pi2 

 
The result of this example when compiled and run is as follows: 

Result: Success: 6.2832 

Here we combine two pfloat parsers separated by a spaces parser. The result of each parse is passed 
to the next parser via the parameter to a lambda function. In this case, you call them x and y. I’d like to 
be able to add x and y, or perform some other operation, and return the result, but the result of the 
lambda function must be of type Parser. In this case, x and y are both of type float.  To avoid this typing 
problem, you can use the preturn function, which you use in the previous example. This function takes 
any value and creates a parser that will return that value. So you can add your two floating point 
numbers and use preturn to create a parser that will always return that value. 

In addition to being able to combine the results of two parsers it’s often useful to be able to apply 
some transformation to the results of parser. In FParsec you use the |>> operator to do this, which has a 
similar behavior to F#’s native |> operator. The following example illustrates this. 

 
open FParsec 
open FParsec.Primitives 
 
let addTwo = CharParsers.pfloat |>> (fun x -> x + 2.0) 
 
let pi2 = CharParsers.run addTwo "3.1416" 
 
printfn "Result: %A" pi2 

 
The result of this example when compiled and run is as follows: 

Result: Success: 5.1416 
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Here we use the |>>  operator to simply add two to the result of our parser. This is not a particularly 
realistic example, but there many uses for this operator. I find it useful to transform the results of a 
parser into a case from a discriminating union. 

So far you’ve looked at combing parsers sequentially and combining or transforming their results. 
Another common task is being able to combine parsers to make a choice between two input types. In the 
following example, you create a parser that can handle parsing either floating point numbers or chains 
of letters. To do this, you use the <|> operator. This operator combines two parsers to create a new 
parser which will accept an input that matches either the first parser or the second. The way it works is a 
little subtle; it returns the results of the first parser to consume input. If the first parse succeeds or fails 
and it consumes input then the results of the first parse is returned. If it does not consume input then 
the second parser will be executed and its result will be returned. This means that the order that the 
parsers appear in is important. 

 
open FParsec 
open FParsec.Primitives 
 
type AstFragment = 
    | Val of float 
    | Ident of string 
 
let number = CharParsers.pfloat |>> (fun x -> Val x) 
 
let id =  
    CharParsers.many1Satisfy CharParsers.isLetter  
    |>> (fun x -> Ident x) 
 
let stringOrFloat = id <|> number 
 
let num = CharParsers.run stringOrFloat "3.1416" 
let ident = CharParsers.run stringOrFloat "anIdent" 
 
 
printfn "Result 'num': %A Result 'ident': %A" num ident 

 
The result of this example when compiled and run is as follows: 

Result 'num': Success: Val 3.1416 Result 'ident': Success: Ident "anIdent" 

The other interesting point to note about this example is you use the function many1Satisfy. This is 
a function that allows us to create a parser from a predicate function, which it accepts as a parameter. 
The FPrasec library contains a number of other similar functions that are summarized in Table 13-4. The 
input text is fed to the predicate function and if it returns true for one or more charters then the parser 
created by many1Satisfy is successful. The predicate function takes a character and must return a 
Boolean, which represents whether the character is one that the parser accepts. In this case, you use the 
predefined predicate function isLetter which will return true for any character that is a letter. This is a 
powerful and convenient way to create parsers. Our examples show CharParsers.many1SatisfyL 
CharParsers.isLetter "identifier", which matches a continuous chain of more than one letter, but 
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can easily imagine other combinations like CharParsers.many1SatisfyL CharParsers.isLower "lower 
case identifier", which will match any chain of continuous lowercase letters. In both cases, the string 
provide is a label that will be used to generate error messages. 

Table 13-4. Functions for Creating Parsers from Predicates 

Funct ion Descr ipt i on 

manySatisfy Creates a parser that will be successful if zero or more characters make the 
predicate function return true. The input is returned as a string.  

skipManySatisfy Creates a parser that will be successful if zero or more characters make the 
predicate function return true. The input is ignored. 

many1Satisfy Creates a parser that will be successful if one or more characters make the 
predicate function return true. The input is returned as a string. 

skipMany1Satisfy Creates a parser that will be successful if zero or more characters make the 
predicate function return true. The input is ignored. 

manyMinMaxSatisfy Allows you to specify the minimum and maximum number of characters that 
the predicate function must match for the parser to be successful. The input is 
returned as a string. 

 

Note that all these functions have a version post fixed with a capital L, for label, which allows the 
user to provide a label that will be used in error message generation. 

You now have most of the elements you need to implement your little algebraic language. Again, 
you keep the same AST definition as before. 

 
module Strangelights.ExpressionParser.Ast 
 
type Expr =  
  | Ident of string  
  | Val of System.Double 
  | Multi of Expr * Expr 
  | Div of Expr * Expr 
  | Plus of Expr * Expr 
  | Minus of Expr * Expr 

 
The actual algebraic language definition looks like the following:  
 

open Strangelights.ExpressionParser.Ast 
open FParsec 
open FParsec.Primitives 
open FParsec.OperatorPrecedenceParser 
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// skips any whitespace 
let ws = CharParsers.spaces  
 
// skips a character possibly postfixed with whitespace 
let ch c = CharParsers.skipChar c >>. ws 
 
// parses a floating point number ignoring any postfixed whitespace 
let number = CharParsers.pfloat .>> ws |>> (fun x -> Val x) 
 
// parses an identifier made up of letters 
let id =  
    CharParsers.many1Satisfy CharParsers.isLetter  
    |>> (fun x -> Ident x) 
    .>> ws 
 
// create an new operator precedence parser 
let opp = new OperatorPrecedenceParser<_,_>() 
 
// name the expression parser within operator precendence parser 
// so it can be used more easily later on 
let expr = opp.ExpressionParser 
 
// create a parser to parse everything between the operators 
let terms = 
    Primitives.choice 
        [ id; number; ch '(' >>. expr .>> ch ')'] 
opp.TermParser <- terms 
 
// add the operators themselves 
opp.AddOperator(InfixOp("+", ws, 1, Assoc.Left, fun x y -> Plus(x, y))) 
opp.AddOperator(InfixOp("-", ws, 1, Assoc.Left, fun x y -> Minus(x, y))) 
opp.AddOperator(InfixOp("*", ws, 2, Assoc.Left, fun x y -> Multi(x, y))) 
opp.AddOperator(InfixOp("/", ws, 2, Assoc.Left, fun x y -> Div(x, y))) 
 
// the complete expression that can be prefixed with whitespace 
// and post fixed with an enf of file character 
let completeExpression = ws >>. expr .>> CharParsers.eof 
 
// define a function for parsing a string 
let parse s = CharParsers.run completeExpression s 
 
// run some tests and print the results 
printfn "%A" (parse "1.0 + 2.0 + toto") 
printfn "%A" (parse "toto + 1.0 * 2.0") 
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// will give an error 
printfn "%A" (parse "1.0 +")  

 
The results of this example when compiled and run are as follows: 

Success: Plus (Plus (Val 1.0,Val 2.0),Ident "toto") 
Success: Plus (Ident "toto",Multi (Val 1.0,Val 2.0)) 
Success: Plus (Ident "toto",Plus (Val 1.0,Val 2.0)) 
Failure: 
Error in Ln: 1 Col: 6 
1.0 + 
     ^(end of input) 
Expecting: '(' or floating-point number 

Note how the second parse tree differs from the first simply because multiplication has a higher 
precedence than addition. Also note how the library generates an understandable error message for the 
last input which is not correctly formed. 

The major new feature introduced by this example is the use of the OperatorPrecedenceParser class. 
This provides a convenient way to parse expressions involving (infix/prefix/postfix/ternary) operators 
based on the precedence and associativity of the operators. You use the member function AddOperator to 
add the operators you are interested in along with flags representing their associatively and precedence 
settings. You then set a property TermParser, which is a parse which will parse the tokens in between the 
operators. The OperatorPrecedenceParser class has a property ExpressionParser which provides the 
parser finished operator parser, and can be used in the same way as the other parsers you’ve met in this 
section. 

Summary 
In this chapter, you’ve looked at two robust mechanisms for parsing text, a task that can seem trivial at 
first glance but can provide some interesting challenges. The combination of the tools fslex.exe and 
fsyacc.exe provide a useful technique for writing parsers for those that are already familiar with regular 
expressions and BNF grammars. However, the fact that they rely on external tools that use code 
generation and custom syntax can make things a little tricky in some situations. This is where the 
combinator parser library, FParsec, we have looked at is a real win. This allows a user to create parser 
using nothing other than the built in F# syntax. Another good feature of FParsec is that the quality of the 
error messages it produces are considerably better than those generated by fslex.exe and fsyacc.exe. 
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�Symbols and Numerics 
! (exclamation point) operator, 71, 72 
&& (address of) operator, 389 
&&& (And) logical operator, 158 
+ flag, Printf module, 170 
- flag, Printf module, 170 
-> operator see ASCII arrow 
// characters see comments 
/// characters see doc comments 
= (equality) operator, 154 
=== (triple equals) operator, 133 
? (question mark) prefix, 108 
:= (colon equals) operator, 71 
:? (colon question mark) operator, 88 
:?> (downcast) operator, 111, 122 
:> (upcast) operator, 121 
@ symbol, concatenating lists, 36 
[] (square brackets), lists, 36 
\ (backslash) character, 16 
_ (underscore) character, 67 
||| (Or) logical operator, 158 
|> (pipe-forward) operator, 29, 90—92 
|>> operator, FParsec, 365, 366 
<- operator see arrow left 
<@  @> (quotation) operator, 147 
<@@  @@> (retrieve quotation) operator, 150 
<|> operator, FParsec, 366 
<> (inequality) operator, 154 
> and < (comparison) operators, 155 
>> operator, FParsec, 364 
>>= operator, FParsec, 365 
.>> operator, FParsec, 364 
‘ ’ flag, Printf module, 16, 170 
0 flag, Printf module, 170 
2D images, drawing, 329 
3D graphics 

finding meshes, 208 
WPF 3D, 204—214 

 

�A 
A flag, Printf module, 16, 170 
a flag, Printf module, 170 
abs function, 156 
abstract classes, 118, 250 
abstract keyword, 113, 114 

defining interfaces, 109 
property definition, 116 

Abstract Syntax Tree see AST 
accessors (get/set), 115 
acos function, 156 
Activated event, WinForms, 199 
active patterns, 54—57 

complete active patterns, 54—55 
partial active patterns, 54, 55—57 
SpecificCall active pattern, 150 

actor model 
message passing, 280 

Adapters namespace, 225 
Add function, Publish property 

Event module, 172 
Add operation 

chat application using TCP/IP sockets, 297 
addFour function, 30 
Addition member, Service type, 313 
addOneAll function, 39, 40 
address of operator (&&) 

interoperability, P/Invoke, 389 
AddValue method, Collector 

message passing, 287, 288 
ADO.NET 

classes, 250 
data access, 237—243 
extensions, 249—253 

AdventureWorks database, 237 
aliases 

giving to modules, 135 
giving to tuples, 46 

alpherSeq function, 41 
Anchor property, WinForms, 190 
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and keyword 
lexer rules, 356 
property definition, 115, 116 
using with type keyword, 53 

