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1 Welcome to Racket

Depending on how you look at it, Racket is

* aprogramming language—a dialect of Lisp and a descendant of Scheme;
* a family of programming languages—variants of Racket, and more; or

¢ aset of tools—for using a family of programming languages.

Where there is no room for confusion, we use simply Racket.

Racket’s main tools are

* racket, the core compiler, interpreter, and run-time system;
* DrRacket, the programming environment; and

* raco, a command-line tool for executing Racket commands that install packages,
build libraries, and more.

Most likely, you’ll want to explore the Racket language using DrRacket, especially at the
beginning. If you prefer, you can also work with the command-line racket interpreter and
your favorite text editor. The rest of this guide presents the language mostly independent of
your choice of editor.

If you’re using DrRacket, you’ll need to choose the proper language, because DrRacket
accommodates many different variants of Racket, as well as other languages. Assuming that
you’ve never used DrRacket before, start it up, type the line

#lang racket

in DrRacket’s top text area, and then click the Run button that’s above the text area. Dr-
Racket then understands that you mean to work in the normal variant of Racket (as opposed
to the smaller racket/base or many other possibilities).

If you’ve used DrRacket before with something other than a program that starts #lang,
DrRacket will remember the last language that you used, instead of inferring the language
from the #lang line. In that case, use the Language|Choose Language... menu item. In
the dialog that appears, select the first item, which tells DrRacket to use the language that is
declared in a source program via #lang. Put the #1ang line above in the top text area, still.
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1.1 Interacting with Racket

DrRacket’s bottom text area and the racket command-line program (when started with no
options) both act as a kind of calculator. You type a Racket expression, hit the Return key,
and the answer is printed. In the terminology of Racket, this kind of calculator is called a
read-eval-print loop or REPL.

A number by itself is an expression, and the answer is just the number:

> 5
5

A string is also an expression that evaluates to itself. A string is written with double quotes
at the start and end of the string:

> "Hello, world!"
"Hello, world!"

Racket uses parentheses to wrap larger expressions—almost any kind of expression, other
than simple constants. For example, a function call is written: open parenthesis, function
name, argument expression, and closing parenthesis. The following expression calls the
built-in function substring with the arguments "the boy out of the country", 4,
and 7:

> (substring "the boy out of the country" 4 7)
llboy"

1.2 Definitions and Interactions

You can define your own functions that work like substring by using the define form,
like this:

(define (extract str)
(substring str 4 7))

> (extract '"the boy out of the country")
llboy"
> (extract "the country out of the boy")
"CO'll"

Although you can evaluate the define form in the REPL, definitions are normally a part
of a program that you want to keep and use later. So, in DrRacket, you’d normally put the
definition in the top text area—called the definitions area—along with the #1lang prefix:

#lang racket
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(define (extract str)
(substring str 4 7))

If calling (extract "the boy") is part of the main action of your program, that would go
in the definitions area, too. But if it was just an example expression that you were using to
explore extract, then you’d more likely leave the definitions area as above, click Run, and
then evaluate (extract "the boy") in the REPL.

When using command-line racket instead of DrRacket, you’d save the above text in a file
using your favorite editor. If you save it as "extract.rkt", then after starting racket in
the same directory, you’d evaluate the following sequence:

> (enter! "extract.rkt")
> (extract '"the gal out of the city")
"gal"

The enter! form both loads the code and switches the evaluation context to the inside of
the module, just like DrRacket’s Run button.

1.3 Creating Executables

If your file (or definitions area in DrRacket) contains

#lang racket

(define (extract str)
(substring str 4 7))

(extract "the cat out of the bag")

then it is a complete program that prints “cat” when run. To package this program as an
executable, choose one of the following options:

* In DrRacket, you can select the Racket|Create Executable... menu item.

* From a command-line prompt, run raco exe (src-filename), where (src-filename)
contains the program. See §??? “[missing]” for more information.

* With Unix or Mac OS X, you can turn the program file into an executable script by
inserting the line
#! /usr/bin/env racket

at the very beginning of the file. Also, change the file permissions to executable using
chmod +x (filename) on the command line.
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The script works as long as racket is in the user’s executable search path. Alternately,
use a full path to racket after #! (with a space between #! and the path), in which
case the user’s executable search path does not matter.

1.4 A Note to Readers with Lisp/Scheme Experience

If you already know something about Racket or Lisp, you might be tempted to put just

(define (extract str)
(substring str 4 7))

into "extract.rktl" and run racket with

> (load "extract.rktl")
> (extract "the dog out")
"dogll

That will work, because racket is willing to imitate a traditional Lisp environment, but we
strongly recommend against using load or writing programs outside of a module.

Writing definitions outside of a module leads to bad error messages, bad performance, and
awkward scripting to combine and run programs. The problems are not specific to racket;
they’re fundamental limitations of the traditional top-level environment, which Scheme and
Lisp implementations have historically fought with ad hoc command-line flags, compiler
directives, and build tools. The module system is designed to avoid these problems, so start
with #lang, and you’ll be happier with Racket in the long run.
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2 Racket Essentials

This chapter provides a quick introduction to Racket as background for the rest of the guide.
Readers with some Racket experience can safely skip to §3 “Built-In Datatypes”.

2.1 Simple Values

Racket values include numbers, booleans, strings, and byte strings. In DrRacket and doc-
umentation examples (when you read the documentation in color), value expressions are
shown in green.

Numbers are written in the usual way, including fractions and imaginary numbers:

1 3.14
1/2 6.02e+23
1+2i 9999999999999999999999

Booleans are #t for true and #f for false. In conditionals, however, all non-#f values are
treated as true.

Strings are written between doublequotes. Within a string, backslash is an escaping char-
acter; for example, a backslash followed by a doublequote includes a literal doublequote in
the string. Except for an unescaped doublequote or backslash, any Unicode character can
appear in a string constant.

"Hello, world!"
"Benjamin \"Bugsy\" Siegel"
"Ax: (uo.a—a) .xx"

When a constant is evaluated in the REPL, it typically prints the same as its input syntax.
In some cases, the printed form is a normalized version of the input syntax. In documen-
tation and in DrRacket’s REPL, results are printed in blue instead of green to highlight the
difference between an input expression and a printed result.

Examples:
> 1.0000
1.0
> "Bugs \u0022Figaro\u0022 Bunny"
"Bugs \"Figaro\" Bunny"

2.2 Simple Definitions and Expressions

A program module is written as
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#lang (langname) (topform)*
where a (topform) is either a (definition) or an (expr). The REPL also evaluates (topform)s.

In syntax specifications, text with a gray background, such as #lang, represents literal text.
Whitespace must appear between such literals and nonterminals like (id), except that whites-
pace is not required before or after (, ), [, or J. A comment, which starts with ; and runs
until the end of the line, is treated the same as whitespace.

Following the usual conventions, * in a grammar means zero or more repetitions of the
preceding element, * means one or more repetitions of the preceding element, and {} groups
a sequence as an element for repetition.

2.2.1 Definitions

A definition of the form §4.5 “Definitions:
define” (later in

this guide) explains
more about
definitions.

( define (id) (expr) )
binds (id) to the result of {expr), while
( define ( (id) (id)* ) (expr)* )

binds the first (id) to a function (also called a procedure) that takes arguments as named by
the remaining (id)s. In the function case, the (expr)s are the body of the function. When the
function is called, it returns the result of the last (expr).

Examples:
(define pie 3) ; defines pie to be 3
(define (piece str) ; defines piece as a function
(substring str 0 pie)) ; of one argument
> pie
3
> (piece "key lime")
llkey”

Under the hood, a function definition is really the same as a non-function definition, and a
function name does not have to be used in a function call. A function is just another kind of
value, though the printed form is necessarily less complete than the printed form of a number
or string.

Examples:
> piece
#<procedure:piece>
> substring
#<procedure:substring>
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A function definition can include multiple expressions for the function’s body. In that case,
only the value of the last expression is returned when the function is called. The other
expressions are evaluated only for some side-effect, such as printing.

Examples:
(define (bake flavor)
(printf "pre-heating oven...\n")
(string-append flavor " pie"))
> (bake "apple")
pre-heating oven...
"apple pie"

Racket programmers prefer to avoid side-effects, so a definition usually has just one expres-
sion in its body. It’s important, though, to understand that multiple expressions are allowed
in a definition body, because it explains why the following nobake function fails to include
its argument in its result:

(define (nobake flavor)
string-append flavor "jello")

> (nobake "green")
llj elloll

Within nobake, there are no parentheses around string-append flavor "jello", so
they are three separate expressions instead of one function-call expression. The expressions
string-append and flavor are evaluated, but the results are never used. Instead, the result
of the function is just the result of the final expression, "jello".

2.2.2 An Aside on Indenting Code

Line breaks and indentation are not significant for parsing Racket programs, but most Racket
programmers use a standard set of conventions to make code more readable. For example,
the body of a definition is typically indented under the first line of the definition. Identifiers
are written immediately after an open parenthesis with no extra space, and closing parenthe-
ses never go on their own line.

DrRacket automatically indents according to the standard style when you type En-
ter in a program or REPL expression. For example, if you hit Enter after typing
(define (greet name), then DrRacket automatically inserts two spaces for the next line.
If you change a region of code, you can select it in DrRacket and hit Tab, and DrRacket will
re-indent the code (without inserting any line breaks). Editors like Emacs offer a Racket or
Scheme mode with similar indentation support.

Re-indenting not only makes the code easier to read, it gives you extra feedback that your
parentheses match in the way that you intended. For example, if you leave out a closing
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parenthesis after the last argument to a function, automatic indentation starts the next line
under the first argument, instead of under the define keyword:

(define (halfbake flavor
(string-append flavor " creme brulee")))

In this case, indentation helps highlight the mistake. In other cases, where the indentation
may be normal while an open parenthesis has no matching close parenthesis, both racket
and DrRacket use the source’s indentation to suggest where a parenthesis might be missing.

2.2.3 Identifiers

Racket’s syntax for identifiers is especially liberal. Excluding the special characters
NN negnlN

and except for the sequences of characters that make number constants, almost any sequence
of non-whitespace characters forms an (id). For example substring is an identifier. Also,
string-append and a+b are identifiers, as opposed to arithmetic expressions. Here are
several more examples:

+
Hfuhruhurr

integer?

pass/fail
john-jacob-jingleheimer-schmidt
a-b-c+1-2-3

2.2.4 Function Calls (Procedure Applications)

We have already seen many function calls, which are called procedure applications in more
traditional terminology. The syntax of a function call is

( (id) (expr)* )

where the number of (expr)s determines the number of arguments supplied to the function
named by (id).

The racket language pre-defines many function identifiers, such as substring and
string-append. More examples are below.

In example Racket code throughout the documentation, uses of pre-defined names are hy-
perlinked to the reference manual. So, you can click on an identifier to get full details about
its use.
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> (string-append "rope" "twine" "yarn") ;
"ropetwineyarn"

> (substring "corduroys" 0 4) ;
"cord"

> (string-length "shoelace") ;
8

> (string? "c’est ne pas une string") ;
#t

> (string? 1)

#f

> (sqrt 16) H
4

> (sqrt -16)

0+41i

(+12) ;

(-21) ;

V B, V WV

(<2 1) ;
#f

> (>=2 1)

#t

> (number? "c’est une number') ;
#f

> (number? 1)

#t

> (equal? 6 "half dozen") ;
#f

> (equal? 6 6)

#t

> (equal? "half dozen" "half dozen")

#t

2.2.5 Conditionals with if, and, or, and cond

The next simplest kind of expression is an if conditional:

( if (expr) (expr) (expr) )

append strings
extract a substring
get a string’s length

recognize strings

find a square root

add numbers

subtract numbers

compare numbers

recognize numbers

compare anything

§4.7 “Conditionals”
(later in this guide)

The first {expr) is always evaluated. If it produces a non-#f value, then the second (expr) is ~ €xplains more about

evaluated for the result of the whole if expression, otherwise the third {(expr) is evaluated

for the result.

Example:
> (if (> 2 3)
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”bigger "
"smaller")
"smaller"

(define (reply s)
(if (equal? "hello" (substring s 0 5))
Hhi!”
”huh?”))

> (reply "hello racket")
Ilhi!"

> (reply "Mx: (pa.a—a) .xx")
"huh?"

Complex conditionals can be formed by nesting if expressions. For example, you could
make the reply function work when given non-strings:

(define (reply s)
(if (string? s)
(if (equal? '"hello" (substring s 0 5))
"hit!"
"huh?")
"huh?"))

Instead of duplicating the "huh?" case, this function is better written as

(define (reply s)
(if (if (string? s)
(equal? "hello" (substring s 0 5))
#£)
”hi!”
”huh?”))

but these kinds of nested ifs are difficult to read. Racket provides more readable shortcuts
through the and and or forms, which work with any number of expressions:

( and (expr)* )
( or (expr)* )

The and form short-circuits: it stops and returns #f when an expression produces #f, other-
wise it keeps going. The or form similarly short-circuits when it encounters a true result.

Examples:
(define (reply s)
(if (and (string? s)
(>= (string-length s) 5)
(equal? "hello" (substring s 0 5)))
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”hi!ll
"huh'?"))
> (reply "hello racket")
llhi!"
> (reply 17)
"huh?"

Another common pattern of nested ifs involves a sequence of tests, each with its own result:

(define (reply-more s)
(if (equal? "hello" (substring s 0 5))
"hit"
(if (equal? "goodbye" (substring s 0 7))
Hbye!ll
(if (equal? "?" (substring s (- (string-length s) 1)))
"I don’t know"
"huh?"))))

The shorthand for a sequence of tests is the cond form:
( cond {[ (expr) {(expr)* 1}* )

A cond form contains a sequence of clauses between square brackets. In each clause, the
first (expr) is a test expression. If it produces true, then the clause’s remaining (expr)s are
evaluated, and the last one in the clause provides the answer for the entire cond expression;
the rest of the clauses are ignored. If the test {(expr) produces #£, then the clause’s remaining
(expr)s are ignored, and evaluation continues with the next clause. The last clause can use
else as a synonym for a #t test expression.

Using cond, the reply-more function can be more clearly written as follows:

(define (reply-more s)

(cond

[(equal? "hello" (substring s 0 5))
Hhi!ll]

[(equal? "goodbye" (substring s 0 7))
llbye!”]

[(equal? "7?" (substring s (- (string-length s) 1)))
"I don’t know"]
[else "huh?"]))

> (reply-more "hello racket")

"hi!"

> (reply-more "goodbye cruel world")

llbye!"

> (reply-more '"what is your favorite color?")
"I don’t know"
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> (reply-more "mine is lime green")
||huh?||

The use of square brackets for cond clauses is a convention. In Racket, parentheses and
square brackets are actually interchangable, as long as ( is matched with ) and [ is matched
with ]. Using square brackets in a few key places makes Racket code even more readable.

2.2.6 Function Calls, Again

In our earlier grammar of function calls, we oversimplified. The actual syntax of a function
call allows an arbitrary expression for the function, instead of just an (id):

( (expr) {expr)* )

The first (expr) is often an (id), such as string-append or +, but it can be anything that
evaluates to a function. For example, it can be a conditional expression:

(define (double v)
((if (string? v) string-append +) v v))

> (double "mnah")
"mnahmnah"

> (double 5)

10

Syntactically, the first expression in a function call could even be a number—but that leads
to an error, since a number is not a function.

> (1234
procedure application: expected procedure, given: I;
arguments were: 2 3 4

When you accidentally omit a function name or when you use parentheses around an expres-
sion, you’ll most often get an “expected a procedure” error like this one.

2.2.7 Anonymous Functions with 1ambda

Programming in Racket would be tedious if you had to name all of your numbers. Instead
of writing (+ 1 2), you’d have to write

(define a 1)
(define b 2)
(+ ab)

w VvV VvV Vv
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It turns out that having to name all your functions can be tedious, too. For example, you
might have a function twice that takes a function and an argument. Using twice is conve-
nient if you already have a name for the function, such as sqrt:

(define (twice f v)

£ (£ v)))

> (twice sqrt 16)
2

If you want to call a function that is not yet defined, you could define it, and then pass it to
twice:

(define (louder s)
(string-append s "!"))

> (twice louder "hello")
"hello!!"

But if the call to twice is the only place where louder is used, it’s a shame to have to
write a whole definition. In Racket, you can use a lambda expression to produce a function
directly. The lambda form is followed by identifiers for the function’s arguments, and then
the function’s body expressions:

( lambda ( {(id)* ) (expr)* )
Evaluating a 1ambda form by itself produces a function:

> (lambda (s) (string-append s "!"))
#<procedure>

Using lambda, the above call to twice can be re-written as

> (twice (lambda (s) (string-append s "!"))

"hello")

"hello!!"

> (twice (lambda (s) (string-append s "7!"))
"hello")

"hello?!7!"

Another use of 1ambda is as a result for a function that generates functions:

(define (make-add-suffix s2)
(lambda (s) (string-append s s2)))

> (twice (make-add-suffix "!") "hello")
"hello!!"
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> (twice (make-add-suffix "7!") "hello")
"hello7!7t"

> (twice (make-add-suffix "...'") "hello")
"hello...... "

Racket is a lexically scoped language, which means that s2 in the function returned by
make-add-suffix always refers to the argument for the call that created the function. In
other words, the 1ambda-generated function “remembers” the right s2:

> (define louder (make-add-suffix "!"))

> (define less-sure (make-add-suffix "?7'"))
> (twice less-sure "really")

"really??"

> (twice louder '"really'")

"really!!"

We have so far referred to definitions of the form (define (id) {(expr)) as “non-function
definitions.” This characterization is misleading, because the (expr) could be a lambda
form, in which case the definition is equivalent to using the “function” definition form. For
example, the following two definitions of louder are equivalent:

(define (louder s)
(string-append s "!"))

(define louder
(lambda (s)
(string-append s "!")))

> louder
#<procedure:louder>

Note that the expression for louder in the second case is an “anonymous” function written
with 1ambda, but, if possible, the compiler infers a name, anyway, to make printing and error
reporting as informative as possible.

2.2.8 Local Binding with define, let, and let*

It’s time to retract another simplification in our grammar of Racket. In the body of a function,
definitions can appear before the body expressions:

( define ( (id) (id)* ) (definition)* (expr)* )
( lambda ( (id)* ) (definition)* (expr)* )

Definitions at the start of a function body are local to the function body.
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Examples:
(define (converse s)

(define (starts? s2) ; local to converse
(define len2 (string-length s2)) ; local to starts?
(and (>= (string-length s) len2)

(equal? s2 (substring s 0 len2))))

(cond

[(starts? "hello") "hi!"]
[(starts? "goodbye") "bye!"]
[else "huh?"]))
> (converse "hello!")
Ilhi ! n
> (converse "urp")
llhuh?"
> starts? ; outside of converse, so...
reference to undefined identifier: starts?

Another way to create local bindings is the 1et form. An advantage of let is that it can
be used in any expression position. Also, let binds many identifiers at once, instead of

requiring a separate define for each identifier. §4.5.4 “Internal
Definitions” (later
( let ( {[ {id) {expr) 1}* ) {expr)* ) in this guide)

explains more about

Each binding clause is an (id) and a (expr) surrounded by square brackets, and the expres- Lot and lets.

sions after the clauses are the body of the let. In each clause, the (id) is bound to the result
of the (expr) for use in the body.

> (let ([x (random 4)]
[o (random 4)])
(cond
[(> x o) "X wins"]
[(> o x) "O wins"]
[else "cat’s game"]))
"0 wins"

The bindings of a 1et form are available only in the body of the let, so the binding clauses
cannot refer to each other. The let* form, in contrast, allows later clauses to use earlier

bindings:

> (let* ([x (random 4)]
[o (random 4)]
[diff (number->string (abs (- x 0)))])
(cond
[(> x o) (string-append "X wins by " diff)]
[(> o x) (string-append "O wins by " diff)]
[else "cat’s game"]))
"0 wins by 2"
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2.3 Lists, Iteration, and Recursion

Racket is a dialect of the language Lisp, whose name originally stood for “LISt Processor.”
The built-in list datatype remains a prominent feature of the language.

The 1ist function takes any number of values and returns a list containing the values:

> (list "red" "green" "blue")
7("red|l llgreen" "bluell)

> (list 1 2 3 4 5)

’(1 234 5)

A list usually prints
with ?, but the

As you can see, a list result prints in the REPL as a quote ? and then a pair of parentheses Pprinted form of a

wrapped around the printed form of the list elements. There’s an opportunity for confusion
here, because parentheses are used for both expressions, such as (list "red" "green"

list depends on its
content. See §3.8
“Pairs and Lists” for

"blue"), and printed results, such as ’ ("red" "green" "blue"). In addition to the more information.
quote, parentheses for results are printed in blue in the documentation and in DrRacket,

whereas parentheses for expressions are brown.

Many predefined functions operate on lists. Here are a few examples:

> (length (list "hop" "skip" "jump")) ;
3

> (list-ref (list "hop" "skip" "jump") 0) ;
"hopll

> (list-ref (list "hop" "skip" "jump") 1)
"skip"

> (append (list "hop" "skip") (1list "jump")) ;
>("hop" "skip" "jump")

> (reverse (list '"hop" "skip" "jump")) ;
’("jump" "Skip" "hOp")

> (member "fall" (list "hop" "skip" "jump")) ;
#f

2.3.1 Predefined List Loops

count the elements

extract by position

combine lists
reverse order

check for an element

In addition to simple operations like append, Racket includes functions that iterate over the
elements of a list. These iteration functions play a role similar to for in Java, Racket, and
other languages. The body of a Racket iteration is packaged into a function to be applied to
each element, so the lambda form becomes particularly handy in combination with iteration

functions.

Different list-iteration functions combine iteration results in different ways. The map func-

tion uses the per-element results to create a new list:
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> (map sqrt (list 1 4 9 16))
(12 3 4)
> (map (lambda (i)
(string-append i "!"))
(list "peanuts" "popcorn" "crackerjack"))
> ("peanuts!" "popcorn!" "crackerjack!")

"non

The andmap and ormap functions combine the results by anding or oring:

> (andmap string? (list "a" "b" "c"))

#t
> (andmap string? (list "a" "b" 6))
#f
> (ormap number? (list "a" "b" 6))
#t

The filter function keeps elements for which the body result is true, and discards elements
for which it is #£:

> (filter string? (list "a" "b" 6))
)(llall |lbll)

> (filter positive? (list 1 -2 6 7 0))
(16 7)

The map, andmap, ormap, and filter functions can all handle multiple lists, instead of just
a single list. The lists must all have the same length, and the given function must accept one
argument for each list:

> (map (lambda (s n) (substring s 0 n))
(list "peanuts" "popcorn" '"crackerjack")
(list 6 3 7))

> ("peanut" "pop" "cracker")

The foldl function generalizes some iteration functions. It uses the per-element function to
both process an element and combine it with the “current” value, so the per-element function
takes an extra first argument. Also, a starting “current” value must be provided before the
lists:

> (foldl (lambda (elem V)
(+ v (* elem elem)))
0
'(1 2 3))
14

Despite its generality, foldl is not as popular as the other functions. One reason is that map,
ormap, andmap, and filter cover the most common kinds of list loops.
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Racket provides a general list comprehension form for/1ist, which builds a list by iterating
through sequences. List comprehensions and related iteration forms are described in see §11
“Iterations and Comprehensions”.

2.3.2 List Iteration from Scratch

Although map and other iteration functions predefined, they are not primitive in any interest-
ing sense. You can write equivalent iterations using a handful of list primitives.

Since a Racket list is a linked list, the two core operations on a non-empty list are

e first: get the first thing in the list; and

* rest: get the rest of the list.

Examples:
> (first (list 1 2 3))
1
> (rest (list 1 2 3))
’(2 3)

To create a new node for a linked list—that is, to add to the front of the list—use the cons
function, which is short for “construct.” To get an empty list to start with, use the empty
constant:

> empty

70

> (cons "head" empty)

> ("head")

> (cons '"dead" (cons '"head" empty))
’("dead" "head")

To process a list, you need to be able to distinguish empty lists from non-empty lists, because
first and rest work only on non-empty lists. The empty? function detects empty lists,
and cons? detects non-empty lists:

> (empty? empty)

#t

> (empty? (cons '"head" empty))
#f

> (cons? empty)

#f

> (cons? (cons "head" empty))
#t
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With these pieces, you can write your own versions of the length function, map function,
and more.

Examples:
(define (my-length 1st)
(cond
[(empty? 1st) 0]
[else (+ 1 (my-length (rest 1lst)))]1))
(my-length empty)

>
0
> (my-length (list "a" "b" "c"))
3

(define (my-map f 1st)
(cond
[(empty? 1st) empty]
[else (cons (f (first 1lst))
(my-map f (rest 1st)))]1))

> (my-map string-upcase (list "ready" "set" '"go"))
)(UREADYU "QET" UGOH)

If the derivation of the above definitions is mysterious to you, consider reading [How fo
Design Programs. If you are merely suspicious of the use of recursive calls instead of a
looping construct, then read on.

2.3.3 Tail Recursion

Both the my-length and my-map functions run in O(n) time for a list of length n. This is
easy to see by imagining how (my-length (list "a" "b" "c'")) must evaluate:

(my-length (list "a" "b" "c"))
= (+ 1 (my-length (list "b" "c")))
= (+ 1 (+ 1 (my-length (1list "c"))))

= (+1 (+1 (+ 1 (my-length (list)))))
=11 HE10)))
= (+ 1 (+ 1 1))
= (+12)
=3
For a list with n elements, evaluation will stack up n (+ 1 ...) additions, and then finally

add them up when the list is exhausted.

You can avoid piling up additions by adding along the way. To accumulate a length this way,
we need a function that takes both a list and the length of the list seem so far; the code below
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uses a local function iter that accumulates the length in an argument len:

(define (my-length 1st)
; local function iter:
(define (iter 1lst len)
(cond

[(empty? 1st) len]

[else (iter (rest 1lst) (+ lem 1))1))
; body of my-length calls iter:
(iter 1st 0))

Now evaluation looks like this:

(my-length (1list "a" "b" "c"))
- (iter (1iSt ngn o npn "C”) 0)
(iter (1ist "b" "c") 1)
(iter (1list "c") 2)

(iter (list) 3)

The revised my-length runs in constant space, just as the evaluation steps above suggest.
That is, when the result of a function call, like (iter (1ist "b" "c") 1), is exactly the
result of some other function call, like (iter (1ist "c'") 2), then the first one doesn’t
have to wait around for the second one, because that takes up space for no good reason.

This evaluation behavior is sometimes called tail-call optimization, but it’s not merely an
“optimization” in Racket; it’s a guarantee about the way the code will run. More precisely, an
expression in tail position with respect to another expression does not take extra computation
space over the other expression.

In the case of my-map, O(n) space complexity is reasonable, since it has to generate a result
of size O(n). Nevertheless, you can reduce the constant factor by accumulating the result
list. The only catch is that the accumulated list will be backwards, so you’ll have to reverse
it at the very end:

(define (my-map f 1lst)
(define (iter lst backward-result)
(cond
[(empty? 1st) (reverse backward-result)]
[else (iter (rest 1st)
(cons (f (first 1st))
backward-result))]))

(iter 1lst empty))

It turns out that if you write

(define (my-map f 1lst)
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(for/list ([i 1stl)
(£ 1))

then the for/1list form in the function both is expanded to essentially the same code as the
iter local definition and use. The difference is merely syntactic convenience.

2.3.4 Recursion versus Iteration

The my-length and my-map examples demonstrate that iteration is just a special case of
recursion. In many languages, it’s important to try to fit as many computations as possible
into iteration form. Otherwise, performance will be bad, and moderately large inputs can
lead to stack overflow. Similarly, in Racket, it is sometimes important to make sure that tail
recursion is used to avoid O(n) space consumption when the computation is easily performed
in constant space.

At the same time, recursion does not lead to particularly bad performance in Racket, and
there is no such thing as stack overflow; you can run out of memory if a computation involves
too much context, but exhausting memory typically requires orders of magnitude deeper
recursion than would trigger a stack overflow in other languages. These considerations,
combined with the fact that tail-recursive programs automatically run the same as a loop,
lead Racket programmers to embrace recursive forms rather than avoid them.

Suppose, for example, that you want to remove consecutive duplicates from a list. While
such a function can be written as a loop that remembers the previous element for each itera-
tion, a Racket programmer would more likely just write the following:

(define (remove-dups 1)
(cond

[(empty? 1) empty]

[(empty? (rest 1)) 1]

[else

(let ([i (first 1)1)

(if (equal? i (first (rest 1)))

(remove-dups (rest 1))
(cons i (remove-dups (rest 1)))))1))

> (remove—dups (1iSt g npn npn R nen "C”))
;(uau np" "C")

In general, this function consumes O(n) space for an input list of length 7, but that’s fine,
since it produces an O(n) result. If the input list happens to be mostly consecutive duplicates,
then the resulting list can be much smaller than O(n)—and remove-dups will also use much
less than O(n) space! The reason is that when the function discards duplicates, it returns the
result of a remove-dups call directly, so the tail-call “optimization” kicks in:
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(remove_dups (1ist ||a|l llbll Ilbll llb‘l ”bll llbll))
— (cons ngn (remove—dups (1iSt "pN NpM npn npn "b")))

= (cons "a'" (remove-dups (list "b" "b" "b" "b")))
= (cons "a" (remove-dups (list "b" "b" "b")))

= (cons "a" (remove-dups (list "b" "b")))

= (cons "a" (remove-dups (list "b")))

= (cons "a" (list "b"))

- (1iSt ngn "b")

2.4 Pairs, Lists, and Racket Syntax

The cons function actually accepts any two values, not just a list for the second argument.
When the second argument is not empty and not itself produced by cons, the result prints in
a special way. The two values joined with cons are printed between parentheses, but with a
dot (i.e., a period surrounded by whitespace) in between:

> (cons 1 2)

(1. 2)
> (cons '"banana" '"split'")
>("banana" . "split")

Thus, a value produced by cons is not always a list. In general, the result of cons is a pair.
The more traditional name for the cons? function is pair?, and we’ll use the traditional
name from now on.

The name rest also makes less sense for non-list pairs; the more traditional names for
first and rest are car and cdr, respectively. (Granted, the traditional names are also
nonsense. Just remember that “a” comes before “d,” and cdr is pronounced ‘“‘could-er.”)