And (&&&) logical operator, 158 
annotations 

type annotations, 45 
for subtyping, 123—125 

anonymous functions see lambdas 
APIs 

.NET Framework 3, 317 

.NET network programming APIs, 292 
AppendChild method, XmlDocument, 235 
Application class 

creating form in XAML, 203 
methods, GTK#, 215 

applications 
client-server applications, 291 
distributed applications, 291—326 
peer-to-peer applications, 291 

AppSettings property, ConfigurationManager, 
228 

Arg module, 328 
argspec type, 328 
arguments 

building argument parser, 328 
domain-specific languages (DSLs), 329 
functions, 17 
using .NET functions in F#, 82 

arithmetic 
floating-point functions, 155—157 
operators, 154 

arithmetic-language implementation 
Abstract Syntax Tree (AST), 339—349 

compilation vs. interpretation,  
345—349 

compiling AST, 341—345 
interpreting AST, 339—341 

for parsing text examples, 354 
generating parser (fsyacc.exe), 357—359 
implementing compiler/interpreter for, 338—

349 
tokenizing text (fslex.exe), 355—356 

using parser, 359—361 
array comprehensions, 76—77 
Array/Array2/Array3 modules, 160 
arrays, 73—76 

adding extra dimensions, 75 
create function, 75 
interoperability of lists, 372, 380 
jagged arrays, 74, 75 

matrices, 73 
multidimensional arrays, 73 
one-dimensional arrays, 73 
rectangular arrays, 74, 75 
referencing array element, 73, 74, 75 
setting value of elements, 73 
totalArray function, 71 
type parameterization, 74 
vectors, 73 

arrow left (<-) operator 
identifier update operation, 67 
retrieving property/field values, 82 
setting value of array elements, 73 

ASCII arrow (->) operator 
function definition, 17 
function transformation, 43 
pattern matching, 31 
type of argument and return value, 44 

asin function, 156 
asmx files 

building WCF service, 318 
creating web services, 312, 313 

ASP.NET, 217—225 
adapters affecting rendering of controls, 225 
aspx files, 217 
controls as HTML tags, 225 
creating dynamic web pages, 221—225 
creating web forms, 221—225 
creating web site, 218 
HTML rendering, 225 
IHttpHandler interface, 217, 218—221 
namespaces, 224 
sending emails, 225 
web parts, 225 
web server, 217 
web.config file, 217, 218, 220 

aspx files, ASP.NET, 217 
creating web forms, 221 
creating web site, IIS, 218 

assemblies 
keeping module names unique across, 131 

assembly browsers 
COM interoperability, 386 

assigning values, 18 
AST (Abstract Syntax Tree), 339—349 

compilation vs. interpretation, 345—349 
compiling AST, 341—345 
data structures language, 330 
interpreting AST, 339—341 
parsing text, 357, 358, 359, 361 

Async class 
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Parallel function, 279, 311 
Primitive function, 277 
Run function, 311, 311 
RunSynchronously function, 277 
Start function, 299 

async keyword, 276 
asynchronous programming/workflows,  

276—279 
blocked threads 
asyncReadTextAndCont function,  

298, 299 
blocked threads, 276, 278 
blocking I/O operations in, 261 
how they work best, 298 
let bang (let!), 277 
MailboxProcessor class, 281 
making calls in parallel, 311 
message passing, 281 
readFile function, 277 
thread pools, 277 
using HTTP asynchronously, 309—312 

asyncReadTextAndCont function, 298, 299 
atan function, 156 
atan2 function, 156 
attributes 

attribute names, 145 
custom attributes, 145—147 
GetCustomAttributes method, 146 
Obsolete attribute, 145, 146 
PrintingPermission attribute, 145 
ReflectedDefinition attribute, 150 
reflection, 146 
STAThread attribute, 146 

Attributes property 
using .NET objects and instances,  

82, 83 
audience of this book, 4 
Aurora, 202 
Authenticate method 

defining classes, 105 
defining interfaces, 109 
implementing interfaces, 111 

�B 
b flag, Printf module, 169, 171 
BackgroundWorker class, 264, 265, 267 

DoWork event, 267 
RunWorkerCompleted event, 267 

backslash (\) character, 16 
Barwick, Chris, 3 

base case, recursion, 27 
base class, accessing, 114—115 
base keyword, 114 
BCL (Base Class Library), 2 
begin keyword, 21, 130 
benchmarking, micro, 271, 273 
BigInt/BigNum modules, 175 
bigint/bignum types, 16 
binary operators, 28 
BinaryTree type, 52 
binding 

data binding, 243—245 
bindings 

let binding, 18 
use binding, 25—26 

bitmap plane, 176 
blocked threads, 260 

asynchronous workflows, 276, 278 
avoiding during IO, 276 

bool type, 15 
Boolean values 

identifier naming rules, 19 
booleanToString function, 32 
boxing, value types, 122 
Brush objects, creating, 188 
buffering data, message passing, 283 
Button control, WinForms, 191 
byte array type, 15 
byte type, 16 

�C 
C# 

calling F# libraries from, 371—384 
calculatePrefixFunction function, 24 
Camera element, Viewport3D, WPF, 204 
capturing identifiers, 24—25 
capturing locals, 72 
Cascading Style Sheets (CSS) 

creating ASP.NET web forms, 224 
cast function, 161, 168 
casting, 121—123 

derived type annotations, 124 
downcast operator (:?>), 111 
downcasting, 121, 122 
implementing interfaces, 111 
InvalidCastException, 122 
type tests, 123 
upcasting, 121, 122, 124 

Cecil library, Mono, 342 
ceil function, 156 
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ChangePassword method, 106 
changePositions function, planes, 208, 213 
char type, 15 
CharSet attribute, DllImport, 390 
chat application 

building using TCP/IP sockets, 293—303 
check function, 175 
CheckBox control, WinForms, 192 
Checked, Operators module, 154 
CheckListBox class, 245 
chmod command 

installing F# on Linux, 9 
choose function, 161, 164 
Class attribute, WebService, 313 
classes 

abstract classes, 118 
accessing base class, 114—115 
ADO.NET, 250 
CodeDom, 342 
defining, 105—108 

optional parameters, 108—109 
defining interfaces, 109 
explicit syntax, 120 
implicit syntax, 120 
inheritance, 109, 112 
interoperability, 383—384 
LINQ to XML, 256 
static methods, 119—120 
TCP/IP sockets, 293 
with explicit fields and constructors, 120—121 

ClassInterface attribute, 392 
Click event, Button class, 85 
Click event, Control class, 199 
ClientExists operation 

chat application using TCP/IP sockets, 297, 
298 

client-server applications, 291 
ClientTable class 

chat application using TCP/IP sockets, 297 
close function 

cleaning up resources, 242 
closer function, 167 
closures, 24, 25, 72 
CLR hosting, 395—397 
cMax/cMin constants, 175 
Coble, Chance, 4 
code 

code-generation technologies, .NET, 342 
critical section, 261 
organizing hierarchically, 131 
quoted code, 147—151 

CodeDom classes, 342 
CoInitialize function 

using F# from native code via COM, 393 
collections 

arrays and lists compared, 73 
enumerating collections, 78 
Generic namespace, 93 
lazy collection, 61 
list comprehensions, 40, 41 
using .NET indexers, 84 

Collections namespace, 93 
Seq module, 153, 160—169 

Collector class 
message passing, 287 

colon equals (:=) operator, 71 
colon question mark (:?) operator, 88 
Color class, 187 
COM (Component Object Model) 

interoperability using COM style APIs, 386—
388 

interoperability, components, 385—386 
using F# from native code via, 392—395 

combinator library 
data structures language, 329, 330, 331, 333, 

334, 336 
FParsec, 361—369 

ComboBox control, WinForms, 192 
data binding, 243, 244, 245 

comma separated values (CSV), 351—353 
commands 

DbCommand class, ADO.NET, 250 
CommandText property, SqlCommand, 239 
comments, 142 

doc comments, 142—144 
for cross compilation, 144 
lexer rules, 356, 358 
multiple-line comments, 142 
single-line comments, 142 

Common Language Infrastructure (CLI), 3 
Compare method, object expressions, 101 
CompareTo method, object expressions, 102 
comparison operators (> and <), 155 
compatibility see interoperability 
compilation 

see also F# compiler 
AST compilation vs. interpretation, 345—349 
comments for cross compilation, 144 
implementing compiler/interpreter for 

arithmetic-language, 338—349 
optional compilation, 140—142 

COMPILED symbol, 142 
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compiler switch 
define, 140 
doc, 143 

complete active patterns, 54—55 
Complex module, 175 
complex numbers 

drawing Mandelbrot set, 175, 176, 178 
complex plane, 176 
Component Object Model see COM 
compose function 

data structures language, 330, 334 
composing functions see function application 
comprehensions 

array comprehensions, 76—77 
list comprehensions, 40—43 

concat function, 161, 162 
concatList function, 38 
ConcreteProperties class, 116 
concurrency, 263 

data parallelism, 270 
configuration files, 227 

accessing configuration data, 227 
ASP.NET web.config file, 227 
building WCF service, 319, 320 
care when formatting, 229 
hosting WCF services, 323 
machine.config file, 229 

Configuration namespace, 227—230 
ConfigurationManager class 

accessing configuration data, 227 
AppSettings property, 228 
ConnectionString property, 228 
ProviderName property, 228 

Connect method, TcpClient, 302 
connection strings, 237 

DbConnection class, ADO.NET, 250 
providerName property, 228 
SQL Server, 237, 239 

ConnectionString property, 
ConfigurationManager, 228 

connectNodes function, 185 
Console class 

ReadLine method, 281 
constants see literals 
constraints, type, 45 
constructors 

classes with explicit fields and, 120—121 
defining union type using type keywords, 49 

context switching, threads, 261, 263 
continuation function, messages, 298 
Control class, WinForms 

displaying classes deriving from, 188 
Event module, 153, 172—174 
events, 198, 199 

control flow, 35—36, 77—80 
for loop, 78—79 
if ... then ... else expression, 35—36 
if expression (imperative use of), 77 
while loop, 79 

controls 
description, 188 
disabling, reactive programming, 267 
web controls, 221 

controls, WinForms, 188—192 
active control, 199 
Controls collection, 188 
docked controls, 190 
form designers in F#, 191 
MSDN library, 191 

controls, WinForms, list of 
Button, 191 
CheckBox, 192 
ComboBox, 192 
DataGridView, 192, 245—249 
DateTimePicker, 192 
HScrollBar, 192 
Label, 191 
LinkLabel, 192 
ListBox, 192 
MaskedTextBox, 191 
MonthCalander, 192 
Panel, 192 
ProgressBar, 192 
RadioButton, 192 
RichTextBox, 192 
TabControl control, 192 
TextBox, 191 
TreeView, 192 
VScrollBar, 192 
WebBrowser, 192 

controls, WPF 
GeometryModel3D, 204 
Viewport3D, 204 

conversion functions, 157 
convertVolumeImperialPint function, 50 
convertVolumeToLiter function, 50 
convertVolumeUsPint function, 50 
core F# library see FSharp.Core.dll 
Core.Operators module, 153, 154—158 
cos function, 156 
Cos function, .NET, 29 
cosh function, 156 
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create function, arrays, 75 
Create method, File class, 81 
Create method, WebRequest, 303 
createDynamicMethod method, 342 