Examples:
(car (cons 1 2))

\4

(cdr (cons 1 2))

vV N V =

(pair? empty)

#f

> (pair? (comns 1 2))
#t

> (pair? (list 1 2 3))
#t

Racket’s pair datatype and its relation to lists is essentially a historical curiosity, along with
the dot notation for printing and the funny names car and cdr. Pairs are deeply wired into
to the culture, specification, and implementation of Racket, however, so they survive in the
language.

35



You are perhaps most likely to encounter a non-list pair when making a mistake, such as
accidentally reversing the arguments to cons:

> (cons (list 2 3) 1)

"((23) .1
> (cons 1 (1list 2 3))
’(1 2 3)

Non-list pairs are used intentionally, sometimes. For example, the make-hash function takes
a list of pairs, where the car of each pair is a key and the cdr is an arbitrary value.

The only thing more confusing to new Racketeers than non-list pairs is the printing conven-
tion for pairs where the second element is a pair, but is not a list:

> (cons 0 (cons 1 2))
(01 . 2)

In general, the rule for printing a pair is as follows: use the dot notation always, but if the dot
is immediately followed by an open parenthesis, then remove the dot, the open parenthesis,
and the matching close parenthesis. Thus, >(0 . (1 . 2)) becomes (0 1 . 2), and
(1. (2. (3. ())) becomes > (1 2 3).

2.4.1 Quoting Pairs and Symbols with quote

A list prints with a quote mark before it, but if an element of a list is itself a list, then no
quote mark is printed for the inner list:

> (list (list 1) (list 2 3) (list 4))
7((1) (@2 3) (@)

For nested lists, especially, the quote form lets you write a list as an expression in essentially
the same way that the list it prints:

> (quote ("red" "green" "blue"))
’("red" "green" "blue")

> (quote ((1) (2 3) (4)))

(1) (2 4) @)

> (quote ())

a0

The quote form works with the dot notation, too, whether the quoted form is normalized by
the dot-parenthesis elimination rule or not:

> (quote (1 . 2))
(1. 2)
> (quote (0 . (1 . 2)))
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O 1. 2)
Naturally, lists of any kind can be nested:

> (list (list 1 2 3) 5 (1list "a" "b" "c"))
;((1 2 3) 5 (nau np" "C"))

> (quote ((1 2 3) 5 (nau npn ”C")))

J((l 2 3) 5 (uau np" "C"))

If you wrap an identifier with quote, then you get output that looks like an identifier, but
with a ? prefix:

> (quote jane-doe)
’jane-doe

A value that prints like a quoted identifier is a symbol. In the same way that parenthesized
output should not be confused with expressions, a printed symbol should not be confused
with an identifier. In particular, the symbol (quote map) has nothing to do with the map
identifier or the predefined function that is bound to map, except that the symbol and the
identifier happen to be made up of the same letters.

Indeed, the intrinsic value of a symbol is nothing more than its character content. In this
sense, symbols and strings are almost the same thing, and the main difference is how they
print. The functions symbol->string and string->symbol convert between them.

Examples:
> map
#<procedure:map>
> (quote map)

‘map

> (symbol? (quote map))
#t

> (symbol? map)

#f

> (procedure? map)

#t

> (string->symbol "map")
‘map

> (symbol->string (quote map))
llmapll

In the same way that quote for a list automatically applies itself to nested lists, quote on a
parenthesized sequence of identifiers automatically applies itself to the identifiers to create
a list of symbols:

> (car (quote (road map)))
road
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> (symbol? (car (quote (road map))))
#t

When a symbol is inside a list that is printed with ?, the > on the symbol is omitted, since ’
is doing the job already:

> (quote (road map))
’ (road map)

The quote form has no effect on a literal expression such as a number or string:

> (quote 42)

42

> (quote "on the record")
"on the record"

2.4.2 Abbreviating quote with ’

As you may have guessed, you can abbreviate a use of quote by just putting ’ in front of a
form to quote:

> (12 3)

(12 3)

> ’road

’road

> )((1 2 3) road (nan np" ”C"))
)((1 2 3) road (uan np" "C"))

In the documentation, ’ within an expression is printed in green along with the form after
it, since the combination is an expression that is a constant. In DrRacket, only the ’ is
colored green. DrRacket is more precisely correct, because the meaning of quote can vary
depending on the context of an expression. In the documentation, however, we routinely
assume that standard bindings are in scope, and so we paint quoted forms in green for extra
clarity.

A ? expands to a quote form in quite a literal way. You can see this if you put a ? in front
of a form that has a ?:

> (car ’’road)

’quote

> (car ’(quote road))
’quote

The ’ abbreviation works in output as well as input. The REPL’s printer recognizes the

symbol ’quote as the first element of a two-element list when printing output, in which
case it uses ’ to print the output:
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> (quote (quote road))
Yroad

> ’(quote road)

YYroad

> ?’road

’’road

2.4.3 Lists and Racket Syntax

Now that you know the truth about pairs and lists, and now that you’ve seen quote, you’re
ready to understand the main way in which we have been simplifying Racket’s true syntax.

The syntax of Racket is not defined directly in terms of character streams. Instead, the syntax
is determined by two layers:

* a reader layer, which turns a sequence of characters into lists, symbols, and other
constants; and

* an expander layer, which processes the lists, symbols, and other constants to parse
them as an expression.

The rules for printing and reading go together. For example, a list is printed with parentheses,
and reading a pair of parentheses produces a list. Similarly, a non-list pair is printed with the
dot notation, and a dot on input effectively runs the dot-notation rules in reverse to obtain a
pair.

One consequence of the read layer for expressions is that you can use the dot notation in
expressions that are not quoted forms:

> (+ 1. (2)
3

This works because (+ 1 . (2)) is just another way of writing (+ 1 2). It is practically
never a good idea to write application expressions using this dot notation; it’s just a conse-
quence of the way Racket’s syntax is defined.

Normally, . is allowed by the reader only with a parenthesized sequence, and only before the
last element of the sequence. However, a pair of .s can also appear around a single element
in a parenthesized sequence, as long as the element is not first or last. Such a pair triggers a
reader conversion that moves the element between . s to the front of the list. The conversion
enables a kind of general infix notation:

> (1. <. 2)
#t
> (1 . <. 2)
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(<12)
This two-dot convention is non-traditional, and it has essentially nothing to do with the dot

notation for non-list pairs. Racket programmers use the infix convention sparingly—mostly
for asymmetric binary operators such as < and is-a?.
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3 Built-In Datatypes

The previous chapter introduced some of Racket’s built-in datatypes: numbers, booleans,
strings, lists, and procedures. This section provides a more complete coverage of the built-in
datatypes for simple forms of data.

3.1 Booleans

Racket has two distinguished constants to represent boolean values: #t for true and #f for
false. Uppercase #T and #F are parsed as the same values, but the lowercase forms are
preferred.

The boolean? procedure recognizes the two boolean constants. In the result of a test ex-
pression for if, cond, and, or, etc., however, any value other than #f counts as true.

Examples:

> (=2 (+1 1))
#t

> (boolean? #t)
#t

> (boolean? #f)
#t

> (boolean? '"no")
#f

> (if "no" 1 0)
1

3.2 Numbers

A Racket number is either exact or inexact:

e An exact number is either

— an arbitrarily large or small integer, such as 5, 99999999999999999, or -17;

— arational that is exactly the ratio of two arbitrarily small or large integers, such
as 1/2,99999999999999999/2, or -3/4; or

— acomplex number with exact real and imaginary parts (where the imaginary part
is not zero), such as 1+21i or 1/2+3/41.

¢ An inexact number is either
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— an IEEE floating-point representation of a number, such as 2.0 or 3.14e+87,
where the IEEE infinities and not-a-number are written +inf .0, -inf.0, and
+nan.0 (or -nan.0); or

— a complex number with real and imaginary parts that are IEEE floating-point
representations, such as 2.0+3.01 or -inf.0O+nan.01i; as a special case, an in-
exact complex number can have an exact zero real part with an inexact imaginary
part.

Inexact numbers print with a decimal point or exponent specifier, and exact numbers print as
integers and fractions. The same conventions apply for reading number constants, but #e or
#1 can prefix a number to force its parsing as an exact or inexact number. The prefixes #b,
#o, and #x specify binary, octal, and hexadecimal interpretation of digits.

Examples:
> 0.5
0.5
> #e0.5
1/2
> #x03BB
955

Computations that involve an inexact number produce inexact results, so that inexactness
acts as a kind of taint on numbers. Beware, however, that Racket offers no “inexact
booleans,” so computations that branch on the comparison of inexact numbers can nev-
ertheless produce exact results. The procedures exact->inexact and inexact->exact
convert between the two types of numbers.

Examples:
> (/ 12)
1/2
(/ 12.0
.5
(if (= 3.0 2.999) 1 2)

vV NV OV

(inexact->exact 0.1)
3602879701896397/36028797018963968

Inexact results are also produced by procedures such as sqrt, log, and sin when an exact
result would require representing real numbers that are not rational. Racket can represent
only rational numbers and complex numbers with rational parts.

Examples:
> (sin 0) ; ratiomal...
0
> (sin 1/2) ; not rational...
0.479425538604203
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In terms of performance, computations with small integers are typically the fastest, where
“small” means that the number fits into one bit less than the machine’s word-sized represen-
tation for signed numbers. Computation with very large exact integers or with non-integer
exact numbers can be much more expensive than computation with inexact numbers.

(define (sigma f a b)
(if (= a b)
0
(+ (f a) (sigma £ (+ a 1) b))))

> (time (round (sigma (lambda (x) (/ 1 x)) 1 2000)))
cpu time: 680 real time: 714 gc time: 316

8

> (time (round (sigma (lambda (x) (/ 1.0 x)) 1 2000)))
cpu time: O real time: 1 gc time: O

8.0

The number categories integer, rational, real (always rational), and complex are defined in
the usual way, and are recognized by the procedures integer?, rational?, real?, and
complex?, in addition to the generic number?. A few mathematical procedures accept only
real numbers, but most implement standard extensions to complex numbers.

Examples:
> (integer? 5)
#t
> (complex? 5)
#t
> (integer? 5.0)
#t
> (integer? 1+2i)
#f
> (complex? 1+2i)
#t
> (complex? 1.0+2.01i)
#t
> (abs -5)
5

> (abs -5+21i)

abs: expects argument of type <real number>; given -5+2i
> (sin -5+21)
3.6076607742131563+1.02880314965993351

The = procedure compares numbers for numerical equality. If it is given both inexact and
exact numbers to compare, it essentially converts the inexact numbers to exact before com-
paring. The eqv? (and therefore equal?) procedure, in contrast, compares numbers consid-
ering both exactness and numerical equality.
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Examples:

>(=11.0)
#t

> (eqv? 1 1.0)
#f

Beware of comparisons involving inexact numbers, which by their nature can have surprising
behavior. Even apparently simple inexact numbers may not mean what you think they mean;
for example, while a base-2 IEEE floating-point number can represent 1/2 exactly, it can
only approximate 1/10:

Examples:
> (= 1/2 0.5)
#t
> (= 1/10 0.1)
#f

> (inexact->exact 0.1)
3602879701896397/36028797018963968

3.3 Characters

A Racket character corresponds to a Unicode scalar value. Roughly, a scalar value is an
unsigned integer whose representation fits into 21 bits, and that maps to some notion of a
natural-language character or piece of a character. Technically, a scalar value is a simpler
notion than the concept called a “character” in the Unicode standard, but it’s an approxi-
mation that works well for many purposes. For example, any accented Roman letter can be
represented as a scalar value, as can any common Chinese character.

Although each Racket character corresponds to an integer, the character datatype is sepa-
rate from numbers. The char->integer and integer->char procedures convert between
scalar-value numbers and the corresponding character.

A printable character normally prints as #\ followed by the represented character. An un-
printable character normally prints as #\u followed by the scalar value as hexadecimal num-
ber. A few characters are printed specially; for example, the space and linefeed characters
print as #\space and #\newline, respectively.

Examples:
> (integer->char 65)
#\A
> (char->integer #\A)
65
> #\A
#\A
> #\u03BB
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#\A

> (integer->char 17)
#\u0011

> (char->integer #\space)
32

The display procedure directly writes a character to the current output port (see §8 “Input
and Output”), in contrast to the character-constant syntax used to print a character result.

Examples:
> #\A
#\A
> (display #\A)
A

Racket provides several classification and conversion procedures on characters. Beware,
however, that conversions on some Unicode characters work as a human would expect only
when they are in a string (e.g., upcasing “B” or downcasing “3”’).

Examples:
> (char-alphabetic? #\A)
#t
> (char-numeric? #\0)
#t
> (char-whitespace? #\newline)
#t
> (char-downcase #\A)
#\a
> (char-upcase #\R)
#\8

The char=7 procedure compares two or more characters, and char-ci=? compares char-
acters ignoring case. The eqv? and equal? procedures behave the same as char=7 on
characters; use char=7 when you want to more specifically declare that the values being
compared are characters.

Examples:
> (char=7 #\a #\A)
#f
> (char-ci=7 #\a #\A)
#t
> (eqv? #\a #\A)
#f

45

§77? “[missing]” in
§7?77 “[missing]”
provides more on
characters and
character
procedures.



3.4 Strings (Unicode)

A string is a fixed-length array of characters. It prints using doublequotes, where double-
quote and backslash characters within the string are escaped with backslashes. Other com-
mon string escapes are supported, including \n for a linefeed, \r for a carriage return, octal
escapes using \ followed by up to three octal digits, and hexadecimal escapes with \u (up to
four digits). Unprintable characters in a string are normally shown with \u when the string
is printed.

The display procedure directly writes the characters of a string to the current output port
(see §8 “Input and Output”), in contrast to the string-constant syntax used to print a string
result.

Examples:
> HAppleH
"Apple"
> "\uO3BB"
Il)\"
> (display '"Apple')
Apple
> (display "a \"quoted\" thing")
a "quoted" thing
> (display "two\nlines")
two
lines
> (display "\u03BB")
A

A string can be mutable or immutable; strings written directly as expressions are immutable,
but most other strings are mutable. The make-string procedure creates a mutable string
given a length and optional fill character. The string-ref procedure accesses a character
from a string (with O-based indexing); the string-set! procedure changes a character in a
mutable string.

Examples:
> (string-ref "Apple" 0)
#\A
> (define s (make-string 5 #\.))
> s

> (string-set! s 2 #\)\)
> s
ALY

String ordering and case operations are generally locale-independent; that is, they work
the same for all users. A few locale-dependent operations are provided that allow the way

46

§77? “[missing]” in
§7?77 “[missing]”
documents the fine
points of the syntax
of strings.



that strings are case-folded and sorted to depend on the end-user’s locale. If you’re sorting
strings, for example, use string<? or string-ci<? if the sort result should be consistent
across machines and users, but use string-locale<? or string-locale-ci<? if the sort
is purely to order strings for an end user.

Examples:
> (string<? "apple" "Banana')
#f
> (string-ci<? "apple" "Banana')
#t
> (string-upcase "StraBe")
"STRASSE"

> (parameterize ([current-locale "C"])
(string-locale-upcase "Strafe"))
"STRARE"

For working with plain ASCII, working with raw bytes, or encoding/decoding Unicode
strings as bytes, use byte strings.

3.5 Bytes and Byte Strings

A byte is an exact integer between O and 255, inclusive. The byte? predicate recognizes
numbers that represent bytes.

Examples:
> (byte? 0)
#t
> (byte? 256)
#f

A byte string is similar to a string—see §3.4 “Strings (Unicode)”—but its content is a se-
quence of bytes instead of characters. Byte strings can be used in applications that process
pure ASCII instead of Unicode text. The printed form of a byte string supports such uses
in particular, because a byte string prints like the ASCII decoding of the byte string, but
prefixed with a #. Unprintable ASCII characters or non-ASCII bytes in the byte string are
written with octal notation.

Examples:
> #"Apple"
#"Applell
> (bytes-ref #"Apple" 0)
65
> (make-bytes 3 65)
#"AAAII
> (define b (make-bytes 2 0))
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>b

#u\o\ou

> (bytes-set! b 0 1)
> (bytes-set! b 1 255)
>b

#"\1\377"

The display form of a byte string writes its raw bytes to the current output port (see §8
“Input and Output”). Technically, display of a normal (i.e,. character) string prints the
UTF-8 encoding of the string to the current output port, since output is ultimately defined in
terms of bytes; display of a byte string, however, writes the raw bytes with no encoding.
Along the same lines, when this documentation shows output, it technically shows the UTF-
8-decoded form of the output.

Examples:
> (display #"Apple')
Apple
> (display "\316\273") ; same as "I»"
I»
> (display #"\316\273") ; UTF-8 encoding of A
A

For explicitly converting between strings and byte strings, Racket supports three kinds of
encodings directly: UTF-8, Latin-1, and the current locale’s encoding. General facilities
for byte-to-byte conversions (especially to and from UTF-8) fill the gap to support arbitrary
string encodings.

Examples:

> (bytes->string/utf-8 #"\316\273")

ll)\ll

> (bytes->string/latin-1 #"\316\273")

Ili»ll

> (parameterize ([current-locale "C"]) ; C locale supports ASCIT,

(bytes->string/locale #"\316\273")) ; only, so...
bytes->string/locale: byte string is not a valid encoding
for the current locale: #"\316\273"
> (let ([cvt (bytes-open-converter '"cpl253" ; Greek code page
”UTF—8")]
[dest (make-bytes 2)])
(bytes-convert cvt #'"\353" 0 1 dest)
(bytes-close-converter cvt)
(bytes->string/utf-8 dest))

"AM §?7? “[missing]” in
§27? “[missing]”
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byte-string
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3.6 Symbols

A symbol is an atomic value that prints like an identifier preceded with ?. An expression that
starts with ? and continues with an identifier produces a symbol value.

Examples:
> ’a
‘a
> (symbol? ’a)
#t

For any sequence of characters, exactly one corresponding symbol is interned; calling the
string->symbol procedure, or reading a syntactic identifier, produces an interned symbol.
Since interned symbols can be cheaply compared with eq? (and thus eqv? or equal?), they
serves as a convenient values to use for tags and enumerations.

Symbols are case-sensitive. By using a #c1i prefix or in other ways, the reader can be made to
case-fold character sequences to arrive at a symbol, but the reader preserves case by default.

Examples:
> (eq? ’a ’a)
#t
> (eq? ’a (string->symbol "a"))
#t
> (eq? ’a ’b)
#f
> (eq? ’a ’A)
#f
> #ci’A
’a

Any string (i.e., any character sequence) can be supplied to string->symbol to obtain the
corresponding symbol. For reader input, any character can appear directly in an identifier,
except for whitespace and the following special characters:

B 1 T G, D

Actually, # is disallowed only at the beginning of a symbol, and then only if not followed by
%; otherwise, # is allowed, too. Also, . by itself is not a symbol.

Whitespace or special characters can be included in an identifier by quoting them with | or
\. These quoting mechanisms are used in the printed form of identifiers that contain special
characters or that might otherwise look like numbers.

Examples:

> (string->symbol "one, two')
’|one, twol
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> (string->symbol "6")
7161 §777 “[missing]” in
§77? “[missing]”
The write function prints a symbol without a * prefix. The display form of a symbol is documents the fine
the same as the corresponding string. points of the syntax

of symbols.

Examples:

> (write ’Apple)

Apple

> (display ’Apple)

Apple

> (write ’[61)

161

> (display ’[6])

6

The gensym and string->uninterned-symbol procedures generate fresh uninterned
symbols that are not equal (according to eq?) to any previously interned or uninterned sym-
bol. Uninterned symbols are useful as fresh tags that cannot be confused with any other
value.

Examples:

> (define s (gensym))

> s

) g42

> (eq? s ’g42)

> (eq? ’a (string->uninterned-symbol "a"))

#f §7?? “[missing]” in
§27? “[missing]”
provides more on
symbols.

3.7 Keywords

A keyword value is similar to a symbol (see §3.6 “Symbols”), but its printed form is prefixed

with #:. §?2? “[missing]” in
§27? “[missing]”
documents the fine

" points of the syntax
apple ) of keywords.

Examples:
> (string->keyword
‘#:apple
> ’#:apple
‘#:apple
> (eq? ’#:apple (string->keyword "apple"))
#t

"

More precisely, a keyword is analogous to an identifier; in the same way that an identifier
can be quoted to produce a symbol, a keyword can be quoted to produce a value. The
same term “keyword” is used in both cases, but we sometimes use keyword value to refer
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more specifically to the result of a quote-keyword expression or of string->keyword. An
unquoted keyword is not an expression, just as an unquoted identifier does not produce a
symbol:

Examples:
> not-a-symbol-expression
reference to undefined identifier: not-a-symbol-expression
> #:not-a-keyword-expression
eval:2:0: #%datum: keyword used as an expression in:
#:not-a-keyword-expression

Despite their similarities, keywords are used in a different way than identifiers or symbols.
Keywords are intended for use (unquoted) as special markers in argument lists and in certain
syntactic forms. For run-time flags and enumerations, use symbols instead of keywords. The
example below illustrates the distinct roles of keywords and symbols.

Examples:
> (define dir (find-system-path ’temp-dir)) ; not ’#:temp-dir
> (with-output-to-file (build-path dir "stuff.txt')
(lambda () (printf "example\n'"))
; optional #:mode argument can be ’text or ’binary
#:mode ’text
; optional #:exists argument can be ’replace, ’truncate,
#:exists ’replace)

3.8 Pairs and Lists

A pair joins two arbitrary values. The cons procedure constructs pairs, and the car and
cdr procedures extract the first and second elements of the pair, respectively. The pair?
predicate recognizes pairs.

Some pairs print by wrapping parentheses around the printed forms of the two pair elements,
putting a ? at the beginning and a . between the elements.

Examples:
> (cons 1 2)
‘(1. 2)
> (cons (coms 1 2) 3)
(1.2 .3
> (car (cons 1 2))
1
> (cdr (comns 1 2))
2
> (pair? (cons 1 2))
#t
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A list is a combination of pairs that creates a linked list. More precisely, a list is either the
empty list null, or it is a pair whose first element is a list element and whose second element
is a list. The 1ist? predicate recognizes lists. The null? predicate recognizes the empty
list.

A list normally prints as a > followed by a pair of parentheses wrapped around the list
elements.

Examples:
> null
0]
> (cons 0 (cons 1 (cons 2 null)))
’(0 1 2)
> (1ist? null)
#t
> (1ist? (cons 1 (cons 2 null)))
#t
> (1list? (cons 1 2))
#1f

A list or pair prints using list or cons when one of its elements cannot be written as
a quoted value. For example, a value constructed with srcloc cannot be written using
quote, and it prints using srcloc:

> (srcloc "file.rkt" 1 0 1 (+ 4 4))

(srcloc "file.rkt" 1 0 1 8)

> (list ’here (srcloc "file.rkt" 1 0 1 8) ’there)

(list ‘’here (srcloc "file.rkt" 1 0 1 8) ’there)

> (cons 1 (srcloc "file.rkt" 1 0 1 8))

(cons 1 (srcloc "file.rkt" 1 0 1 8))

> (cons 1 (cons 2 (srcloc "file.rkt" 1 0 1 8)))

(list* 1 2 (srcloc "file.rkt" 1 0 1 8)) See also 1istx.

As shown in the last example, 1ist* is used to abbreviate a series of conses that cannot be
abbreviated using list.

The write and display functions print a pair or list without a leading ’, cons, 1ist, or
list*. There is no difference between write and display for a pair or list, except as they
apply to elements of the list:

Examples:
> (write (coms 1 2))
1.2
> (display (cons 1 2))
1.2
> (write null)

0)
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> (display null)

0O

> (write (list 1 2 "3"))
(12 "3

> (display (list 1 2 "3"))
(12 3)

Among the most important predefined procedures on lists are those that iterate through the
list’s elements:

> (map (lambda (i) (/ 1 i))
7(1 2 3))
’(1 1/2 1/3)
> (andmap (lambda (i) (i . < . 3))

(12 3))

#f

> (ormap (lambda (i) (i . < . 3))
(12 3))

#t

> (filter (lambda (i) (i . < . 3))
(12 3))

(1 2)

> (foldl (lambda (v i) (+ v 1))
10
(12 3))

16

> (for-each (lambda (i) (display i))

(12 3))
123

> (member "Keys"
>("Florida" "Keys" "U.S.A."))
b ("Keys" "U.S.A. u)
> (assoc ’where
>((when "3:30") (where "Florida") (who "Mickey")))
> (where "Florida") §777 “[missing]” in
§77? “[missing]”
Pairs are immutable (contrary to Lisp tradition), and pair? and 1ist? recognize immutable Pprovides more on
pairs and lists, only. The mcons procedure creates a mutable pair, which works with set- P¥™ and lists.
mcar! and set-mcdr!, as well as mcar and mcdr. A mutable pair prints using mcons, while
write and display print mutable pairs with { and }:

Examples:
> (define p (mcons 1 2))
> p
(mcons 1 2)
> (pair? p)
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#f
> (mpair? p)

#t

> (set-mcar! p 0)
> Pp

(mcons 0 2)

> (write p)

{0 . 2}

3.9 Vectors

A vector is a fixed-length array of arbitrary values. Unlike a list, a vector supports constant-
time access and update of its elements.

A vector prints similar to a list—as a parenthesized sequence of its elements—but a vector
is prefixed with # after ?, or it uses vector if one of its elements cannot be expressed with
quote.

For a vector as an expression, an optional length can be supplied. Also, a vector as an
expression implicitly quotes the forms for its content, which means that identifiers and
parenthesized forms in a vector constant represent symbols and lists.

Examples:
> #("a" "b" "c")
#("a" "b" "c")
> #(name (that tune))
‘#(name (that tune))
> (vector-ref #("a" "b" "c") 1)
llblI
> (vector-ref #(name (that tune)) 1)
’ (that tune)

Like strings, a vector is either mutable or immutable, and vectors written directly as expres-
sions are immutable.

Vector can be converted to lists and vice versa via 1ist->vector and vector->1ist; such
conversions are particularly useful in combination with predefined procedures on lists. When
allocating extra lists seems too expensive, consider using looping forms like for/fold,
which recognize vectors as well as lists.

Example:
> (list->vector (map string-titlecase
(vector->list #("three" "blind" "mice'"))))
*#("Three" "Blind" "Mice")
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3.10 Hash Tables

A hash table implements a mapping from keys to values, where both keys and values can
be arbitrary Scheme values, and access and update to the table are normally constant-time
operations. Keys are compared using equal?, eqv?, or eq?, depending on whether the hash
table is created with make-hash, make-hasheqv, or make-hasheq.

Examples:
> (define ht (make-hash))
> (hash-set! ht "apple" ’(red round))
> (hash-set! ht "banana" ’(yellow long))
> (hash-ref ht "apple")
’(red round)
> (hash-ref ht "coconut")
hash-ref: no value found for key: "coconut"
> (hash-ref ht "coconut" "not there')
"not there"

The hash, hasheqv, and hasheq functions create immutable hash tables from an initial set
of keys and values, which each value is provided as an argument after its key. Immutable
hash tables can be extended with hash-set, which produces a new immutable hash table in
constant time.

Examples:
> (define ht (hash "apple" ’red "banana" ’yellow))
> (hash-ref ht "apple")
‘red
> (define ht2 (hash-set ht '"coconut" ’brown))
> (hash-ref ht "coconut')
hash-ref: no value found for key: "coconut"
> (hash-ref ht2 "coconut")
’brown

A literal immutable hash table can be written as an expression by using #hash (for an
equal?-based table), #hasheqv (for an eqv?-based table), or #hasheq (for an eq?-based
table). A parenthesized sequence must immediately follow #hash, #hasheq, or #hasheqv,
where each element is a sequence is a dotted key—value pair. The #hash, etc. forms implic-
itly quote their key and value sub-forms.

Examples:
> (define ht #hash(("apple" . red)
("banana" . yellow)))

> (hash-ref ht "apple")

‘red §77? “[missing]” in
§7?7 “[missing]”
documents the fine
points of the syntax
of hash table
literals.
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Both mutable and immutable hash tables print like immutable hash tables, using a quoted
#hash, #hasheqv, or #hasheq form if all keys and values can be expressed with quote or
using hash, hasheq, or hasheqv otherwise:

Examples:
> #hash(("apple" . red)
("banana" . yellow))
‘#hash (("apple" . red) ("banana" . yellow))
> (hash 1 (srcloc "file.rkt" 1 0 1 (+ 4 4)))
(hash 1 (srcloc "file.rkt" 1 0 1 8))

A mutable hash table can optionally retain its keys weakly, so each mapping is retained only
so long as the key is retained elsewhere.

Examples:
> (define ht (make-weak-hasheq))
> (hash-set! ht (gensym) "can you see me?")
> (collect-garbage)
> (hash-count ht)
0

Beware that even a weak hash table retains its values strongly, as long as the corresponding
key is accessible. This creates a catch-22 dependency when a value refers back to its key, so
that the mapping is retained permanently. To break the cycle, map the key to an ephemeron
that pairs the value with its key (in addition to the implicit pairing of the hash table).

Examples:
> (define ht (make-weak-hasheq))
> (let ([g (gensym)])
(hash-set! ht g (list g)))
> (collect-garbage)
> (hash-count ht)

> (define ht (make-weak-hasheq))

> (let ([g (gensym)])

(hash-set! ht g (make-ephemeron g (list g))))

> (collect-garbage)

(hash-count ht)
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3.11 Boxes hash-table
procedures.

\%

A box is like a single-element vector. It can print as a quoted #& followed by the printed form
of the boxed value. A #& form can also be used as an expression, but since the resulting box
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is constant, it has practically no use.

Examples:
> (define b (box "apple"))
> b
’#&llapple"
> (unbox b)
"apple"
> (set-box! b ’(banana boat))
>b
'#&(banana boat)

3.12 Void and Undefined

Some procedures or expression forms have no need for a result value. For example, the
display procedure is called only for the side-effect of writing output. In such cases the
result value is normally a special constant that prints as #<void>. When the result of an
expression is simply #<void>, the REPL does not print anything.

The void procedure takes any number of arguments and returns #<void>. (That is, the
identifier void is bound to a procedure that returns #<void>, instead of being bound directly
to #<void>.)