AST compilation vs. interpretation, 345 
CreateElement method, XmlDocument, 235 
CreateText method, 82 
createWindow function, WPF 3D, 207 
createWindow function, XAML, 203 
creating closures, 72 
credentials 

GetCredential method, 118 
critical section, code, 261 
cross compilation, comments for, 144 
CSharpCodeProvider, 342 
CSV (comma separated values) 

parsing CSV format, 351—353 
curLexeme function, 355 
curried functions, 2 

interoperability, 383—384 
partial application of functions, 30 
using .NET libraries in F#, 81 

custom attributes, 145—147 

�D 
d flag, Printf module, 169, 171 
data access, 227—258 

accessing configuration data, 227 
ADO.NET, 237—243 

accessing database, 238 
connection strings, 237, 239 
extensions, 249—253 

data binding, 243—245 
DataGridView control, 245—249 
LINQ, 254—255 
LINQ to XML, 255—258 
System.Configuration namespace,  

227—230 
System.IO namespace, 230—232 

using sequences with, 232—234 
System.Xml namespace, 234—237 

data binding, 243—245 
DataGridView control, 245—249 

data consistency 
distributed applications, 291 

data parallelism, 269—276 
micro benchmarking, 271, 273 
Parallel class, 270 
ParallelEnumerable class, 270, 271 

data structures 

data structures as little languages,  
327—329 

language implementation based on, 329—336 
databases 
accessing database, 238 
execCommand function, 240, 241 
openConnectionReader function, 242 

DataGridView control, WinForms, 192 
data binding, 245—249 

DataSet control, ADO.NET, 250 
data binding to, 245—246 

DataSource property, 245 
DateTimePicker control, WinForms, 192 
DB2 namespace, 251 
DbCommand class, ADO.NET, 250 
DbConnection class, ADO.NET, 250 
DbDataAdapter class, ADO.NET, 250 
DbDataReader class, ADO.NET, 250 
DbParameter class, ADO.NET, 250 
deadlocks, locking causing, 263 
DEBUG switch, optional compilation, 141 
dec function, 72 
declarations 

#light, 21 
terminals in fsyacc.exe, 357 

default keyword, 113, 114 
define keyword, 140 
delegate keyword, 125 
delegates 

creating extra threads, 260 
defining, 125 
exposing functions with functions as 

parameters, 374—376 
using .NET objects and instances, 84 
working with .NET events, 86, 88 

derived type annotations, 124 
DerivedPatterns namespace, 150 
Description property, WebServiceAttribute, 313 
developing F# programs 

F# interactive (fsi.exe), 12 
SharpDevelop, 11 
Visual Studio, 10 

digit parser, FParsec, 362 
directives 

module directive, 132 
namespace directive, 131 
open directive, 129, 131, 132 

Directory class, 230 
DirectoryInfo object, 230 
discriminated unions see union type 
DispatcherTimer class, 208 
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Dispose method 
building WCF service, 319 
database connection strings, 239 
IDisposable interface, 25 
using .NET objects and instances, 82 

distributed applications, 291—293 
client-server applications, 291 
creating web services, 312—317 
data consistency, 291 
fault tolerance, 291 
peer-to-peer applications, 291 
scalability, 291 
security, 291 
TCP/IP sockets, 293—303 
TcpListener class, 299 
using HTTP, 303—305 

asynchronously, 309—312 
HTTP POST, 308—309 
with Google spreadsheets, 305—308 

Windows Communication Foundation, 317—
321 

hosting WCF services, 321—326 
divRemainder function, 44 
DllImport attribute 

attributes of, 390 
interoperability, P/Invoke, 388, 390 

do keyword 
calling function not returning value, 66 
defining classes, 106 
for loop, 78 
module execution, 138, 139 
while loop, 79 

doc comments, 142—144 
compiler switch, 143 

Dock property, WinForms controls 
drawing tree, 190 

docked controls, WinForms, 190 
DockStyle enumeration, WinForms, 190 
documents 

XmlDocument class, 236 
XmlTextReader class, 236 
XmlTextWriter class, 237 
XPathDocument class, 237 

doNothing function, 44 
doNothingToAnInt function, 45 
dot notation 

adding functions to record/union types, 97 
DoubleClick event, Control class, 199 
downcast operator (:?>), 122 

implementing interfaces, 111 

downcasting, 121, 122 
downloading F#, 7 
downto keyword, for loop, 79 
DoWork event, BackgroundWorker, 267 
Draw member, Shape record type, 94 
drawing 2D images 

data structures language, 329 
Drawing namespace 

drawing WinForms, 186 
methods of Graphics class, 186—187 

drawLeaf function, 185 
drawTree function, 184 
drawTreeInner function, 185 
DrawXyz methods, Graphics class, 186, 187 
DrinkAmount union type, 99 
DSLs (domain-specific languages), 327 

Arg module, 328 
combinator library, 329 
data structure language implementation, 329—

336 
data structures as little languages, 327—329 
metaprogramming with quotations, 336—338 

DynamicMethod class, 342 
AST compilation vs. interpretation, 348 

�E 
E/e flags, Printf module, 169 
Elapsed event, Timer object, 86 
else keyword 

if ... then ... else expression, 35 
if expression (imperative use of), 77 

Emit namespace, Reflection, 342 
empty lists, 36 
encapsulation, 93 
encoding 

file using text encoding, 232 
Encoding class 

using parser, 360 
encryption, distributed applications, 292 
end keyword, 21 

explicit syntax for classes, 120 
modules, 130 

Enter event, Control class, 199 
Enter method, Monitor class, 261 
EntryPoint attribute, DllImport attribute, 390 
enum function, 157 
enumerating collections, 78 
enums, 126—127 

types marked with Flags attribute, 158 
equality operators, 154—155 
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escape codes, literals, 16 
Event module, 153, 172—174 

Add function, Publish property, 172 
creating and handling events, 172 
filter function, 173, 196 
map function, 174 
partition function, 173, 196 
Publish property, 172 
Trigger function, 172 
working with events in WinForms, 196 

events 
Control class, 198, 199 
creating and handling, 172 
exposing on interface of form, 201 
removing handlers from, 86 
WinForms and Event module, 196—199 
working with .NET events, 85—88 

exception keyword, 58 
exceptions, 58—60 

finally keyword, 59 
InvalidCastException, 122 
OCaml exceptions compared, 60 
raise keyword, 59 
try keyword, 59 
WrongSecond, 58, 59 

exclamation point (!) operator, 71, 72 
execCommand function, 240, 241 

data binding, 248, 249 
execution, modules, 138—140 
exists function, 161, 163 
Exists method, File class, 80 
Exit method, Monitor class, 261 
exp function, 156 
explicit fields 

classes with constructors and, 120—121 
Expr type, AST, 339 
Expression Blend, 202 
expression checking, 3 
expressions, 18 

object expressions, 100—104 
XPathExpression class, 237 

extern keyword 
interoperability, P/Invoke, 388 

�F 
f flag, Printf module, 169 
F# 

C# forms, using in, 193, 194, 195 
compiling, 10 
developing F# programs 

F# interactive (fsi.exe), 12 
SharpDevelop, 11 
Visual Studio, 10 

downloading, 7 
example uses of, 3, 4 
form designers, 191, 193—195 
hosting CLR, 395—397 
installing on Linux, 8—10 
installing on Windows with Visual Studio 

2008, 8 
introduction, 2—4 
.NET Base Class Library (BCL), 2 
obtaining, 7 
OCaml, 3 
types, 2 
users of, 3 
using from native code via COM,  

392—395 
using inline IL, 390—391 

F# compiler (fsc.exe) 
compiling F#, 10 
examples in this book, 4 
indicating compiler should compile, 13 
installing F# on Linux, 9 
optional compilation, 142 
using in this book, 13 

F# core library see FSharp.Core.dll 
F# interactive (fsi.exe) 

binding value to identifier, 13 
controlling 3D XAML scene interactively 

using, 214 
developing F# programs, 12 
displaying and interacting with 3D XAML 

scene, 212 
examples in this book, 4 
hosting WCF services, 321 
it identifier, 13 
module keyword, 130 
optional compilation, 142 
reflection, 160 
responding to commands, 13 
typing value into, 13 
using in this book, 13 
working with forms in fsi, 180 
working with .NET events, 88 

F# libraries 
calling from C#, 371—384 
creating to use from form, 193 
FSharp.Core.dll, 153—174 
FSharp.PowerPack.dll, 153, 174—178 
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F# power pack see FSharp.PowerPack.dll 
F# programming 

abstract classes, 118 
accessing base class, 114—115 
active patterns, 54—57 
array comprehensions, 76 
arrays, 73—76 
assigning values, 18 
calling static methods/properties from .NET 

libraries, 80—82 
casting, 121—123 
classes and inheritance, 112 
classes and static methods, 119—120 
classes with explicit fields and constructors, 

120—121 
comments, 142 
control flow, 35—36, 77—80 
custom attributes, 145—147 
defining classes, 105—108 
defining delegates, 125 
defining interfaces, 109 
doc comments, 142—144 
enums, 126—127 
exceptions, 58—60 
expressions, 18 
forcing use of begin/end/in, 21 
function application, 28—30 
functional programming (FP), 15—63 
functions, 17—18 
generics, 44 
identifiers, 18—26 

capturing, 24—25 
naming rules, 19 
scope of, 20—24 

 
if ... then ... else expression, 35—36 
imperative programming, 65—92 
implementing interfaces, 110—111 
inner functions, 23, 24 
lazy evaluation, 60—63 
#light declaration, 21 
lightweight syntax, 21 
list comprehensions, 40—43 
lists, 36—43 
literals, 15—17 
methods and inheritance, 113—114 
modules, 129—131 
mutable keyword, 67—70 
namespaces, 131—132 
object expressions, 100—104 

object-oriented programming, 93—127 
operators, 27—28 
optional compilation, 140—142 
optional parameters, 108—109 
overriding function members, 100 
overriding methods from non-F# libraries, 118 
partial application of functions, 30, 44 
pattern matching, 31—34 

over .NET types, 88—89 
pipe-forward operator (|>), 90—92 
private and internal let bindings, 136 
programming in functional style, 15 
properties and indexers, 115—117 
quoted code, 147—151 
records as objects, 94—97 
recursion, 26—27 
ref type, 71—72 
sequences, 40 
strict evaluation order, 60 
structs, 126 
type annotations for subtyping,  

123—125 
type definitions, 45—53 
type inference, 43 
type safety, 22 
type system, 43 
type tests, 123 
types, 43—53 

with members, 97—100 
unit type, 65—67 
units of measure, 57—58 
using .NET indexers, 84—85 
using .NET objects and instances,  

82—84 
whitespace sensitivity, 21 
working with .NET events, 85—88 

failwith function, 59 
fault tolerance 

distributed applications, 291 
fib function, 27 
Fibonacci calculator 

creating GUI for, 264 
form designers in F#, 193 

Fibonacci numbers, 26 
field definitions, record type, 47 
field values as functions, 49 
File class, 230 