Examples:
> (void)
> (void 1 2 3)
> (list (void))
) (#<void>)

A constant that prints as #<undefined> is used as the result of a reference to a local binding
when the binding is not yet initialized. Such early references are not possible for bindings
that correspond to procedure arguments, let bindings, or let* bindings; early reference
requires a recursive binding context, such as letrec or local defines in a procedure body.
Also, early references to top-level and module-level bindings raise an exception, instead of
producing #<undefined>. For these reasons, #<undef ined> rarely appears.

(define (strange)
(define x x)

x)

> (strange)
#<undefined>

57

§777 “[missing]” in
§77? “[missing]”
provides more on
boxes and box
procedures.



4 Expressions and Definitions

The §2 “Racket Essentials” chapter introduced some of Racket’s syntactic forms: defini-
tions, procedure applications, conditionals, and so on. This section provides more details on
those forms, plus a few additional basic forms.

4.1 Notation

This chapter (and the rest of the documentation) uses a slightly different notation than the
character-based grammars of the §2 “Racket Essentials” chapter. The grammar for a use of
a syntactic form something is shown like this:

(something [id ...+] an-expr ...)

The italicized meta-variables in this specification, such as id and an-expr, use the syntax
of Racket identifiers, so an-expr is one meta-variable. A naming convention implicitly
defines the meaning of many meta-variables:

* A meta-variable that ends in id stands for an identifier, such as x or my-favorite-
martian.

* A meta-identifier that ends in keyword stands for a keyword, such as #:tag.

* A meta-identifier that ends with expr stands for any sub-form, and it will be parsed
as an expression.

* A meta-identifier that ends with body stands for any sub-form; it will be parsed as
either a local definition or an expression. A body can parse as a definition only if it
is not preceded by any expression, and the last body must be an expression; see also
§4.5.4 “Internal Definitions”.

Square brackets in the grammar indicate a parenthesized sequence of forms, where square
brackets are normally used (by convention). That is, square brackets do not mean optional
parts of the syntactic form.

A ... indicates zero or more repetitions of the preceding form, and ...+ indicates one
or more repetitions of the preceding datum. Otherwise, non-italicized identifiers stand for
themselves.

Based on the above grammar, then, here are a few conforming uses of something:

(something [x])
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(something [x] (+ 1 2))
(something [x my-favorite-martian x] (+ 1 2) #f)

Some syntactic-form specifications refer to meta-variables that are not implicitly defined
and not previously defined. Such meta-variables are defined after the main form, using a
BNF-like format for alternatives:

(something-else [thing ...+] an-expr ...)

thing = thing-id
| thing-keyword

The above example says that, within a something-else form, a thing is either an identifier
or a keyword.

4.2 Identifiers and Binding

The context of an expression determines the meaning of identifiers that appear in the expres-
sion. In particular, starting a module with the language racket, as in

#lang racket

means that, within the module, the identifiers described in this guide start with the meaning
described here: cons refers to the function that creates a pair, car refers to the function that
extracts the first element of a pair, and so on.

Forms like define, lambda, and let associate a meaning with one or more identifiers;
that is, they bind identifiers. The part of the program for which the binding applies is the
scope of the binding. The set of bindings in effect for a given expression is the expression’s
environment.

For example, in

#lang racket

(define f
(lambda (x)
(let (Ly 51)
(+ xy))))

(f 10)

the define is a binding of f, the 1ambda has a binding for x, and the let has a binding for
y. The scope of the binding for £ is the entire module; the scope of the x binding is (let
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(Ly 5]) (+ x y)); and the scope of the y binding is just (+ x y). The environment of
(+ x y) includes bindings for y, x, and £, as well as everything in racket.

A module-level define can bind only identifiers that are not already bound within the mod-
ule. For example, (define cons 1) is a syntax error in a racket module, since cons
is provided by racket. A local define or other binding forms, however, can give a new
local binding for an identifier that already has a binding; such a binding shadows the existing
binding.

Examples:
(define f
(lambda (append)
(define cons (append "ugly" "confusing"))
(let ([append ’this-was])
(1ist append cons))))
> (f 1list)
> (this-was ("ugly" "confusing"))

Even identifiers like define and lambda get their meanings from bindings, though they
have transformer bindings (which means that they indicate syntactic forms) instead of value
bindings. Since define has a transformer binding, the identifier def ine cannot be used by
itself to get a value. However, the normal binding for define can be shadowed.

Examples:
> define
eval:1:0: define: bad syntax in: define
> (let ([define 5]) define)
5

Shadowing standard bindings in this way is rarely a good idea, but the possibility is an
inherent part of Racket’s flexibility.

4.3 Function Calls (Procedure Applications)

An expression of the form

(proc-expr arg-expr ...)

is a function call—also known as a procedure application—when proc-expr is not an
identifier that is bound as a syntax transformer (such as if or define).
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4.3.1 Evaluation Order and Arity

A function call is evaluated by first evaluating the proc-expr and all arg-exprs in order
(left to right). Then, if proc-expr produces a function that accepts as many arguments as
supplied arg-exprs, the function is called. Otherwise, an exception is raised.

Examples:
> (cons 1 null)
7 (1)
> (+ 12 3)
6

> (cons 1 2 3)

cons: expects 2 arguments, given 3: 12 3

> (12 3)

procedure application: expected procedure, given: I;
arguments were: 2 3

Some functions, such as cons, accept a fixed number of arguments. Some functions, such
as + or list, accept any number of arguments. Some functions accept a range of argument
counts; for example substring accepts either two or three arguments. A function’s arity is
the number of arguments that it accepts.

4.3.2 Keyword Arguments

Some functions accept keyword arguments in addition to by-position arguments. For that
case, an arg can be an arg-keyword arg-expr sequence instead of just a arg-expr:

(proc-expr arg ...)
arg = arg-expr
| arg-keyword arg-expr
For example,
(go "super.ss" #:mode ’fast)

calls the function bound to go with "super.ss" as a by-position argument, and with ’fast
as an argument associated with the #:mode keyword. A keyword is implicitly paired with
the expression that follows it.

Since a keyword by itself is not an expression, then

(go "super.ss" #:mode #:fast)
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is a syntax error. The #:mode keyword must be followed by an expression to produce an
argument value, and #:fast is not an expression.

The order of keyword args determines the order in which arg-exprs are evaluated, but a
function accepts keyword arguments independent of their position in the argument list. The
above call to go can be equivalently written

(go #:mode ’fast "super.ss")

4.3.3 The apply Function

The syntax for function calls supports any number of arguments, but a specific call always
specifies a fixed number of arguments. As a result, a function that takes a list of arguments
cannot directly apply a function like + to all of the items in the list:

(define (avg 1lst) ; doesn’t work...
(/ (+ 1st) (length 1st)))

> (avg (1 2 3))
+: expects argument of type <number>; given (1 2 3)

(define (avg 1lst) ; doesn’t always work...
(/ (+ (list-ref 1st 0) (list-ref 1lst 1) (list-ref 1lst 2))
(length 1st)))

> (avg ’(1 2 3))

2

> (avg ’(1 2))

list-ref: index 2 too large for list: (1 2)

The apply function offers a way around this restriction. It takes a function and a list argu-
ments, and it applies the function to the arguments:

(define (avg lst)
(/ (apply + 1st) (length 1st)))

> (avg (1 2 3))
2

> (avg ’(1 2))
3/2

> (avg (1 2 3 4))
5/2

As a convenience, the apply function accepts additional arguments between the function
and the list. The additional arguments are effectively consed onto the argument list:
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(define (anti-sum 1lst)
(apply - 0 1st))

> (anti-sum ’(1 2 3))
-6

The apply function supports only by-position arguments. To apply a function with keyword
arguments, use the keyword-apply function, which accepts a function to apply and three
lists. The first two lists are in parallel, where the first list contains keywords (sorted by
keyword<), and the second list contains a corresponding argument for each keyword. The
third list contains by-position function arguments, as for apply.

(keyword-apply go
> (#:mode)
’ (fast)
> ("super.ss"))

4.4 Functions (Procedures): 1ambda

A lambda expression creates a function. In the simplest case, a lambda expression has the
form

(lambda (arg-id ...)
body ...+)
A lambda form with n arg-ids accepts n arguments:

> ((lambda (x) x)
1)

\2

((lambda (x y) (+ x y))
12)

\4

((lambda (x y) (+ x y))
1)
#<procedure>: expects 2 arguments, given 1: 1

4.4.1 Declaring a Rest Argument

A lambda expression can also have the form
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(lambda rest-id
body ...+)

That is, a lambda expression can have a single rest-id that is not surrounded by parenthe-
ses. The resulting function accepts any number of arguments, and the arguments are put into
a list bound to rest-id.

Examples:

> ((lambda x x)
12 3)

(1 2 3)

> ((lambda x x))

0]

> ((lambda x (car x))
12 3)

1

Functions with a rest-id often use apply to call another function that accepts any number
of arguments.

Examples:

(define max-mag
(lambda nums

(apply max (map magnitude nums))))
(max 1 -2 0)

(max-mag 1 -2 0)

NV =V

The lambda form also supports required arguments combined with a rest-id:

(lambda (arg-id ...+ . rest-id)
body ...+)

The result of this form is a function that requires at least as many arguments as arg-ids,
and also accepts any number of additional arguments.

Examples:
(define max-mag
(lambda (num . nums)
(apply max (map magnitude (cons num nums)))))
> (max-mag 1 -2 0)
2
> (max-mag)
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procedure max-mag: expects at least 1 argument, given 0

A rest-id variable is sometimes called a rest argument, because it accepts the “rest” of the
function arguments.

4.4.2 Declaring Optional Arguments

Instead of just an identifier, an argument (other than a rest argument) in a 1ambda form can
be specified with an identifier and a default value:

(lambda gen-formals

body ...+)
gen-formals = (arg ...)
| rest-id
| (arg ...+ . rest-id)

arg = arg-id
| [arg-id default-expr]

A argument of the form [arg-id default-expr] is optional. When the argument is not
supplied in an application, default-expr produces the default value. The default-expr
can refer to any preceding arg-id, and every following arg-id must have a default as well.

Examples:
(define greet
(lambda (given [surname "Smith"])
(string-append "Hello, " given " " surname)))
> (greet "John")
"Hello, John Smith"
> (greet "John" "Doe")
"Hello, John Doe"

(define greet
(lambda (given [surname (if (equal? given "John'")

”Doe”
"Smith")])
(string-append "Hello, " given " " surname)))

> (greet "John")
"Hello, John Doe"
> (greet "Adam")
"Hello, Adam Smith"
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4.4.3 Declaring Keyword Arguments

A lambda form can declare an argument to be passed by keyword, instead of position.
Keyword arguments can be mixed with by-position arguments, and default-value expressions

can be supplied for either kind of argument: §4.3.2 “Keyword
Arguments”
introduces function
calls with
(lambda gen-formals keywords.
body ...+)
gen-formals = (arg ...)
| rest-id
| (arg ...+ . rest-id)
arg arg-id

| [arg-id default-expr]
| arg-keyword arg-id
| arg-keyword [arg-id default-expr]

An argument specified as arg-keyword arg-id is supplied by an application using the
same arg-keyword. The position of the keyword—identifier pair in the argument list does
not matter for matching with arguments in an application, because it will be matched to an
argument value by keyword instead of by position.

(define greet
(lambda (given #:last surname)
(string-append "Hello, " given " " surname)))

> (greet "John" #:last "Smith")
"Hello, John Smith"

> (greet #:last "Doe" "John")
"Hello, John Doe"

An arg-keyword [arg-id default-expr] argument specifies a keyword-based argu-
ment with a default value.

Examples:
(define greet
(lambda (#:hi [hi "Hello"] given #:last [surname "Smith"])
(string-append hi ", " given " " surname)))
> (greet "John")
"Hello, John Smith"
> (greet "Karl" #:last "Marx")
"Hello, Karl Marx"
> (greet "John" #:hi "Howdy")
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"Howdy, John Smith"
> (greet "Karl" #:last "Marx" #:hi "Guten Tag")
"Guten Tag, Karl Marx"

The lambda form does not directly support the creation of a function that accepts “rest”
keywords. To construct a function that accepts all keyword arguments, use make-keyword-
procedure. The function supplied to make-keyword-procedure receives keyword argu-
ments through parallel lists in the first two (by-position) arguments, and then all by-position
arguments from an application as the remaining by-position arguments.

Examples:
(define (trace-wrap f)
(make-keyword-procedure
(lambda (kws kw-args . rest)
(printf "Called with ~s ~s ~s\n" kws kw-args rest)
(keyword-apply f kws kw-args rest))))
> ((trace-wrap greet) "John" #:hi "Howdy")
Called with (#:hi) ("Howdy") ("John")
"Howdy, John Smith"

4.4.4 Arity-Sensitive Functions: case-lambda

The case-lambda form creates a function that can have completely different behaviors
depending on the number of arguments that are supplied. A case-lambda expression has the
form

(case-lambda
[formals body ...+]

)
formals = (arg-id )
| rest-id
| (arg-id ...+ . rest-id)
where each [formals body ...+] is analogous to (lambda formals body ...+).

Applying a function produced by case-lambda is like applying a 1ambda for the first case
that matches the number of given arguments.

Examples:
(define greet
(case-lambda
[(name) (string-append "Hello, " name)]
[(given surname) (string-append "Hello, " given " " surname)]))
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> (greet "John")

"Hello, John"

> (greet "John" "Smith")

"Hello, John Smith"

> (greet)

procedure greet: no clause matching 0 arguments

A case-lambda function cannot directly support optional or keyword arguments.

4.5 Definitions: define

A basic definition has the form

(define id expr)

in which case id is bound to the result of expr.

Examples:
(define salutation (list-ref ’("Hi" "Hello") (random 2)))
> salutation
11 Hi "

4.5.1 Function Shorthand

The define form also supports a shorthand for function definitions:

(define (id arg ...) body ...+)

which is a shorthand for
(define id (lambda (arg ...) body ...+))

Examples:
(define (greet name)
(string-append salutation ",
> (greet "John")
"Hi, John"

" name))

(define (greet first [surname "Smith"] #:hi [hi salutation])
(string-append hi ", " first " " surname))
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> (greet "John")

"Hi, John Smith"

> (greet "John" #:hi "Hey")
"Hey, John Smith"

> (greet "John" "Doe")

"Hi, John Doe"

The function shorthand via define also supports a “rest” argument (i.e., a final argument to
collect extra arguments in a list):

(define (id arg ... . rest-id) body ...+)

which is a shorthand
(define id (lambda (arg ... . rest-id) body ...+))

Examples:
(define (avg . 1)
(/ (apply + 1) (length 1)))
> (avg 1 2 3)
2

4.5.2 Curried Function Shorthand

Consider the following make-add-suffix function that takes a string and returns another
function that takes a string:

(define make-add-suffix
(lambda (s2)
(lambda (s) (string-append s s2))))

Although it’s not common, result of make-add-suffix could be called directly, like this:

> ((make-add-suffix "!") "hello")
"hello!"

In a sense, make-add-suffix is a function takes two arguments, but it takes them one at a
time. A function that takes some of its arguments and returns a function to consume more is
sometimes called a curried function.

Using the function-shorthand form of define, make-add-suffix can be written equiva-
lently as
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(define (make-add-suffix s2)
(lambda (s) (string-append s s2)))

This shorthand reflects the shape of the function call (make-add-suffix "!"). The de-
fine form further supports a shorthand for defining curried functions that reflects nested
function calls:

(define ((make-add-suffix s2) s)
(string-append s s2))

> ((make-add-suffix "!") "hello")
"hello!"

(define louder (make-add-suffix "!'"))
(define less-sure (make-add-suffix "7"))

> (less-sure "really")
"really?"

> (louder '"really")
"really!"

The full syntax of the function shorthand for define is as follows:

(define (head args) body ...+)

id
(head args)

head

args = arg
| arg ... . rest-id

The expansion of this shorthand has one nested lambda form for each head in the definition,
where the innermost head corresponds to the outermost lambda.

4.5.3 Multiple Values and define-values

A Racket expression normally produces a single result, but some expressions can produce
multiple results. For example, quotient and remainder each produce a single value, but
quotient/remainder produces the same two values at once:

(quotient 13 3)

>
4
> (remainder 13 3)
1
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> (quotient/remainder 13 3)
4
1

As shown above, the REPL prints each result value on its own line.

Multiple-valued functions can be implemented in terms of the values function, which takes
any number of values and returns them as the results:

> (values 1 2 3)
1
2
3

(define (split-name name)
(let ([parts (regexp-split " " name)])
(if (= (length parts) 2)
(values (list-ref parts 0) (list-ref parts 1))
(error "not a <first> <last> name"))))

> (split-name "Adam Smith")
"Adam"
"Smith"

The define-values form binds multiple identifiers at once to multiple results produced
from a single expression:

(define-values (id ...) expr)

The number of results produced by the expr must match the number of ids.

Examples:
(define-values (given surname) (split-name "Adam Smith"))
> given
llAdam"
> surname
"Smith"

A define form (that is not a function shorthand) is equivalent to a define-values form

with a single id. §722 “[missing]” in
§77? “[missing]”
provides more on
definitions.
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4.5.4 Internal Definitions

When the grammar for a syntactic form specifies body, then the corresponding form can be
either a definition or an expression. A definition as a body is an internal definition.

Expressions and internal definitions in a body sequence can be mixed, as long as the last
body is an expression.

For example, the syntax of lambda is

(lambda gen-formals
body ...+)

so the following are valid instances of the grammar:

(lambda (f) ; no definitions
(printf "running\n")
(£ 0))

(lambda (f) ; one definition

(define (log-it what)
(printf "~a\n"))

(log-it "running")

(f 0)

(log-it "done"))

(lambda (f n) ; two definitions
(define (call n)
(if (zero? n)
(log-it "dome")
(begin
(log-it "running")
(f 0)
(call (- n 1)))))
(define (log-it what)
(printf "~a\n"))
(call £ n))

Internal definitions in a particular body sequence are mutually recursive; that is, any defini-
tion can refer to any other definition—as long as the reference isn’t actually evaluated before
its definition takes place. If a definition is referenced too early, the result is a special value
#<undefined>.

Examples:
(define (weird)
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(define x x)
x)
> (weird)
#<undefined>

A sequence of internal definitions using just define is easily translated to an equivalent
letrec form (as introduced in the next section). However, other definition forms can appear

as a body, including define-values, struct (see §5 “Programmer-Defined Datatypes™)
or define-syntax (see §16 “Macros”).

4.6 Local Binding

Although internal defines can be used for local binding, Racket provides three forms that
give the programmer more control over bindings: let, let*, and letrec.

4.6.1 Parallel Binding: let

A let form binds a set of identifiers, each to the result of some expression, for use in the
let body:

(let ([id expr] ...) body ...+)

The ids are bound “in parallel.” That is, no id is bound in the right-hand side expr for any
id, but all are available in the body. The ids must be different from each other.

Examples:
> (let ([me "Bob"])
me)
"Bob"
> (let ([me "Bob"]
[myself "Robert"]
[I "Bobby"])
(1ist me myself I))
> ("Bob" "Robert" "Bobby")
> (let ([me "Bob"]
[me "Robert"])
me)
eval:3:0: let: duplicate identifier at: me in: (let ((me
"Bob") (me "Robert")) me)

The fact that an id’s expr does not see its own binding is often useful for wrappers that
must refer back to the old value:
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> (let ([+ (lambda (x y)
(if (string? x)
(string-append x y)
(+ x ¥)))1) ; use original +
(list (+ 1 2)
(+ "see" "saw")))
’ (3 "seesaw")

Occasionally, the parallel nature of let bindings is convenient for swapping or rearranging
a set of bindings:

> (let ([me "Tarzan"]
[you "Jane"])
(let ([me youl
[you me])
(1ist me you)))
’("Jane" "Tarzan")

The characterization of 1let bindings as “parallel” is not meant to imply concurrent evalua-
tion. The exprs are evaluated in order, even though the bindings are delayed until all exprs
are evaluated.

4.6.2 Sequential Binding: letx
§77? “[missing]” in
§7?77 “[missing]”
The syntax of letx is the same as let: also documents
letx*.

(let* ([id expr] ...) body ...+)

The difference is that each id is available for use in later exprs, as well as in the body.
Furthermore, the ids need not be distinct, and the most recent binding is the visible one.

Examples:
> (let* ([x (list "Borroughs'")]
[y (cons "Rice" x)]
[z (cons "Edgar" y)]1)
(1list x y 2))
> (("Borroughs") ("Rice" "Borroughs") ("Edgar" "Rice" "Borroughs"))
> (let* ([name (list "Borroughs")]
[name (cons "Rice" name)]
[name (cons "Edgar" name)])
name)
> ("Edgar" "Rice" "Borroughs")

In other words, a let* form is equivalent to nested let forms, each with a single binding:

74



> (let ([name (list "Borroughs")])
(let ([name (cons "Rice'" name)])
(let ([name (cons "Edgar" name)])
name)))
> ("Edgar" "Rice" "Borroughs")

4.6.3 Recursive Binding: letrec

The syntax of letrec is also the same as let:

(letrec ([id expr] ...) body ...+)

While let makes its bindings available only in the bodys, and let* makes its bind-
ings available to any later binding expr, letrec makes its bindings available to all other
exprs—even earlier ones. In other words, letrec bindings are recursive.

The exprs in a letrec form are most often lambda forms for recursive and mutually re-

cursive functions:

§77? “[missing]” in
§?7? “[missing]”
also documents
letrec.

> (letrec ([swing
(lambda (t)
(if (eq? (car t) ’tarzan)
(cons ’vine
(cons ’tarzan (cddr t)))
(cons (car t)
(swing (cdr t)))))1)
(swing ’(vine tarzan vine vine)))
’(vine vine tarzan vine)

> (letrec ([tarzan-in-tree?
(lambda (name path)
(or (equal? name "tarzan")
(and (directory-exists? path)
(tarzan-in-directory? path))))]
[tarzan-in-directory?
(lambda (dir)
(ormap (lambda (elem)
(tarzan-in-tree? (path-element->string elem)
(build-path dir elem)))
(directory-1list dir)))])
(tarzan-in-tree? "tmp" (find-system-path ’temp-dir)))
#f
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While the exprs of a letrec form are typically lambda expressions, they can be any ex-
pression. The expressions are evaluated in order, and after each value is obtained, it is
immediately associated with its corresponding id. If an id is referenced before its value is
ready, the result is #<undefined>, as just as for internal definitions.

> (letrec ([quicksand quicksand])
quicksand)
#<undefined>

4.6.4 Named let

A named let is an iteration and recursion form. It uses the same syntactic keyword let as
for local binding, but an identifier after the let (instead of an immediate open parenthesis)
triggers a different parsing.

(let _proc-id ([_arg-id _init-expr] ...)
_body ...+)

A named let form is equivalent to

(letrec ([proc-id (lambda (arg-id ...)
body ...+)]1)
(proc-id init-expr ...))

That is, a named let binds a function identifier that is visible only in the function’s body,
and it implicitly calls the function with the values of some initial expressions.

Examples:
(define (duplicate pos 1lst)
(let dup ([i 0]
[1st 1st])
(cond
[(= 1 pos) (cons (car 1lst) 1st)]
[else (cons (car 1lst) (dup (+ i 1) (ecdr 1st)))1)))
> (duplicate 1 (list "apple" "cheese burger!" "banana"))
>("apple" "cheese burger!" "cheese burger!" "banana")

4.6.5 Multiple Values: let-values, let*-values, letrec-values
§?7? “[missing]” in
§27? “[missing]”
In the same way that def ine-values binds multiple results in a definition (see §4.5.3 “Mul-  also documents
tiple Values and define-values”), let-values, let*-values, and letrec-values multiple-value

bind multiple results locally. binding forms.
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(let-values ([(id ...) expr] ...)
body ...+)

(let*-values ([(id ...) expr] ...)

body ...+)
(letrec-values ([(id ...) expr] ...)
body ...+)

Each expr must produce as many values as corresponding ids. The binding rules are the
same for the forms without -values forms: the ids of let-values are bound only in
the bodys, the ids of let*-valuess are bound in exprs of later clauses, and the ids of
letrec-values are bound for all exprs.

Example:
> (let-values ([(q r) (quotient/remainder 14 3)])
(1ist q 1))
(4 2)

4.7 Conditionals

Most functions used for branching, such as < and string?, produce either #t or #f.
Racket’s branching forms, however, treat any value other than #f as true. We say a true
value to mean any value other than #f.

This convention for “true value” meshes well with protocols where #f can serve as failure
or to indicate that an optional value is not supplied. (Beware of overusing this trick, and
remember that an exception is usually a better mechanism to report failure.)

For example, the member function serves double duty; it can be used to find the tail of a list
that starts with a particular item, or it can be used to simply check whether an item is present
in a list:

> (member "Groucho" ’("Harpo" "Zeppo"))

#f

> (member "Groucho" ’("Harpo" "Groucho" "Zeppo"))
> ("Groucho" "Zeppo")

> (if (member "Groucho" ’("Harpo" "Zeppo'"))

’yep
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’nope)

‘nope

> (if (member "Groucho" ’("Harpo" "Groucho" "Zeppo"))
’yep
’nope)

"yep

4.7.1 Simple Branching: if

In an if form,

(if test-expr then-expr else-expr)

the test-expr is always evaluated. If it produces any value other than #£, then then-expr
is evaluated. Otherwise, else-expr is evaluated.

An if form must have both a then-expr and an else-expr; the latter is not optional.
To perform (or skip) side-effects based on a test-expr, use when or unless, which we
describe later in §4.8 “Sequencing”.

4.7.2 Combining Tests: and and or

Racket’s and and or are syntactic forms, rather than functions. Unlike a function, the and
and or forms can skip evaluation of later expressions if an earlier one determines the answer.

(and expr ...)

An and form produces #£ if any of its exprs produces #£f. Otherwise, it produces the value
of its last expr. As a special case, (and) produces #t.

(or expr ...)

The or form produces #f if all of its exprs produce #f. Otherwise, it produces the first
non-#f value from its exprs. As a special case, (or) produces #f.

Examples:

> (define (got-milk? 1lst)
(and (not (null? 1st))
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(or (eq? ’milk (car 1st))
(got-milk? (cdr 1st))))) ; recurs only if needed
> (got-milk? ’(apple banana))
#f
> (got-milk? ’(apple milk banana))
#t

If evaluation reaches the last expr of an and or or form, then the expr’s value directly
determines the and or or result. Therefore, the last expr is in tail position, which means
that the above got-milk? function runs in constant space.

4.7.3 Chaining Tests: cond

The cond form chains a series of tests to select a result expression. To a first approximation,
the syntax of cond is as follows:

(cond [test-expr expr ...+]

)

Each test-expr is evaluated in order. If it produces #f, the corresponding exprs are
ignored, and evaluation proceeds to the next test-expr. As soon as a test-expr produces
a true value, its text-exprs are evaluated to produce the result for the cond form, and no
further test-exprs are evaluated.

The last test-expr in a cond can be replaced by else. In terms of evaluation, else serves
as a synonym for #t, but it clarifies that the last clause is meant to catch all remaining cases.
If else is not used, then it is possible that no test-exprs produce a true value; in that case,
the result of the cond expression is #<void>.

Examples:

> (cond
[(= 2 3) (error "wrong!")]
[(=22) ’okl)

Yok

> (cond
[(= 2 3) (error "wrong!")])

> (cond
[(= 2 3) (error "wrong!")]
[else ’0k])

Yok

(define (got-milk? 1st)
(cond
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[(null? 1st) #f]
[(eq? ’milk (car 1lst)) #t]
[else (got-milk? (cdr 1st))]))

> (got-milk? ’(apple banana))

#f

> (got-milk? ’(apple milk banana))
#t

The full syntax of cond includes two more kinds of clauses:

(cond cond-clause ...)
cond-clause [test-expr then-expr ...+]

[test-expr => proc-expr]

[else then-expr ...+]
P
|
| [test-expr]

The => variant captures the true result of its test-expr and passes it to the result of the
proc-expr, which must be a function of one argument.

Examples:
> (define (after-groucho lst)
(cond
[(member "Groucho" 1lst) => cdr]
[else (error '"not there")]))
> (after-groucho ’("Harpo" "Groucho" "Zeppo"))
> ("Zeppo")
> (after-groucho ’("Harpo" "Zeppo"))
not there

A clause that includes only a test-expr is rarely used. It captures the true result of the
test-expr, and simply returns the result for the whole cond expression.

4.8 Sequencing

Racket programmers prefer to write programs with as few side-effects as possible, since
purely functional code is more easily tested and composed into larger programs. Interaction
with the external environment, however, requires sequencing, such as when writing to a
display, opening a graphical window, or manipulating a file on disk.
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4.8.1 Effects Before: begin
§27? “[missing]” in
§27? “[missing]”
A begin expression sequences expressions: also documents
begin.

(begin expr ...+)

The exprs are evaluated in order, and the result of all but the last expr is ignored. The result
from the last expr is the result of the begin form, and it is in tail position with respect to
the begin form.

Examples:
(define (print-triangle height)
(if (zero? height)

(void)
(begin
(display (make-string height #\*))
(newline)
(print-triangle (subl height)))))

> (print-triangle 4)

ok Kk

ok ok

*%

*

Many forms, such as lambda or cond support a sequence of expressions even without a
begin. Such positions are sometimes said to have an implicit begin.

Examples:
(define (print-triangle height)
(cond

[(positive? height)
(display (make-string height #\*))
(newline)
(print-triangle (subl height))]))

> (print-triangle 4)

KAk ok

* oKk

* ok

*

The begin form is special at the top level, at module level, or as a body after only internal
definitions. In those positions, instead of forming an expression, the content of begin is
spliced into the surrounding context.

Example:
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> (let ([curly 01)
(begin
(define moe (+ 1 curly))
(define larry (+ 1 moe)))
(1ist larry curly moe))
(20 1)

This splicing behavior is mainly useful for macros, as we discuss later in §16 “Macros”.

4.8.2 Effects After: begin0

A begin0 expression has the same syntax as a begin expression:

(begin0 expr ...+)

The difference is that beginO returns the result of the first expr, instead of the result of
the last expr. The beginO form is useful for implementing side-effects that happen after a
computation, especially in the case where the computation produces an unknown number of
results.