OpenText method, 232 
ReadAllLines method, 231, 232 

measuring performance, 233, 234 
FileInfo class, 230 
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using .NET objects and instances, 82 
files 

opening file as text-file stream, 232 
FillXyz methods, Graphics class, 186, 187 
filter function, 161, 163 

Event module, 173, 196 
finally keyword 

handling exceptions with try keyword, 59 
find function, 161, 163 
findDavid function, 48 
findIndex function, 84 
FindIndex method, Array class, 84 
findMeshes function, WPF 3D, 207 
FindName method, XAML, 203 
findSequence function, 38 
Firebird database, 251 
FirebirdClient namespace, 251 
Flags attribute 

enum types marked with, 158 
flags, Printf module, 169 
float function, 157 
float type, 16 

 
float32 function, 157 
float32 type, 16 
floating-point arithmetic functions,  

155—157 
floor function, 156 
Flush method, StreamWriter, 303 
fold function, 161, 162 
Font object, creating, 187 
for keyword, list comprehensions, 41 
for loop, 78—79 

do keyword, 78 
downto keyword, 79 
enumerating collections, 78 
in keyword, 78 
increasing/decreasing values, 78 
to keyword, 78 

For method, Parallel class, 270 
forall function, 161, 163 
force function, Lazy module, 60 
ForEach method, Parallel class, 271 
form designers, 193—195 

Aurora, 202 
Expression Blend, 202 
WinForms controls, 191 

forms 
C# form calling F#, 193, 195 
creating ASP.NET web forms, 221—225 
creating in XAML, 202, 203 

using C# forms in F#, 194, 195 
WinForms, 179—202 

controls, 188—192 
creating Forms classes, 200—202 
docked controls, 190 
drawing WinForms, 180—188 
events, 196—199 
exposing events on interface of, 201 

WPF 3D, 208 
FP see functional programming 
FParsec library, 361—369 

|>> operator, 365, 366 
<|> operator, 366 
>>. operator, 364 
>>= operator, 365 
.>> operator, 364 
combining parsers, 364 

to choose between input types, 366 
combining results of parsers, 364 
creating parsers from predicates, 366 
functions creating parsers from predicates, 

367 
postfixing name with L (for label), 367 

functions for executing parsers, 362, 363 
language definition for examples, 354 
operator precedence, 369 
ParserResult discriminating union, 363 
pfloat parsers, 362 

combining, 365 
predefined parsers, 362 
preturn function, 365 
transforming results of parsers, 365 

fractals 
drawing Mandelbrot set, 175, 176, 178 

FromXyz methods, Color class, 187 
FromXyz methods, Image class, 187 
fs extension, compiling F#, 10 
fsc.exe see F# compiler 
FSharp modules 

Event, 153, 172—174 
Math, 175—178 
Operators, 153, 154—158 
Printf, 153, 169—172 
Reflection, 153, 158—160 
Seq, 153, 160—169 

FSharp.Compiler.CodeDom.dll, 342 
FSharp.Core.dll, 153—174 

Microsoft.FSharp.Collections.Seq module, 
153, 160—169 

Microsoft.FSharp.Control.Event module, 153, 
172—174 
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Add function, Publish property, 172 
creating and handling events, 172 
filter function, 173 
map function, 174 
partition function, 173 
trigger function, 172 

Microsoft.FSharp.Core.Operators module, 
153, 154—158 

arithmetic operators, 154 
conversion functions, 157 
equality operators, 154—155 
floating-point arithmetic functions, 155—157 
logical And/Or operators, 158 
tuple functions, 157 

Microsoft.FSharp.Reflection module, 153, 
158—160 

reflection over types, 158 
reflection over values, 159 

Microsoft.FSharp.Text.Printf module, 153, 
169, 172 

FSharp.PowerPack.dll, 153, 174—178 
Math namespace, 175—178 

fsi.exe see F# interactive 
fsl extension, 355 

F# compiler using .fsl files directly, 360 
fslex.exe tool, 354, 355—356 
FSLib modules, 160 
fsproj file 

creating web services, 312 
creating web site, ASP.NET, 218 

fst function, 157 
fsy extension, 357 

F# compiler using .fsy files directly, 360 
fsyacc.exe tool, 354, 357—359 

declarations of terminals in, 357 
language definition for examples, 354 
return the token declarations for, 355 

fun keyword, 17 
func function, 40 
function application, 28—30 

partial application of functions, 30, 44 
function keyword, pattern matching, 34 
function placeholders, Printf module, 171 
function types, 93 

records as objects, 94 
functional programming (FP), 1—4, 15—63 

active patterns, 54—57 
control flow, 35—36 
curried functions, 2 
exceptions, 58—60 
FP languages, 1 

function application, 28—30 
functions, 17—18 
identifiers, 18—26 
interoperability, 2 
lazy evaluation, 60—63 
list comprehensions, 40—43 
lists, 36—43 
literals, 15—17 
OCaml, 3 
operators, 27—28 
parallel programming, 259 
pattern matching, 31—34 
programming paradigms, 1 
recursion, 26—27 
scope of identifiers, 20—24 
types, 43—53 
units of measure, 57—58 

functions, 17—18 
adding to record/union types, 97, 99 
anonymous (lambda) functions, 17 
arguments, 17 
chaining together, 66, 91 
computing intermediate values within, 20 
conversion functions, 157 
creating parsers from predicates,  

366, 367 
curried functions, 2 
defining with name, 18 
discarding result value of, 66 
exposing as function parameters, 125, 374—376 
field values as, 49 
floating-point arithmetic functions, 155—157 
for executing parsers, 363 
functions not accepting or returning values, 

65 
identifiers referring to, 18 
inner functions, 23, 24 
interoperability, 371, 372—374 
partial application of, 30, 44, 383—384 
scope of identifiers within, 21 
sharing mutable values between, 72 
signature, 94 
tuple functions, 157 
turning into type unit, 66 
using value not defined at top level, 24 
what makes a function, 65 

functions, custom 
addFour, 30 
addOneAll, 39, 40 
alpherSeq, 41 
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asyncReadTextAndCont, 298, 299 
booleanToString, 32 
calculatePrefixFunction, 24 
concatList, 38 
connectNodes, 185 
cont (continuation), 298 
convertVolumeImperialPint, 50 
convertVolumeToLiter, 50 
convertVolumeUsPint, 50 
curLexeme, 355 
dec, 72 
divRemainder, 44 
doNothing, 44 
doNothingToAnInt, 45 
drawLeaf, 185 
drawTree, 184 
drawTreeInner, 185 
fib, 27 
findDavid, 48 
findSequence, 38 
getUrlAsXml, 303 
half, 44 
halfWay, 20 
harness, 273 
inc, 72 
innerFun, 23, 24 
isInMandelbrotSet, 175 
luc, 31 
makeCircle, 97 
makeMessage, 43 
makeNumberControl, 102 
makeSafeThread, 261 
makeShape, 94 
makeSquare, 97 
makeUnsafeThread, 261 
mapPlane, 176 
multiplesOfThree, 41 
myAnd, 34 
myOr, 34 
numericList, 41 
parseAndPrint, 364 
prefixFunction, 24 
printBinaryTreeValue, 52 
printMessage, 21 
printPoints, 284 
printTreeValues, 52 
raisePowerTwo, 18 
readFirstLine, 25 
recognizeType, 89 
revNumericSeq, 41 

runInGuiContext, 288 
show, 72 
squarePoints, 42 
star, 334 
stringToBoolean, 32 
subFour, 30 
testMap, 273 
totalArray, 71 

functions, list of 
abs, 156 
acos/asin/atan/atan2, 156 
cast, 161, 168 
ceil, 156 
check, 175 
choose, 161, 164 
concat, 161, 162 
cos/cosh, 156 
create (arrays), 75 
enum, 157 
exists, 161, 163 
exp, 156 
failwith, 59 
filter, 161, 163, 173 
find, 161, 163 
float/float32, 157 
floor, 156 
fold, 161, 162 
forall, 161, 163 
force, 60 
fst, 157 
func, 40 
generate, 167 
ignore, 67 
infinity, 156 
init/initInfinite, 161, 165 
int, 157 
interpret, 339 
iter, 161 
keyUp, 303 
lexbuf, 355 
lock, 261 
log/log10, 156 
many1Satisfy, 366, 367 
manyMinMaxSatisfy, 367 
manySatisfy, 367 
map, 40, 161, 174 
nan, 156 
partition, 173 
preturn, 365 
printf, 16 
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readFile, 277 
ResizeArray, 83 
rev, 38 
run/runParser, 363 
sin, 156 
sinh, 157 
skipMany1Satisfy, 367 
skipManySatisfy, 367 
snd, 157 
sqrt, 156 
sub, 30 
take, 62, 165 
tan/tanh, 157 
token, 360 
trigger, 172 
truncate, 157 
tryfind, 161, 163 
unfold, 61, 161, 166 

�G 
G/g flags, Printf module, 170 
garbage collection, structs, 126 
generate function, 167 

cleaning up resources, 242 
implementing execCommand, 240 

generating parser 
fsyacc.exe tool, 357—359 

generator function, 167 
Generic namespace, 93 
generics, 44 

using .NET objects and instances, 84 
Geometry tag, GeometryModel3D, WPF, 204 
GeometryModel3D control, WPF, 204 

Geometry tag, 204 
Material tag, 205 
MeshGeometry3D tag, 205 
Transform tag, 205 

get accessor, 115 
get method, property definition, 115, 116, 117 
GetCredential method 

overriding methods from non-F# libraries, 118 
GetCustomAttributes method, reflection, 146 
GetResponse method, WebResponse, 303 
GetState method, 112 
GetTupleElements function, FSharpType, 159 
GetTupleFields function, FSharpType, 159 
GetType method, reflection, 159 
getUrlAsXml function, 303 
GetValues method, Collector, 287, 288 
Google spreadsheets 

using HTTP with, 305—308 
Graphics class 

drawing WinForms, 180, 184, 186 
methods, 186—187 

GreetingService class 
building WCF service, 318 
hosting WCF services, 322 

GTK#, 215—217 
Application class methods, 215 
HBox widget, 215 
initializing GTK environment, 215 
introduction, 179 
Mono Project distribution, 179, 215 
VBox widget, 215 

GUI programming, 93, 263 
BackgroundWorker class, 264, 265, 267 
Fibonacci calculator, 264 

GUI thread, 264, 265 
message passing, 281, 288 

Guid attribute 
using F# from native code via COM, 392 

�H 
half function, 44 
halfWay function, 20 
handlers 

httpHandlers section, web.config, 218 
removing handlers from events, 86 
working with .NET events, 85 

harness function 
micro benchmarking, 273 

hash function, password parameter, 106 
HBox widget, GTK#, 215 
helloworld.fs file, compiling F#, 10 
Herbrich, Ralf, 3 
hex parser, FParsec, 362 
hexadecimal integers, 16 
HRESULT 

using F# from native code via COM, 393 
HScrollBar control, WinForms, 192 
HtmlControls namespace, 225 
HTTP, 292 

calling an RSS, 303 
getting server response to request, 303 
making HTTP request, 303 
using HTTP, 303—305 

asynchronously, 309—312 
HTTP POST, 308—309 
with Google spreadsheets, 305—308 

httpHandlers section, web.config 
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creating IHttpHandler interface, 218 
Hughes, John, 2 

�I 
i flag, Printf module, 169, 171 
IAbstractProperties interface, 116 
IBM.Data.DB2 namespace, 251 
IComparable interface, 102 
IComparer interface, 101 
Icon object, creating, 188 
ICredentials interface, 118 
identifiers, 18—26 

binding instance of class to, 82 
capturing, 24—25 
defining with changeable value, 67 
increasing/decreasing values, 78 
lazyList, 61 
modules, 129 
mutable identifiers, 67—70 
naming rules, 19 
ratio, 58 
redefining, 18, 67, 68 
referring to value or function, 18 
scope of, 20—24 

indentation creating, 20 
within modules, 137 

updating value of, 67 
IDisposable interface, 25 
IEnumerable interface, 40, 61, 160 
if ... then ... else expression, 35—36 
if expression (imperative use of), 77 

using multiple statements with, 78 
whitespace detecting end of, 77 

if keyword, 35, 77 
optional compilation, 140 

ignore function, 67 
IHttpHandler interface 

ASP.NET, 217, 218—221 
IsReusable property, 218 
ProcessRequest method, 218 

IIS (Internet Information Services) 
creating web services, 313 
creating web site, ASP.NET, 218 

IL (Intermediate Language), 342, 343 
interoperability using inline IL, 390—391 

ilasm.exe, 390 
Image class, 187 
images, drawing 2D, 329 
ImageServiceClient proxy 

hosting WCF services, 324 

immutability, lists, 37 
imperative (procedural) languages 

programming paradigms, 1, 2 
imperative programming, 65—92 

array comprehensions, 76—77 
arrays, 73—76 
calling static methods/properties from .NET 

libraries, 80—82 
control flow, 77—80 
mutable keyword, 67—69 
mutable record types, 69—70 
pattern matching over .NET types,  

88—89 
pipe-forward operator (|>), 90—92 
ref type, 71—72 
unit type, 65—67 
using .NET indexers, 84—85 
using .NET objects and instances,  

82—84 
working with .NET events, 85—88 

implementation inheritance, 93 
#import command 

using F# from native code via COM, 393 
in keyword, 21 

for loops, 78 
list comprehensions, 41 

inc function, 72 
incomplete active patterns see partial active 

patterns 
indentation 

see also whitespace 
identifier scope, 20 
use of tabs instead of spaces, 20 

indexers 
accessors, 115 
choosing name of indexer property, 117 
properties and, 115—117 
using .NET indexers, 84—85 

inequality operator, 154 
infinity function, 156 
infix operator, 27 
inherit keyword, 112 
inheritance, 93 

classes, 109, 112 
implementation inheritance, 93 
interface inheritance, 93 
methods, 113—114 
single inheritance, 112 

Inherits attribute, Page directive, 221 
init function, 161, 165 
Init method, Application class, GTK#, 215 
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initInfinite function, 161, 165 
inline IL, interoperability, 390—391 
inner functions, 23, 24 
innerFun function, 23, 24 
installing F# 

on Linux, 8—10 
on Windows with Visual Studio 2008, 8 

instances 
using .NET instances, 82—84 

int function, 157 
int/int16/int32/int64 types, 15, 16 
integers, hexadecimal/octal, 16 
IntelliSense, 3 
interactive see F# interactive 
INTERACTIVE symbol 

optional compilation, 142 
interface inheritance, 93 
interface keyword, 110 

object expressions, 101 
interface types, 93 
interfaces 

abstract classes compared, 118 
contract for classes implementing, 109 
defining, 109 
IHttpHandler, 217, 218—221 
implementing, 110—111 
interoperability, 383—384 
multiple-class inheritance, 109 

Intermediate Language (IL) code, 3 
intermediate values 

computing within function, 20 
internal keyword, 136 
interoperability 

avoiding functions returning tuples, 372 
avoiding returning F# lists, 380—381 
avoiding returning tuples, 374 
avoiding union types, 376—380 
calling F# libraries from C#, 371—384 
COM components, 385—386 
COM style APIs, 386—388 
curried functions, 383—384 
defining classes and interfaces, 383—384 
defining types in namespaces, 381—382 
form designers in F#, 193 
functional programming, 2 
functions with functions as parameters, 125, 

374—376 
hosting CLR, 395—397 
inline IL, 390—391 
P/Invoke, 388—390 
using F# from native code via COM, 392—395 

interpret function 
Abstract Syntax Tree (AST), 339 
AST compilation vs. interpretation, 345 

interpreter 
AST compilation vs. interpretation, 345—349 
data structures language, 332 
implementing for arithmetic-language, 338—

349 
metaprogramming with quotations, 336 

Invalidate method 
drawing WinForms, 181 
message passing, 284 

InvalidCastException, 122 
Invoke method, DynamicMethod, 348 
Invoke method, forms, 303 
IO namespace, 230—232 

using sequences with, 232—234 
IsDefined method, reflection, 146 
isInMandelbrotSet function, 175, 176 
isLetter predicate function, 366 
IsReusable property, IHttpHandler, 218 
IsTuple function, FSharpType, 159 
IsXyz methods 

union types, interoperability, 378 
it identifier, F# interactive, 13 
Item name 

choosing name of indexer property, 117 
Item property, indexers, 168 

using .NET indexers, 84 
iter function, 161, 242, 273 
IUser interface, 109, 110, 111 

�J 
jagged arrays, 74, 75 
JIT compiler, 347, 349 
Join function, Thread class, 260 

�K 
KeyPress event, Control class, 199 
KeyUp event, text box, 303 
keyUp function, 303 
keywords 

forcing use of begin/end/in, 21 
identifier naming rules, 19 
using as identifiers, 19 

keywords, list of 
abstract, 109, 113, 114 
and, 53 
async, 276 
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base, 114 
begin, 21 
default, 113, 114 
delegate, 125 
downto (for loop), 79 
else, 35 
end, 21, 120 
exception, 58 
extern, 388 
finally, 59 
for, 41, 78—79 
fun, 17 
function, 34 
if, 35, 77 
in, 21, 41 
inherit, 112 
interface, 101, 110 
internal, 136 
lazy, 60 
let, 18, 21 
match, 31 
Me, 99 
member, 98, 113 
module, 129, 130 
mutable, 67—70 
new, 106 
open, 132 
option, 108 
override, 100, 113 
parse, 355 
private, 136 
raise, 59 
ratio, 58 
rec, 26 
rule, 355 
static, 119 
struct, 126 
then, 35 
this, 99 
to (for loop), 78 
try, 59 
type, 46, 49 
use, 25—26 
val, 43, 120 
when, 32 
while, 79 
with, 31 
yield, 42 

 

�L 
Label control, WinForms, 191 
lambdas (anonymous functions), 17, 24 

binding to identifier, 18 
combining results of parsers, 365 
quoted code, 149 

language definition for parsing examples, 354 
Language-Integrated Query see LINQ 
language-oriented programming, 327—349 

Abstract Syntax Tree (AST), 339—349 
compilation vs. interpretation, 345—349 
compiling AST, 341—345 
interpreting AST, 339—341 

data structure language implementation, 329—
336 

data structures as little languages,  
327—329 

implementing compiler/interpreter for 
arithmetic-language, 338—349 

metaprogramming with quotations, 336—338 
parsing text, 351 

generating parser (fsyacc.exe), 357—359 
tokenizing text (fslex.exe), 355—356 
using parser, 359—361 

LanguagePrimitives module 
PhysicalEquality function, 155 

lazy collections, 61 
Fibonacci numbers, 193 
unfold function, 61 

lazy evaluation, 60—63 
lazy keyword, 60 

 
lazy loading files 

measuring performance, 233 
Lazy module 

force function, 60 
lazyList identifier, 61 
Leave event, Control class, 199 
left ASCII arrow see arrow left (<-) operator 
left declaration, fsyacc.exe, 358 
Left property, WinForms controls, 190 
let bang (let!) 

asynchronous workflows, 277 
let bindings/keyword, 18 

binding instance of class to identifier, 82 
binding object to a mutable let binding, 107 
binding regular expression to identifier, 355 
calling function not returning value, 66 
declaring values, 18 
defining classes, 106, 107 
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defining function with name, 18 
implicit syntax for classes, 120 
internal keyword, 136 
module execution, 139 
optional parameters, 109 
private keyword, 136 
scope and intermediate values, 20 
scope of identifiers within functions, 21 
using rec keyword with, 26 

lexbuf function, 355 
LexBuffer class 

using parser, 360, 361 
lexers 

creating, 355 
rules, 356 
using alone, 355 
using parser, 359—361 

lexing (tokenizing text), 355, 356 
libraries 

calling static methods/properties from .NET 
libraries, 80—82 

creating F# library to use from form, 193 
FParsec, 361—369 
FSharp.Core.dll, 153—174 
FSharp.PowerPack.dll, 174—178 
Mono.Cecil, 342 
overriding methods from non-F# libraries, 118 
using .NET indexers, 84—85 
using .NET objects and instances, 82—84 
Windows Presentation Foundation, 202 
working with .NET events, 85—88 

#light declaration, 21 
lightweight syntax, 21 
lines function 

data structures language, 331 
LinkLabel control, WinForms, 192 
LINQ (Language-Integrated Query), 254—255 

ParallelEnumerable class, 270, 271 
LINQ to XML, 255—258 

classes, 256 
Linux, installing F#, 8—10 
list comprehensions, loops, 41 
List class, length function 

message passing, 283 
ListBox control, WinForms, 192 

data binding, 245 
lists, 36—43 

adding items to, 36 
arrays compared, 73 
concatenating, 36 
concatList function, 38 

empty lists, 36 
immutability, 37 
interoperability, 380—381 
list comprehensions, 40—43 
list functions, 40 
mixing types, 36 
pattern matching against, 38—40 
rev function, 38 
square brackets ([]), 36 

literals, 15—17 
escape codes, 16 
hexadecimal integers, 16 
newline characters, 16 
octal integers, 16 

little languages see DSLs 
Load event, forms, 302 
local, capturing, 72 
lock function, 261 

makeSafeThread function, 262 
locks, 261 

concurrency, 263 
deadlocks, 263 

log/log10 functions, 156 
logical And/Or operators, 158 
logon function 

defining interfaces, 109 
LogonMessage method 

defining classes, 105 
defining interfaces, 109 
implementing interfaces, 111 

loops 
see also control flow 
chat application using TCP/IP sockets, 297 
for loop, 78—79 
list comprehensions, 41 
while loop, 79 

lower parser, FParsec, 362 
luc function, 31 

�M 
M flag, Printf module, 170 
machine.config file, 229 
Mail namespace, 225 
mailboxes 

message passing, 280, 281, 284, 287 
PostAndReply method, 288 
posting data to mailbox, 283 

stopping mailbox processor, 289 
MailboxProcessor class, 280, 281 
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chat application using TCP/IP sockets, 297, 
298 

PostAndReply method, 298 
Receive method, 281, 297 

makeCircle function, 97 
makeMessage function, 43 
makeNumberControl function, 102 
makeSafeThread function, 261 

lock function, 262 
makeShape function, 94 
makeSquare function, 97 
makeUnsafeThread function, 261 
managed wrappers 