Examples:
(define (log-times thunk)
(printf "Start: ~s\n" (current-inexact-milliseconds))
(beginO
(thunk)
(printf "End..: ~s\n" (current-inexact-milliseconds))))
> (log-times (lambda () (sleep 0.1) 0))
Start: 1295557987037.129
End..: 1295557987137.378
0
> (log-times (lambda () (values 1 2)))
Start: 1295557987137.963
End..: 1295557987138.017
1
2

4.8.3 Effects If...: when and unless

The when form combines an if-style conditional with sequencing for the “then” clause and
no “else” clause:
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(when test-expr then-expr ...)

If test-expr produces a true value, then all of the then-exprs are evaluated. Otherwise,
no then-exprs are evaluated. The result is #<void> in any case.

The unless form is similar:

(unless test-expr then-expr ...)

The difference is that the test-expr result is inverted: the then-exprs are evaluated only
if the test-expr result is #£.

Examples:
(define (enumerate 1lst)
(if (null? (cdr 1st))
(printf "~a.\n" (car 1lst))
(begin
(printf "~a, " (car 1lst))
(when (null? (cdr (cdr 1st)))
(printf "and "))
(enumerate (cdr 1st)))))
> (enumerate ’("Larry" "Curly" "Moe"))
Larry, Curly, and Moe.

(define (print-triangle height)
(unless (zero? height)
(display (make-string height #\*))
(newline)
(print-triangle (subl height))))

> (print-triangle 4)
*okokok

* oKk

*k

*

4.9 Assignment: set!
§77? “[missing]” in
§77? “[missing]”
Assign to a variable using set!: also documents
set!.

(set! id expr)
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A set! expression evaluates expr and changes id (which must be bound in the enclosing
environment) to the resulting value. The result of the set! expression itself is #<void>.

Examples:

(define greeted null)

(define (greet name)
(set! greeted (cons name greeted))
(string-append "Hello, " name))

> (greet "Athos")

"Hello, Athos"

> (greet "Porthos")

"Hello, Porthos"

> (greet "Aramis")

"Hello, Aramis"

> greeted

>("Aramis" "Porthos" "Athos")

(define (make-running-total)
(let ([n 0I)

(lambda ()
(set! n (+ n 1))
n)))

(define win (make-running-total))
(define lose (make-running-total))

(win)
(win)
(lose)

(win)

WV r VNV eV

4.9.1 Guidelines for Using Assignment

Although using set! is sometimes appropriate, Racket style generally discourages the use
of set!. The following guidelines may help explain when using set! is appropriate.

* As in any modern language, assigning to shared identifier is no substitute for passing
an argument to a procedure or getting its result.

Really awful example:
(define name "unknown")
(define result "unknown')
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(define (greet)
(set! result (string-append "Hello, " name)))

> (set! name "John")
> (greet)

> result

"Hello, John"

Ok example:
(define (greet name)
(string-append "Hello, " name))

> (greet "John")
"Hello, John"
> (greet "Anna")
"Hello, Anna"

* A sequence of assignments to a local variable is far inferior to nested bindings.

Bad example:
> (let ([tree 0])
(set! tree (list tree 1 tree))
(set! tree (list tree 2 tree))
(set! tree (list tree 3 tree))
tree)
P(((010)2((MVM10)3(O10)2(O1MON

Ok example:
> (letx ([tree 0]
[tree (list tree 1 tree)]
[tree (list tree 2 tree)]
[tree (list tree 3 tree)])
tree)
7(((010)2(010))3((010)2¢(10))

» Using assignment to accumulate results from an iteration is bad style. Accumulating
through a loop argument is better.

Somewhat bad example:
(define (sum 1st)
(let ([s 01
(for-each (lambda (i) (set! s (+ i s)))

1st)
s))
> (sum ’(1 2 3))
6
Ok example:
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(define (sum 1lst)
(let loop ([1st 1st] [s 01)
(if (null? 1st)
S
(loop (cdr 1st) (+ s (car 1st))))))

> (sum ’(1 2 3))
6

Better (use an existing function) example:
(define (sum 1st)
(apply + 1lst))

> (sum ’(1 2 3))
6

Good (a general approach) example:
(define (sum 1lst)
(for/fold ([s 01)
([i (in-list 1st)1)
(+ s 1))

> (sum ’(1 2 3))
6

 For cases where stateful objects are necessary or appropriate, then implementing the
object’s state with set! is fine.

Ok example:
(define next-number!
(let ([n 01)

(lambda ()
(set! n (addl n))
n)))

(next-number!)
(next-number!)

(next-number!)

All else being equal, a program that uses no assignments or mutation is always preferable
to one that uses assignments or mutation. While side effects are to be avoided, however,
they should be used if the resulting code is significantly more readable or if it implements a
significantly better algorithm.
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The use of mutable values, such as vectors and hash tables, raises fewer suspicions about
the style of a program than using set! directly. Nevertheless, simply replacing set!s in a
program with a vector-set!s obviously does not improve the style of the program.

4.9.2 Multiple Values: set!-values

The set!-values form assigns to multiple variables at once, given an expression that pro-
duces an appropriate number of values:

(set!-values (id ...) expr)

This form is equivalent to using let-values to receive multiple results from expr, and
then assigning the results individually to the ids using set!.

Examples:
(define game
(let ([w 0]
[1 01)
(lambda (win?)
(if win?
(set! w (+ w 1))
(set! 1 (+ 1 1))
(begin0

(values w 1)

; swap sides...

(set!-values (w 1) (values 1 w))))))
> (game #t)
1
0
> (game #t)
1
1
> (game #f)
1
2

4.10 Quoting: quote and ’

The quote form produces a constant:
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(quote datum)

The syntax of a datum is technically specified as anything that the read function parses as
a single element. The value of the quote form is the same value that read would produce
given datum.

The datum can be a symbol, a boolean, a number, a (character or byte) string, a character,
a keyword, an empty list, a pair (or list) containing more such values, a vector containing
more such values, a hash table containing more such values, or a box containing another
such value.

Examples:
> (quote apple)
’apple
> (quote #t)
#t
> (quote 42)
42
> (quote "hello")
"hello"
> (quote ())
70

> (quote ((1 2 3) #("z" x) . the-end))
’((1 2 3) #("z" x) . the-end)

> (quote (1 2 . (3)))

(1 2 3)

As the last example above shows, the datum does not have to match the normalized printed
form of a value. A datum cannot be a printed representation that starts with #<, so it cannot
be #<void>, #<undefined>, or a procedure.

The quote form is rarely used for a datum that is a boolean, number, or string by itself,
since the printed forms of those values can already be used as constants. The quote form is
more typically used for symbols and lists, which have other meanings (identifiers, function
calls, etc.) when not quoted.

An expression

’datum

is a shorthand for

(quote datum)
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and this shorthand is almost always used instead of quote. The shorthand applies even
within the datum, so it can produce a list containing quote.

Examples:
> ’apple
’apple
> 2"hello"
"hello"
> (12 3)
(1 2 3)
> (display ’(you can ’me))
(you can (quote me))

4.11 Quasiquoting: quasiquote and ¢

The quasiquote form is similar to quote:

(quasiquote datum)

However, for each (unquote expr) that appears within the datum, the expr is evaluated
to produce a value that takes the place of the unquote sub-form.

Example:
> (quasiquote (1 2 (unquote (+ 1 2)) (unquote (- 5 1))))
(1234

The unquote-splicing form is similar to unquote, but its expr must produce a list, and
the unquote-splicing form must appear in a context that produces either a list or a vector.
As the name suggests, the resulting list is spliced into the context of its use.

Example:
> (quasiquote (1 2 (unquote-splicing (list (+ 1 2) (- 5 1))) 5))
’(12345)

If a quasiquote form appears within an enclosing quasiquote form, then the inner
quasiquote effectively cancels one layer of unquote and unquote-splicing forms, so
that a second unquote or unquote-splicing is needed.

Example:
> (quasiquote (1 2 (quasiquote (unquote (+ 1 2)
(unquote (unquote (- 5 1)))))))
’(1 2 (quasiquote (unquote (+ 1 2)) (unquote 4)))

&9
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The evaluation above will not actually print as shown. Instead, the shorthand form of
quasiquote and unquote will be used: ¢ (i.e., a backquote) and , (i.e., a comma). The
same shorthands can be used in expressions:

Example:
> (1212 ,,(-51)
12+ 12) ,4)
The shorthand for of unquote-splicingis ,@:
Example:

> (12 ,e(list (+ 1 2) (-5 1))
(1 2 3 4)

4.12 Simple Dispatch: case

The case form dispatches to a clause by matching the result of an expression to the values
for the clause:

(case expr
[(datum ...+) expr ...+]
.2

Each datum will be compared to the result of the first expr using eqv?. Since eqv? doesn’t
work on many kinds of values, notably strings and lists, each datum is typically a number,
symbol, or boolean.

Multiple datums can be supplied for each clause, and the corresponding expr is evaluated
of any of the datums match.

Example:
> (let ([v (random 6)])
(printf "~a\n" v)

(case v
[(0) ’zero]
[(1) ’onel
[(2) ’twol
[(3 4 5) ’manyl))
4
‘many

The last clause of a case form can use else, just like cond:

Example:
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> (case (random 6)
[(0) ’zero]
[(1) ’one]
[(2) ’two]
[else ’many])

‘many

For more general pattern matching, use match, which is introduced in §12 “Pattern Match-

th)

ing”.

4.13 Dynamic Binding: parameterize

The parameterize form associates a new value with a parameter during the evaluation of
body expressions:

(parameterize ([parameter-expr value-expr] ...)
body ...+)

For example, the error-print-width parameter controls how many characters of a value
are printed in an error message:

> (parameterize ([error-print-width 5])
(car (expt 10 1024)))

car: expects argument of type <pair>; given 10...

> (parameterize ([error-print-width 10])
(car (expt 10 1024)))

car: expects argument of type <pair>; given 1000000...

More generally, parameters implement a kind of dynamic binding. The make-parameter
function takes any value and returns a new parameter that is initialized to the given value.
Applying the parameter as a function returns its current value:

> (define location (make-parameter "here'))
> (location)
llhere"

In a parameterize form, each parameter-expr must produce a parameter. During the
evaluation of the bodys, each specified parameter is given the result of the corresponding
value-expr. When control leaves the parameterize form—either through a normal re-
turn, an exception, or some other escape—the parameter reverts to its earlier value:

> (parameterize ([location '"there'"])
(location))
"there"
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> (location)
llherell
> (parameterize ([location "in a house'])
(1ist (location)
(parameterize ([location "with a mouse"])
(location))
(location)))
>("in a house" "with a mouse" "in a house")
> (parameterize ([location "in a box"])
(car (location)))
car: expects argument of type <pair>; given "in a box"
> (location)
llherell

The parameterize form is not a binding form like let; each use of location above refers
directly to the original definition. A parameterize form adjusts the value of a parameter
during the whole time that the parameterize body is evaluated, even for uses of the pa-
rameter that are textually outside of the parameterize body:

> (define (would-you-could-you?)
(and (not (equal? (location) 'here"))
(not (equal? (location) "there"))))
> (would-you-could-you?)
#f
> (parameterize ([location '"on a bus"])
(would-you-could-you?))
#t

If a use of a parameter is textually inside the body of a parameterize but not evaluated be-
fore the parameterize form produces a value, then the use does not see the value installed
by the parameterize form:

> (let ([get (parameterize ([location "with a fox"])
(lambda () (location)))])
(get))

llherell

The current binding of a parameter can be adjusted imperatively by calling the parameter as
a function with a value. If a parameterize has adjusted the value of the parameter, then
directly applying the parameter procedure affects only the value associated with the active
parameterize:

> (define (try-again! where)
(location where))
> (location)
llhere"
> (parameterize ([location '"on a train'])
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(list (location)
(begin (try-again! "in a boat')
(location))))
’("on a train" "in a boat")
> (location)

llherell

Using parameterize is generally preferable to updating a parameter value imperatively—
for much the same reasons that binding a fresh variable with let is preferable to using set!
(see §4.9 “Assignment: set!”).

It may seem that variables and set! can solve many of the same problems that parameters
solve. For example, lokation could be defined as a string, and set ! could be used to adjust
its value:

> (define lokation "here")
> (define (would-ya-could-ya?)
(and (not (equal? lokation '"here'"))
(not (equal? lokation "there'))))
> (set! location "on a bus'")
> (would-ya-could-ya?)
#f

Parameters, however, offer several crucial advantages over set!:

¢ The parameterize form helps automatically reset the value of a parameter when
control escapes due to an exception. Adding exception handlers and other forms to
rewind a set! is relatively tedious.

* Parameters work nicely with tail calls (see §2.3.3 “Tail Recursion”). The last body in
a parameterize form is in tail position with respect to the parameterize form.

» Parameters work properly with threads (see §??? “[missing]”). The parameterize
form adjusts the value of a parameter only for evaluation in the current thread, which
avoids race conditions with other threads.
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5 Programmer-Defined Datatypes

New datatypes are normally created with the struct form, which is the topic of this chapter.
The class-based object system, which we defer to §13 “Classes and Objects”, offers an al-
ternate mechanism for creating new datatypes, but even classes and objects are implemented
in terms of structure types.

5.1 Simple Structure Types: struct

To a first approximation, the syntax of struct is

(struct struct-id (field-id ...))

Examples:
(struct posn (x y))

The struct form binds struct-id and a number of identifiers that are built from struct-
id and the field-ids:

e struct-id : a constructor function that takes as many arguments as the number of
field-ids, and returns an instance of the structure type.

Example:
> (posn 1 2)
#<posn>

e struct-id? : a predicate function that takes a single argument and returns #t if it is
an instance of the structure type, #f otherwise.

Examples:
> (posn? 3)
#f
> (posn? (posn 1 2))
#t

o struct-id-field-id : for each field-id, an accessor that extracts the value of
the corresponding field from an instance of the structure type.

Examples:
> (posn-x (posn 1 2))

(posn-y (posn 1 2))

NV =
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e struct:struct-id : astructure type descriptor, which is a value that represents the
structure type as a first-class value (with #:super, as discussed later in §5.8 “More
Structure Type Options”™).

A struct form places no constraints on the kinds of values that can appear for fields in an
instance of the structure type. For example, (posn "apple" #f) produces an instance of
posn, even though "apple" and #f are not valid coordinates for the obvious uses of posn
instances. Enforcing constraints on field values, such as requiring them to be numbers, is
normally the job of a contract, as discussed later in §7 “Contracts”.

5.2 Copying and Update

The struct-copy form clones a structure and optionally updates specified fields in the
clone. This process is sometimes called a functional update, because the result is a structure
with updated field values. but the original structure is not modified.

(struct-copy struct-id struct-expr [field-id expr] ...)

The struct-id that appears after struct-copy must be a structure type name bound by
struct (i.e., the name that cannot be used directly as an expression). The struct-expr
must produce an instance of the structure type. The result is a new instance of the structure
type that is like the old one, except that the field indicated by each field-id gets the value
of the corresponding expr.

Examples:
> (define pl (posn 1 2))
> (define p2 (struct-copy posn pl [x 3]))
> (list (posn-x p2) (posn-y p2))
(3 2)
> (list (posn-x pl) (posn-x p2))
(1 3)

5.3 Structure Subtypes

An extended form of struct can be used to define a structure subtype, which is a structure
type that extends an existing structure type:

(struct struct-id super-id (field-id ...))
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The super-id must be a structure type name bound by struct (i.e., the name that cannot
be used directly as an expression).