COM interoperability, 385, 386 
Mandelbrot set, 175, 176, 178 
many1Satisfy function, 366, 367 
manyMinMaxSatisfy function, 367 
manySatisfy function, 367 
map function, 40, 161 

data structures language, 334 
Event module, 174 
PSeq module, 273, 274, 275 

mapPlane function, 176 
mapPositionsCenter function, planes, 208 
MaskedTextBox control, WinForms, 191 
match keyword, 31 
Material tag, GeometryModel3D, WPF, 205 
Math namespace, 175—178 
matrices, 73 
Matrix module, 175 
Me keyword, OO languages, 99 
Measure attribute, 57 
measure, units of, 57—58 
MeasureString method, Graphics, 187 
member keyword, 113 

creating static method, 119 
defining F# record/union type, 98 
implementing interfaces, 110 
object expressions, 100 
private and internal let bindings, 136 
property definition, 115 

members 
F# types with members, 97—100 
using .NET members, 82—84 

memory allocation 
processes and threads, 260 

meshes, 207, 208 
MeshGeometry3D tag, GeometryModel3D, 

WPF, 205 
message passing, 280—289 

buffering data, 283 

Collector class, 287 
cont (continuation) function, 298 
Invalidate method, 284 
length function, lists, 283 
mailboxes, 281, 284, 287 
MailboxProcessor class, 280, 281 
posting data to mailbox, 283 
printPoints function, 284 
reading messages, 298 

metadata 
creating web services, 312, 314 
using .NET libraries in F#, 80 

metaprogramming with quotations, 336—338 
methods 

defining classes, 105 
defining overridable, 114 
Graphics class, 186—187 
inheritance, 113—114 
overriding from non-F# libraries, 118 
static methods, 119—120 
using .NET libraries in F#, 80, 81 
using .NET objects and instances, 84 

micro benchmarking, 271, 273 
Microsoft CSharpCodeProvider, 342 
Microsoft.FSharp modules see FSharp modules 
module directive 

defining namespace without using, 132 
module keyword, 129, 130, 135 
modules, 129—131 

Event, 153, 172—174 
execution, 138—140 
FSLib, 160 
giving aliases to, 135 
keeping names unique across assemblies, 131 
making function/value definitions private to, 

135 
Math, 175—178 
naming submodules, 131 
nested modules, 130 
opening, 132—134 
Operators, 153, 154—158 
Printf, 153, 169—172 
PSeq, 271, 273, 274, 275 
Reflection, 153, 158—160 
scope, 137—138 
Seq, 153, 160—169 
signature files, 135 
types, interoperability of, 381—382 

Monitor class, 261 
monitors see locks 
Mono, 9 



� INDEX 

417 

Cecil library, 342 
developing F# programs, SharpDevelop, 11 
GTK#, 179, 215 
installing F# on Linux, 8—10 
interoperability, P/Invoke, 390 
WinForms, 179 

MonthCalander control, WinForms, 192 
MouseButton event, 196 
MouseDown event, 196 
MouseHover event, 199 
MouseXyz events, 199 
Move event, Control class, 199 
mscoree.lib 

using F# from native code via COM, 396 
MSDN library, 191 

Windows Presentation Foundation, 214 
multiplesOfThree function, 41 
mutable identifiers 

record type with single mutable field, 71—72 
scope of changes to, 68 
using with subfunctions, 68 

mutable keyword, 67—69 
binding object to a mutable let binding, 107 
defining mutable record types, 69—70 
explicit syntax for classes, 120 

mutable values 
sharing between functions, 72 

mutually recursive types, 53 
myAnd function, 34 
myOr function, 34 
MySqlClient namespace, 251 

�N 
namespace directive, 131 
Namespace property, WebServiceAttribute, 313 
namespaces, 131—132 

ASP.NET, 224 
Configuration, 227—230 
defining without using module directive, 132 
DerivedPatterns, 150 
interoperability of types, 381—382 
IO, 230—234 
Math, 175—178 
opening namespaces, 132—134 
Strangelights, 193 
using partially qualified names, 133 
Xml, 234—237 

nan function, 156 
native code 

using F# via COM from, 392—395 

native F# library see FSharp.Core.dll 
nativeint type, 16 
navigation 

XPathNavigator class, 237 
nested modules, 130 
.NET 

code-generation technologies, 342 
Cos function, 29 
creating desktop applications in, 179 
developing F# programs, SharpDevelop, 11 
F#, 2, 3 
form designers in F#, 193 
generics, 3 
network programming APIs, 292 
pattern matching over types, 88—89 
ToString method, 16 
tree type, 52 
TryParse method, 55 
web control, 221 

.NET interoperability see interoperability 

.NET libraries 
calling static methods/properties from, 80—82 
using .NET objects and instances, 82—84 
using indexers from, 84—85 
working with events from, 85—88 

.NET Framework 
COM interoperability, 385 
compiling AST into program, 341 

.NET Framework 3, 317 
NetFx3 WPF site, 214 
networking, 291—293 

creating web services, 312—317 
distributed applications, 291—326 
fault tolerance, 291 
.NET network programming APIs, 292 
scalability, 291 
security, 291 
TCP/IP sockets, 293—303 
using HTTP, 303—305 

asynchronously, 309—312 
HTTP POST, 308—309 
with Google spreadsheets, 305—308 

Windows Communication Foundation, 317—
321 

hosting WCF services, 321—326 
NetworkStream class, 293 
new keyword 

defining classes, 106 
explicit syntax for classes, 120 

newImgEvent event 
hosting WCF services, 323 
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newline characters, literals, 16 
nodes 

connectNodes function, 185 
XmlNode class, 236 
XmlNodeList class, 236 

Nodes collection 
TreeView object, WinForms, 188 

nonassoc declaration, fsyacc.exe, 358 
not operator 

exclamation point (!) operator and, 72 
Notations module, 175 
numericList function, 41 

�O 
o flag, Printf module, 169, 170, 171 
obj type, 44 
object expressions, 100 
object-oriented programming, 93—127 

abstract classes, 118 
accessing base class, 114—115 
casting, 121—123 
classes and static methods, 119—120 
classes with explicit fields and constructors, 

120—121 
classes, defining, 105—108 
delegates, defining, 125 
encapsulation, 93 
enums, 126—127 
F# types with members, 97—100 
inheritance, 93 

classes and, 112 
methods and, 113—114 

interfaces, defining, 109 
interfaces, implementing, 110—111 
object expressions, 100—104 
optional parameters, 108—109 
overriding methods from non-F# libraries, 118 
polymorphism, 93 
programming paradigms, 1, 2 
properties and indexers, 115, 117 
records as objects, 94—97 
structs, 126 
type annotations for subtyping,  

123—125 
type tests, 123 

object-relational mappers, 249 
objects 

records as, 94—97 
using .NET objects, 82—84 

Obsolete attribute, 145, 146 

OCaml 
BinaryTree type, 52 
comments for cross compilation, 144 
F#, 3 
parsing tools, 354 
scope and whitespace sensitivity, 21 

octal integers, 16 
Odbc namespace, 251 
of keyword, using with exceptions, 58 
OleDb namespace, 251 
OnClick attribute, LinkButton, 222 
OnPaint method, overriding, 103 
open directive, 129, 131, 132 
open keyword, 132 
open source 

installing F# on Linux, 8—10 
openConnectionReader function, 242 
opener function, 167 
OpenText method, File class, 232 
OperationContractAttribute 

building WCF service, 318 
OperatorPrecedenceParser class, 369 
operators, 27—28 

accessing ref type, 71 
address of (&&), 389 
And (&&&), 158 
arrow left (<-), 67, 73, 82 
ASCII arrow (->), 17, 31, 43, 44 
avoiding value overflow, 154 
binary operators, 28 
colon equals (:=), 71 
colon question mark (:?), 88 
comparison(> and <), 155 
defining, 28 
downcast(:?>), 111, 122 
equality(=), 154 
exclamation point (!), 71 
FParsec operators, 364, 365, 366 
inequality(<>), 154 
infix operator, 27 
not operations, 72 
Or (|||), 158 
overloading, 27 
pipe-forward (|>), 29, 90—92 
prefix operator, 27 
quotation (<@  @>), 147 
retrieve quotation (<@@  @@>), 150 
static methods providing, 120 
triple equals (===), 133 
unary operators, 28 
unchecked nature of, 154 
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upcast (:>), 121 
Operators module, 153, 154—158 

arithmetic operators, 154 
Checked, 154 
equality operators, 154—155 
logical And/Or operators, 158 
ReferenceEquals method, 154 

option keyword 
optional parameters, 108 

option type, 56, 61 
optional compilation, 140—142 
optional parameters, 108—109 
Or (|||) logical operator, 158 
Oracle.DataAccess.Client namespace, 251 
OracleConnection class, 250 
overloading operators, 27 
override keyword, 100, 113 
overriding 

defining methods, 114 
F# function members, 100 
methods available for, 100 
methods from non-F# libraries, 118 
object expressions, 103 

�P 
Page directive 

creating ASP.NET web forms, 221 
Paint event 

Control class, 199 
drawing WinForms, 180 

Panel control, WinForms, 192 
Parallel class 

data parallelism, 270 
For method, 270 
ForEach method, 271 

Parallel function, Async 
asynchronous workflows, 279 
making calls in parallel, 311 

parallel programming, 259—289 
asynchronous programming, 276—279 
data parallelism, 269—276 
functional programming, 259 
message passing, 280—289 
reactive programming, 263—269 
threads, 260—263 

ParallelEnumerable class, 270, 271 
parameterization, type, 44 
parameters 

DbParameter class, 250 
optional parameters, 108—109 

parse function, Arg module, 328 
parse keyword, 355 

lexer rules, 356 
parse_argv function, Arg module, 328 
parseAndPrint function, 364 
Parsec library, 361 
ParserResult discriminating union, 363 
parsers 

building argument parser, 328 
combining parsers, 364 

to choose between input types, 366 
combining results of, 364 
functions creating from predicates, 366, 367 
functions for executing, 363 
pfloat parser, FParsec, 362 
predefined parsers, FParsec, 362 
transforming results of, 365 
TryParse method, .NET, 55 

parsing text, 351—369 
comma separated values (CSV), 351—353 
FParsec library, 361—369 
generating parser (fsyacc.exe), 354, 357—359 
OperatorPrecedenceParser class, 369 
Parsec, 361 
tokenizing text (fslex.exe), 354, 355—356 
using parser, 359—361 

partial active patterns, 54, 55—57 
partial application of functions, 30, 44 

interoperability, 383—384 
partial functions, 30 
partially qualified names, using, 133 
partition function, Event module, 173, 196 
pascalsTriangle array, 75 
pass-forward operator see pipe-forward operator 
passwordHash parameter 

binding object to mutable let binding, 107 
passwords 

ChangePassword method, 106 
hash function, 106 

path property, httpHandlers, web.config, 218 
pattern matching, 31—34 

accessing fields in a record, 48 
against lists, 38—40 
chat application using TCP/IP sockets, 297 
combining two patterns into one, 32 
match keyword, 31 
over .NET types, 88—89 
using when guard in, 49 
vertical bar symbol (|), 31, 32 
when guard, 32 
wildcards, 32 
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with keyword, 31 
patterns 

active patterns, 54—57 
peer-to-peer applications, 291 
Pen object, creating, 188 
performance counters, 232 
Performance Monitor (perfmon.exe), 232 
PerformanceCounter class, 233 
peverify.exe tool, 391 
pfloat parser, FParsec, 362, 364 

combining pfloat parsers, 365 
PhysicalEquality function 

LanguagePrimitives module, 155 
pint32 parser, FParsec, 362 
P/Invoke, interoperability, 388—390 
pipe-forward operator (|>), 29, 90—92 
placeholders, Printf module, 169, 171 
planes 

adding flat plane to mesh object, 208 
changePositions function, 208, 213 
mapPositionsCenter function, 208 

Point record type, 98 
polymorphism, 93 
POST method 

using HTTP POST, 308—309 
Post method, mailboxes, 281, 283, 297 
PostAndReply method, 288, 298 
power pack see FSharp.PowerPack.dll 
precedence 

OperatorPrecedenceParser class, 369 
predicates 

functions creating parsers from, 366, 367 
prefix operator, 27 
prefixFunction function, 24 
preturn function, FParsec, 365 
Primary Interop Assemblies, 386, 386—388 
Primitive function, Async, 277 
primitive types, 154 

functions for converting between, 157 
printBinaryTreeValue function, 52 
printf function, 16 

A format pattern, 16 
reflection, 160 
using Printf flags/placeholders, 170, 171 

Printf module, 153, 169—172 
function placeholders, 171 
placeholders and flags, 169 

printfn function 
chaining functions returning unit, 66 
reflection over values, 159 
type inference, 90 

PrintingPermission attribute, 145 
printMessage function, 21 
printPoints function, 284 
PrintState method, 108 
printTreeValues function, 52 
private keyword, 136 
procedural programming see imperative 

programming 
processes, program execution, 260 
ProcessRequest method, IHttpHandler, 218 
programming, 2—4 

asynchronous programming, 276—279 
functional programming, 1—2, 15—63 
GUI programming, 263 
imperative programming, 65—92 
language developments, 1 
language-oriented programming,  

327—349 
object-oriented programming, 93—127 
parallel programming, 259—289 
reactive programming, 263—269 
server programming, 264 

programming paradigms 
early programming languages, 1 
F# integrating, 2 
functional programming, 1, 15 
imperative programming, 1, 2, 65 
object-oriented programming, 1, 2, 93 

ProgressBar control, WinForms, 192 
properties 

choosing name of indexer property, 117 
declaring abstract properties, 116 
indexers, 115—117 
using .NET libraries in F#, 80 

protocols 
description, 291 
HTTP, 303—312 
SOAP, 312 
TCP/IP sockets, 293—303 
WS-* protocols, 317 

providerName property, ConfigurationManager, 
228 

proxy .dll file, WCF, 319 
PSeq module, 271 

map function, 273, 274, 275 
Publish property, Event module, 172 

�Q 
question mark (?) prefix, 108 
Quit method, Application, GTK#, 215 
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quotation operator (<@  @>), 147 
quotations, metaprogramming with, 336—338 
quoted code (quotations), 147—151 

�R 
RadioButton control, WinForms, 192 
raise keyword, 59 
raisePowerTwo function, 18 
ratio identifier, 58 
reactive programming, 263—269 

disabling controls, 267 
GUI programming, 263 

ReadAllLines method, File class, 231, 232 
measuring performance, 233, 234 

readFile function, 277 
readFirstLine function, 25 
reading messages 

asyncReadTextAndCont function, 298 
ReadLine method, Console, 281 
ReadOnly attribute 

using .NET objects and instances, 83 
rec keyword, 26 
Receive method, MailboxProcessor, 281, 297 
ReceiveImage function, WCF, 323, 325 
recognizeType function 
record types, 45, 46—49 

accessing fields in a record, 48 
adding functions to, 97 
data binding, 247—248 
field definitions, 47 
mutable record types, 69—70 

with single mutable field, 71—72 
Point, 98 
representing XML tree in F#, 53 
Shape, 94 
type parameterization, 51 

records as objects, 94—97 
rectangular arrays, 74, 75 
recursion, 26—27 

base case, 27 
mutually recursive types, 53 
pattern matching against lists, 38—40 
recursive case, 27 
terminating recursive functions, 26 

recursive type definitions, 53 
ref type, 71—72 

operators accessing, 71 
ReferenceEquals method 

Operators module, 154 
referential equality, 154 

ReflectedDefinition attribute, 150 
reflection 

attributes, 146 
explicit syntax for classes, 120 
parsing CSV, 352 
reflection over types, 158 
reflection over values, 159 

Reflection API 
using .NET libraries in F#, 80 

Reflection module, 153, 158—160 
Reflection namespace, 158 
Reflection.Emit namespace, 342 
Reflector, COM interoperability, 386 
RegAsm.exe 

using F# from native code via COM, 393 
Remove operation 

chat application using TCP/IP sockets, 297 
RemoveHandler method, 86 
Reposition member, Shape record type, 94 
Request property 

creating IHttpHandler, 218 
Resize event 

Control class, 199 
drawing WinForms, 181 

ResizeArray function, 83 
Response property 

creating IHttpHandler, 218 
results, functions 

discarding result value of function, 66 
retrieve quotation operator (<@@  @@>), 150 
rev function, lists, 38 
revNumericSeq function, 41 
rhymeArray array, 73 
RichTextBox control, WinForms, 192 
right arrow see ASCII arrow (->) operator 
right declaration, fsyacc.exe, 358 
right-to-left type inference, 90 
RNAML schema 

creating web services, 315 
RowVector module, 175 
RSS, calling, 303 
rule keyword, 355 
rules 

comments within, 358 
declaration of terminals, 358 
lexers, 356 
parsing text, 359 
tokenizing text, 355 

Run function, Async 
making calls in parallel, 311 
using HTTP asynchronously, 311 
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run function, parsers, 362, 363 
Run method, Application class, GTK#, 215 
runInGuiContext function, 288 
runParser function, 363 
RunSynchronously function, Async, 277 
RunWorkerCompleted event, 

BackgroundWorker, 267 

�S 
s flag, Printf module, 169, 171 
sample downloads for this book, 13 
Sandcastle 

processing XML, 143 
sbyte type, 15 
scalability, distributed applications, 291 
scanner, 357 
schema 

XmlSchema class, 237 
scope 

identifiers, 20—24 
mutable identifiers, 68 
redefining identifiers, 68 
within functions, 21 

modules, 137—138 
OCaml, 21 

security 
building WCF service, 320 
distributed applications, 291 

SendMessage operation 
chat application using TCP/IP sockets, 297, 

298 
seq alias, 160 
Seq module, 153, 160—169 

generate function, 240 
iter function, 242 
ParallelEnumerable implementing functions, 

271 
take function, 62 

seq type, 40, 41 
lazy programming, 61 

sequences, 40 
measuring performance of lazy loading, 233 
representing nonterminating list, 62 
using with System.IO, 232—234 

serialization 
XmlSerializer class, 237 

server programming, 264 
Service attribute, WCF, 318 
service element, WCF, 318 
Service type, web services, 313 

ServiceContractAttribute, WCF, 318 
set accessor, 115 
set method, 115, 116, 117 
SetLastError attribute, DllImport attribute, 390 
Shape type 

records as objects, 94, 97 
shapes 

data structures language, 330 
DrawXyz methods, 186 
FillXyz methods, 186 

SharpDevelop 
developing F# programs, 11 

show function, 72 
Show method, Form class 

work with forms in fsi, 180 
Show method, WPF 3D, 213 
signature files, modules, 135 
signatures 

function signature, 94 
interoperability, classes, 383—384 
interoperability, P/Invoke, 389 

significant whitespace, 21 
sin function, 156 
single inheritance, 112 
sinh function, 157 
skipMany1Satisfy function, 367 
skipManySatisfy function, 367 
Split method, String 

parsing CSV, 352 
sln files, creating web services, 312 
snd function, 157 
sockets 

TCP/IP sockets, 293—303 
Sockets namespace, classes, 293 
SolidBrush object, creating, 188 
spaces parser, FParsec, 362 
spaces1 parser, FParsec, 362 
SpecificCall active pattern, 150 
Split method, String, 352 
spreadsheets 

using HTTP with Google spreadsheets, 305—
308 

SQL Server 
accessing database, 238 
connection strings, 237, 239 

SqlClient namespace, 251 
SqlCommand class, 239 
SqlConnection class, 250 
SqlDataReader class, 240 
sqrt function, 156 
square brackets ([]), lists, 36 
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square function 
data structures language, 331 

squarePoints function, 42 
stack 

garbage collection, 126 
IL (Intermediate Language), 343 
stack-based calculations, 336 

star function 
data structures language, 334 

start declaration, fsyacc.exe, 357 
Start function, Async 

chat application using TCP/IP sockets, 299 
Start method, Collector, 287 
Start method, Thread class, 260 
state 

GetState method, 112 
PrintState method, 108 

STAThread attribute, 146 
static keyword, 119 
static methods, classes and, 119—120 
static methods/properties 

calling from .NET libraries, 80—82 
Stop method, Collector, 287, 288 
Strangelights namespace, 193 
StreamReader class, 293 
StreamWriter class, 293 

chat application using TCP/IP sockets, 297 
Flush method, 303 

strict evaluation order, 60 
strict language, 60 
string type, 15 
stringToBoolean function, 32 
strong typing (type safety), 22, 43 
struct keyword, 126 
structs, 126 
structural equality operators, 154 
sub function, 30 
subFour function, 30 
subfunctions 

using mutable identifiers with, 68 
submodules, naming, 131 
subtyping 

type annotations for, 123—125 
sum types see union type 
svc files, WCF, 318 
SvcUtil.exe utility 

building WCF service, 319 
hosting WCF services, 324 

Swap function, Point record type, 98 
switch statement, C++/C#, 31 
Syme, Dr. Don, 3, 44 

SynchronizationContext, threads, 288 
System.CodeDom classes, 342 
System.Collections namespace, 93 
System.Collections.Generic namespace, 93 
System.Configuration namespace, 227—230 
System.Data ADO.NET classes, 250 
System.Data.Xyz namespaces, 251 
System.Drawing namespace, 186—187 
System.IO namespace, 230—232 

using sequences with, 232—234 
System.Net.Sockets namespace, 293 
System.Reflection.Emit namespace, 342 
System.Web namespaces, 225 
System.Xml namespace, 234—237 

�T 
t flag, Printf module, 170 
TabControl control, WinForms, 192 
Tag property 

union types, interoperability, 377 
take function, Seq module, 62, 165 
tan function, 157 
tanh function, 157 
TCP/IP sockets, 292, 293—303 

building chat application using, 293—303 
classes, 293 

TcpClient class, 293, 302 
TcpListener class, 293, 299 
terminals 

declarations in fsyacc.exe, 357 
test harness 

AST compilation vs. interpretation, 345 
testing 

harness function, 273 
testMap function, 273 
text 

parsing text, 351—369 
tokenizing, fslex.exe tool, 355—356 

Text class, Printf module, 153, 169—172 
TextBox control, WinForms, 191 

object expressions, 102 
TexturedBrush object, creating, 188 
then keyword 

if ... then ... else expression, 35 
this keyword, OO languages, 99 
Thread class, 260 
thread pools 

asynchronous workflows, 277 
threads, 260—263 

asynchronous workflows, 277 
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BackgroundWorker class, 264, 265, 267 
blocked threads, 260 

asynchronous programming, 276 
avoiding during IO, 276 

class executing code on, 208 
concurrency, 263 
context switching, 261, 263 
corrupting state of GUI objects, 264 
creating extra threads, 260 
data parallelism, 269 
dual/multiple processors, 263 
GUI thread, 264, 265 
let bang (let!), 277 
lock function, 261 
locking causing deadlocks, 263 
makeSafeThread function, 261 
makeUnsafeThread function, 261 
message passing, 281 
MSDN library, 263 
resources used, 276 
starting new thread, 260 
SynchronizationContext, 288 
tutorial, 263 

TlbImp.exe 
COM interoperability, 385, 386 

to keyword, for loop, 78 
token declaration, fsyacc.exe, 357 
token function, parser, 360 
tokenizing text (fslex.exe), 355—356 
tokens, 355, 360 
Top property, WinForms controls, 190 
Topmost property, WPF 3D, 213 
ToString method, .NET, 16 

overriding, 100 
totalArray function, 71 
TRACE switch 

optional compilation, 141 
Transform tag, GeometryModel3D, WPF, 205 
transforming data 

XSLT language, 234 
XslTransform class, 237 

tree type 
drawing WinForms, 182, 184 
types, 52 

TreeNode objects, WinForms, 188 
TreeView control, WinForms, 192 

drawing and viewing tree, 189—190 
Nodes collection, 188 
TreeNode objects, 188 
working with controls in WinForms, 188 

trigger function, Event module, 172 

Triggers tag, Viewport3D, WPF, 205 
triple equals (===) operator, 133 
truncate function, 157 
try ... with construct 

pattern matching over .NET types, 89 
try keyword 

handling exceptions, 59 
pattern matching over .NET types, 89 

tryfind function, 161, 163 
TryParse method, .NET, 55 
tuple functions, 157 
tuples, 45, 46 

argspec type, 328 
giving aliases to, 46 
interoperability, 372—374 
partial application of functions, 30 
pattern matching, 33, 34 
reflection over types, 158, 159 
reflection over values, 159 
turning into a single integer, 44 

Twitter, updating status in, 308 
type annotations, 45, 91 

data structures as little languages, 327 
derived type annotations, 124 
for subtyping, 123—125 
object expressions, 100 
optional parameters, 108 

type constraint, 45 
type declaration, fsyacc.exe, 357 
type definitions, 45—53 

recursive type definitions, 53 
with type parameters, 51—53 

type inference, 43 
right-to-left type inference, 90 

type keyword, 46 
defining classes, 105 
defining union type using, 49 
type parameterization, 51 
using and keyword with, 53 

type parameterization, 44 
arrays, 74 
creating/consuming instances of, 52 
multiple parameterized types, 52 
naming parameters, 52 
ref type, 71 
syntaxes for, 51 
type definitions with, 51—53 

type property, httpHandlers, web.config, 218 
type safety (strong typing), 22, 43 
type system, 43 
type tests, 123 
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types, 43—53 
changing identifier type, 67 
data structures as little languages, 327 
defining, 45—53 
F#, 2 
F# types with members, 97—100 
function types, 93 
interface types, 93 
interoperability of, 381—382 
jagged arrays, 76 
literals, table of, 15—16 
modules, 129 
pattern matching over .NET types, 88—89 
rectangular arrays, 76 
reflection over, 158 

types, list of 
array, 73—76 
bigint, 16 
bignum, 16 
BinaryTree, 52 
bool, 15 
byte, 15, 16 
byte array, 15 
char, 15 
float/float32, 16 
int/int16/int32/int64, 15, 16 
lists, 36 
nativeint, 16 
obj, 44 
option, 56, 61 
record, 46—49 
ref, 71—72 
sbyte, 15 
seq, 40, 41 
string, 15 
tree type, 52 
tuples, 46 
uint16/uint32/uint64, 16 
unativeint, 16 
union, 49—51 
unit, 65—67 
variable, 44 
XmlAttribute, 53 
XmlElement, 53 
XmlTree, 53 

�U 
u flag, Printf module, 169, 171 
uint16/uint32/uint64 types, 16 
unary operators, 28 

unativeint type, 16 
underscore (_) character 

identifier names, 19 
ignoring fields, 48 
ignoring value in tuple, 45 
replacing identifier in let expression, 67 
using in place of type parameter, 84 
wildcards, 32, 33 

unfold function, 61, 161, 166 
union type, 45, 49—51 

Abstract Syntax Tree (AST), 339 
adding functions to, 97, 99 
DrinkAmount, 99 
interoperability, 371, 376—380 
representing XML tree in F#, 53 
type parameterization, 51 

unit type, 65—67 
chaining functions returning, 66 
defining classes, 106 
turning function into, 66 

units of measure, 57—58 
unmanaged code 

COM classes, 387 
COM interoperability, 385—388 
using F# from native code via COM, 392—395 
using P/Invoke, 388—390 

upcast operator (:>), 121 
upcasting, 121, 122, 124 
Update event, Collector, 287, 288 
upper parser, FParsec, 362 
use keyword, 25—26 

database connection strings, 239 
User class 

implementing interfaces, 110, 111 
user interfaces 

ASP.NET, 217—225 
GTK#, 215—217 
IHttpHandler interface, 218—221 
Windows Presentation Foundation, 202—204 
Windows Presentation Foundation 3D, 204—

214 
WinForms, 179—202 

controls, 188—192 
creating Forms classes, 200—202 
drawing WinForms, 180—188 
events, 196—199 

using function, WCF, 319 

�V 
val keyword, 43 
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explicit syntax for classes, 120 
validate property, httpHandlers, web.config, 218 
Validating/Validated events, WinForms, 199 
value types, boxing, 122 
values 

assigning, 18 
avoiding value overflow, 154 
computing intermediate values in function, 20 
declaring, 18 
defining identifiers with changeable, 67 
discarding result value of function, 66 
identifiers, 18, 20 
increasing/decreasing, 78 
modules, 129 
reflection over, 159 
sharing mutable values between functions, 72 
what makes a function, 65 

variable type, 44 
 

variables 
identifiers, 18 

VBox widget, GTK#, 215 
Vector module, 175 
vectors, 73, 175 
verb property, httpHandlers, web.config, 218 
vertical bar symbol (|) 

pattern matching, 31, 32 
Viewport3D control, WPF, 204 

Camera element, 204 
finding meshes in, 207 
Triggers tag, 205 

Visible property, Form class, 180 
Visual Studio 

creating web services, 312, 313, 315 
developing F# programs, 10 
form designers in F#, 193, 195 
obtaining F#, 7 

Visual Studio 2008 
installing F# on Windows, 8 

VScrollBar control, WinForms, 192 

�W 
WCF see Windows Communication Foundation 
web controls, 221 
web forms, ASP.NET, 221—225 
Web namespace, 225 
web pages, ASP.NET, 217—225 

creating dynamic web pages, 221—225 
web server 

ASP.NET, 217 

creating web services, 312 
hosting WCF services, 322 

web services, 292 
creating web services, 312—317 

web.config file 
creating web services, 313 
hosting WCF services, 322 

web.config file, ASP.NET, 217 
creating IHttpHandler interface, 218, 220 
creating web forms, 221 
creating web site, IIS, 218 
httpHandlers section, 218 

WebBrowser control, WinForms, 192 
WebControls namespace, 225 
WebParts namespace, 225 
WebRequest class 

Create method, 303 
WebResponse class 

GetResponse method, 303 
WebService attribute, 315 
WebService class, 313 
WebServiceAttribute, 313 
when guard, pattern matching, 32, 49 
while loop, 79 
 
whitespace 

see also indentation 
detecting end of if expression, 77 
significant whitespace, 21 

whitespace sensitivity, 21 
widgets, GTK#, 215 
wildcards, pattern matching, 32 
Windows 

installing F#, Visual Studio 2008, 8 
Windows Communication Foundation, 292 

building WCF service, 317 
distributed applications, 317—321 
hosting WCF services, 321—326 
invoking dynamic WCF service, 323 

Windows Presentation Foundation, 202—204 
installing, 202 
introduction, 179 
MSDN library, 214 
NetFx3 WPF site, 214 

Windows Presentation Foundation 3D, 204—214 
createWindow function, 207 
displaying/interacting with 3D XAML scene, 

208 
findMeshes function, 207 
GeometryModel3D control, 204 
running inside fsi, 212 
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Viewport3D control, 204 
XAML definition of 3D scene, 206 

WinForms, 179—202 
controls, 188—192 

docked controls, 190 
form designers in F#, 191 
managing control layout explicitly, 190 
table of, 191—192 

creating Forms classes, 200—202 
drawing WinForms, 180—188 
Event module, 196—199 
events, exposing on interface of forms, 201 
form designers in F#, 193—195 
forms, creating libraries of, 200 
Mono, 179 

with keyword, 31 
defining record/union type with members, 98 
handling exceptions with try keyword, 59 
implementing interfaces, 110 
object expressions, 100, 101, 103 
 
property definition, 115, 116 
record type, 47 
try ... with construct, 89 

workflows, asynchronous, 276 
WPF see Windows Presentation Foundation 
wrappers 

COM interoperability, 385, 386 
GTK#, 215 
using .NET libraries in F#, 81 
using .NET objects and instances, 84 
working with .NET events, 86 

WriteAllBytes method, File class 
using .NET libraries in F#, 81 

WrongSecond exception, 58, 59 
wsdl.exe utility, 319 

�X 
X/x flags, Printf module, 169, 171 
XAML 

controlling 3D XAML scene interactively using 
fsi, 214 

creating form in, 202, 203 
definition of 3D scene, 206 
displaying and interacting with 3D XAML 

scene, 208 
Windows Presentation Foundation, 202 
Windows Presentation Foundation 3D, 204 

XContainer class, LINQ, 256 
XDocument class, LINQ, 256 

XDocumentType class, LINQ, 256 
XElement class, LINQ, 256 
XML 

creating web services, 314, 315, 317 
LINQ to XML, 255—258 
processing, 143 
System.Xml namespace, 234—237 

Xml namespace, 234—237 
classes, 236 

XML tree, representing in F#, 53 
XmlAttribute type 

representing XML tree in F#, 53 
XmlDocument class, 235, 236 
XmlElement type 

representing XML tree in F#, 53 
XmlNode class, 236 
XmlNodeList class, 236 
XmlSchema class, 237 
XmlSerializer class, 237 
XmlTextReader class, 236 
XmlTextWriter class, 237 
XmlTree type 

representing XML tree in F#, 53 
XName class, LINQ, 256 
XNode class, LINQ, 256 
XPath, 234 
XPathDocument class, 237 
XPathExpression class, 237 
XPathNavigator class, 237 
XProcessInstruction class, LINQ, 256 
XSD schemas, 234 

creating web services, 314 
xsd.exe command-line tool, 315 
XSLT language, 234 
XslTransform class, 237 
XText class, LINQ, 256 

�Y, Z 
yield keyword, 42 
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