Examples:
(struct posn (x y))
(struct 3d-posn posn (z))

A structure subtype inherits the fields of its supertype, and the subtype constructor accepts
the values for the subtype fields after values for the supertype fields. An instance of a struc-
ture subtype can be used with the predicate and accessors of the supertype.

Examples:
> (define p (3d-posn 1 2 3))
> Pp
#<3d-posn>
> (posn? p)
#t
(posn-x p)

>
1
> (3d-posn-z p)
3

5.4 Opaque versus Transparent Structure Types

With a structure type definition like
(struct posn (x y))

an instance of the structure type prints in a way that does not show any information about
the fields values. That is, structure types by default are opaque. If the accessors and muta-
tors of a structure type are kept private to a module, then no other module can rely on the
representation of the type’s instances.

To make a structure type transparent, use the #: transparent keyword after the field-name
sequence:

(struct posn (x y)
#:transparent)

> (posn 1 2)
(posn 1 2)

An instance of a transparent structure type prints like a call to the constructor, so that it shows

the structures field values. A transparent structure type also allows reflective operations, such
as struct? and struct-info, to be used on its instances (see §15 “Reflection and Dynamic
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Evaluation”™).

Structure types are opaque by default, because opaque structure instances provide more en-
capsulation guarantees. That is, a library can use an opaque structure to encapsulate data,
and clients of the library cannot manipulate the data in the structure except as allowed by the
library.

5.5 Structure Comparisons

A generic equal? comparison automatically recurs on the fields of a transparent structure
type, but equal? defaults to mere instance identity for opaque structure types:

(struct glass (width height) #:transparent)

> (equal? (glass 1 2) (glass 1 2))
#t

(struct lead (width height))

> (define slab (lead 1 2))
> (equal? slab slab)

#t

> (equal? slab (lead 1 2))
#f

To support instances comparisons via equal? without making the structure type transpar-
ent, you can use the #:property keyword, prop:equal+hash, and then a list of three
functions:

(struct lead (width height)
#:property
prop:equal+hash
(1ist (lambda (a b equal?-recur)
; compare a and b
(and (equal?-recur (lead-width a) (lead-width b))
(equal?-recur (lead-height a) (lead-height b))))
(lambda (a hash-recur)
; compute primary hash code of a
(+ (hash-recur (lead-width a))
(* 3 (hash-recur (lead-height a)))))
(lambda (a hash2-recur)
; compute secondary hash code of a
(+ (hash2-recur (lead-width a))
(hash2-recur (lead-height a))))))
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> (equal? (lead 1 2) (lead 1 2))
#t

The first function in the list implements the equal? test on two leads; the third argument to
the function is used instead of equal? for recursive equality testing, so that data cycles can
be handled correctly. The other two functions compute primary and secondary hash codes
for use with hash tables:

> (define h (make-hash))

> (hash-set! h (lead 1 2) 3)
> (hash-ref h (lead 1 2))
3
>

(hash-ref h (lead 2 1))
hash-ref: no value found for key: #<lead>

The first function provided with prop:equal+hash is not required to recursively compare
the fields of the structure. For example, a structure type representing a set might implement
equality by checking that the members of the set are the same, independent of the order of
elements in the internal representation. Just take care that the hash functions produce the
same value for any two structure types that are supposed to be equivalent.

5.6 Structure Type Generativity

Each time that a struct form is evaluated, it generates a structure type that is distinct from
all existing structure types, even if some other structure type has the same name and fields.

This generativity is useful for enforcing abstractions and implementing programs such as
interpreters, but beware of placing a struct form in positions that are evaluated multiple
times.

Examples:
(define (add-bigger-fish 1lst)
(struct fish (size) #:transparent) ; new every time
(cond
[(null? 1st) (list (fish 1))]
[else (cons (fish (* 2 (fish-size (car 1lst))))
1st)1))
> (add-bigger-fish null)
(list (fish 1))
> (add-bigger-fish (add-bigger-fish null))
fish-size: expects args of type <struct:fish>; given
instance of a different <struct:fish>

(struct fish (size) #:transparent)
(define (add-bigger-fish 1lst)
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(cond

[(null? 1st) (list (fish 1))]

[else (cons (fish (* 2 (fish-size (car 1st))))
1st)1))

> (add-bigger-fish (add-bigger-fish null))
(l1ist (fish 2) (fish 1))

5.7 Prefab Structure Types

Although a transparent structure type prints in a way that shows its content, the printed form
of the structure cannot be used in an expression to get the structure back, unlike the printed
form of a number, string, symbol, or list.

A prefab (“previously fabricated”) structure type is a built-in type that is known to the Racket
printer and expression reader. Infinitely many such types exist, and they are indexed by
name, field count, supertype, and other such details. The printed form of a prefab structure
is similar to a vector, but it starts #s instead of just #, and the first element in the printed
form is the prefab structure type’s name.

The following examples show instances of the sprout prefab structure type that has one
field. The first instance has a field value ’bean, and the second has field value ’alfalfa:

> ’#s(sprout bean)
’#s(sprout bean)

> ’#s(sprout alfalfa)
‘#s(sprout alfalfa)

Like numbers and strings, prefab structures are “self-quoting,” so the quotes above are op-
tional:

> #s(sprout bean)
J#s(sprout bean)

When you use the #:prefab keyword with struct, instead of generating a new structure
type, you obtain bindings that work with the existing prefab structure type:

> (define lunch ’#s(sprout bean))
> (struct sprout (kind) #:prefab)
> (sprout? lunch)

#t

> (sprout-kind lunch)

’bean

> (sprout ’garlic)

‘#s(sprout garlic)
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The field name kind above does not matter for finding the prefab structure type; only the
name sprout and the number of fields matters. At the same time, the prefab structure type
sprout with three fields is a different structure type than the one with a single field:

> (sprout? #s(sprout bean #f 17))

#f

> (struct sprout (kind yummy? count) #:prefab) ; redefine
> (sprout? #s(sprout bean #f 17))

#t

> (sprout? lunch)

#f

A prefab structure type can have another prefab structure type as its supertype, it can have
mutable fields, and it can have auto fields. Variations in any of these dimensions correspond
to different prefab structure types, and the printed form of the structure type’s name encodes
all of the relevant details.

> (struct building (rooms [location #:mutable]) #:prefab)

> (struct house building ([occupied #:auto]) #:prefab
#:auto-value ’no)

> (house 5 ’factory)

‘#s((house (1 no) building 2 #(1)) 5 factory no)

Every prefab structure type is transparent—but even less abstract than a transparent type,
because instances can be created without any access to a particular structure-type declaration
or existing examples. Overall, the different options for structure types offer a spectrum of
possibilities from more abstract to more convenient:

* Opaque (the default) : Instances cannot be inspected or forged without access to the
structure-type declaration. As discussed in the next section, constructor guards and
properties can be attached to the structure type to further protect or to specialize the
behavior of its instances.

» Transparent : Anyone can inspect or create an instance without access to the structure-
type declaration, which means that the value printer can show the content of an in-
stance. All instance creation passes through a constructor guard, however, so that the
content of an instance can be controlled, and the behavior of instances can be spe-
cialized through properties. Since the structure type is generated by its definition,
instances cannot be manufactured simply through the name of the structure type, and
therefore cannot be generated automatically by the expression reader.

» Prefab : Anyone can inspect or create an instance at any time, without prior access
to a structure-type declaration or an example instance. Consequently, the expression
reader can manufacture instances directly. The instance cannot have a constructor
guard or properties.

Since the expression reader can generate prefab instances, they are useful when convenient
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serialization is more important than abstraction. Opaque and transparent structures also
can be serialized, however, if they are defined with define-serializable-struct as
described in §8.4 “Datatypes and Serialization”.

5.8 More Structure Type Options

The full syntax of struct supports many options, both at the structure-type level and at the
level of individual fields:

(struct struct-id maybe-super (field ...)
struct-option ...)

maybe-super

super-id

field = field-id
| [field-id field-option ...]

A struct-option always starts with a keyword:

#:mutable

Causes all fields of the structure to be mutable, and introduces for
each field-id a mutator set-struct-id-field-id! that sets
the value of the corresponding field in an instance of the structure
type.
Examples:

> (struct dot (x y) #:mutable)

(define d (dot 1 2))

> (dot-x d)

1

> (set-dot-x! 4 10)

> (dot-x d)

10
The #:mutable option can also be used as a field-option, in
which case it makes an individual field mutable.
Examples:

> (struct person (name [age #:mutable]))

(define friend (person "Barney" 5))

> (set-person-age! friend 6)

> (set-person-name! friend "Mary')

reference to undefined identifier: set-person-name!
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#:transparent

Controls reflective access to structure instances, as discussed in a
previous section, §5.4 “Opaque versus Transparent Structure Types”.

#:inspector inspector-expr
Generalizes #:transparent to support more controlled access to
reflective operations.

#:prefab

Accesses a built-in structure type, as discussed in a previous section,
§5.7 “Prefab Structure Types”.

#:auto-value auto-expr

Specifies a value to be used for all automatic fields in the structure
type, where an automatic field is indicated by the #:auto field op-
tion. The constructor procedure does not accept arguments for auto-
matic fields. Automatic fields are implicitly mutable (via reflective
operations), but mutator functions are bound only if #:mutator is
also specified.
Examples:
> (struct posn (x y [z #:auto])
#:transparent
#:auto-value 0)
> (posn 1 2)
(posn 1 2 0)

#:guard guard-expr
Specifies a constructor guard procedure to be called whenever an
instance of the structure type is created. The guard takes as many ar-
guments as non-automatic fields in the structure type, plus one more
for the name of the instantiated type (in case a sub-type is instanti-
ated, in which case it’s best to report an error using the sub-type’s
name). The guard should return the same number of values as given,
minus the name argument. The guard can raise an exception if one of
the given arguments is unacceptable, or it can convert an argument.
Examples:
> (struct thing (name)
#:transparent
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#:guard (lambda (name type-name)
(cond
[(string? name) name]
[(symbol? name) (symbol-
>string name) ]
[else (error type-name
"bad name: ~e"
name)])))
> (thing "apple")
(thing "apple")
> (thing ’apple)
(thing "apple")
> (thing 1/2)
thing: bad name: 1/2
The guard is called even when subtype instances are created. In that
case, only the fields accepted by the constructor are provided to the
guard (but the subtype’s guard gets both the original fields and fields
added by the subtype).
Examples:
> (struct person thing (age)
#:transparent
#:guard (lambda (name age type-name)
(if (negative? age)
(error type-name '"bad
age: ~e'" age)
(values name age))))
> (person "John" 10)
(person "John" 10)
> (person "Mary" -1)
person: bad age: -1
> (person 10 10)
person: bad name: 10

#:property prop-expr val-expr
Associates a property and value with the structure type. For exam-
ple, the prop: procedure property allows a structure instance to be
used as a function; the property value determines how a call is im-
plemented when using the structure as a function.
Examples:
> (struct greeter (name)
#:property prop:procedure
(lambda (self other)
(string-append
"Hi " other
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", I'm " (greeter-

name self))))
(define joe-greet (greeter "Joe"))
> (greeter-name joe-greet)
"Joe"
> (joe-greet "Mary")
"Hi Mary, I’m Joe"
> (joe-greet "John")
"Hi John, I’m Joe"

#:super super-expr
An alternative to supplying a super-id next to struct-id. Instead
of the name of a structure type (which is not an expression), super-
expr should produce a structure type descriptor value. An advantage
of #:super is that structure type descriptors are values, so they can
be passed to procedures.
Examples:
(define (raven-constructor super-type)
(struct raven ()
#:super super-type
#:transparent
#:property prop:procedure (lambda (self)
’nevermore))
raven)
> (let ([r ((raven-constructor struct:posn) 1 2)])
(1ist r (r)))
(1ist (raven 1 2) ’nevermore)
> (let ([r ((raven-comstructor struct:thing) "apple")])
(Qist r (r)))
(1ist (raven "apple") ’nevermore)
§777 “[missing]” in
§27? “[missing]”
provides more on
structure types.
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6 Modules

Modules let you organize Racket code into multiple files and reusable libraries.

6.1 Module Basics

The space of module names is distinct from the space of normal Racket definitions. Indeed,
since modules typically reside in files, the space of module names is explicitly tied to the
filesystem at run time. For example, if the file " /home/molly/cake.rkt" contains

#lang racket
(provide print-cake)

; draws a cake with n candles
(define (print-cake n)

(printf " ~a \n" (make-string n #\.))
(printf " .-~a-.\n" (make-string n #\[))
(printf " | ~a |\n" (make-string n #\space))
(printf "---~a---\n" (make-string n #\-)))

then it can be used as the source of a module whose full name is based on the path
"/home/molly/cake.rkt". The provide line exports the definition print-cake so that
it can be used outside the module.

Instead of using its full path, a module is more likely to be referenced by a relative path. For
example, a file "/home/molly/random-cake.rkt" could use the "cake.rkt" module
like this:

#lang racket
(require "cake.rkt")

(print-cake (random 30))

The relative reference "cake.rkt" in the import (require "cake.rkt") works because
the "cake.rkt" module source is in the same directory as the "random-cake.rkt" file.
(Unix-style relative paths are used for relative module references on all platforms, much like
relative URLs.)

Library modules that are distributed with Racket are usually referenced through an unquoted,
suffixless path. The path is relative to the library installation directory, which contains direc-
tories for individual library collections. The module below refers to the "date.rkt" library
that is part of the "racket" collection.

105



#lang racket
(require racket/date)

(printf "Today is ~s\n"
(date->string (seconds->date (current-seconds))))

In addition to the main collection directory, which contains all collections that are part of the
installation, collections can also be installed in a user-specific location. Finally, additional
collection directories can be specified in configuration files or through the PLTCOLLECTS
search path. Try running the following program to find out where your collections are:

#lang racket

(require setup/dirs)

(find-collects-dir) ; main collection directory
(find-user-collects-dir) ; user-specific collection directory

(get-collects-search-dirs) ; complete search path

We discuss more forms of module reference later in §6.3 “Module Paths”.

6.2 Module Syntax

The #1lang at the start of a module file begins a shorthand for a module form, much like ’
is a shorthand for a quote form. Unlike ’, the #1ang shorthand does not work well in a
REPL, in part because it must be terminated by an end-of-file, but also because the longhand
expansion of #lang depends on the name of the enclosing file.

6.2.1 The module Form

The longhand form of a module declaration, which works in a REPL as well as a file, is

(module name-id initial-module-path
decl ...)

where the name-1id is a name for the module, initial-module-path is an initial import,
and each decl is an import, export, definition, or expression. In the case of a file, name-id
must match the name of the containing file, minus its directory path or file extension.

The initial-module-path is needed because even the require form must be imported
for further use in the module body. In other words, the initial-module-path import boot-
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straps the syntax available in the body. The most commonly used initial-module-path
is racket, which supplies most of the bindings described in this guide, including require,
define, and provide. Another commonly used initial-module-path is racket/base,
which provides less functionality, but still much of the most commonly needed functions and
syntax.

For example, the "cake.rkt" example of the previous section could be written as

(module cake racket
(provide print-cake)

(define (print-cake n)

(printf " ~a \n" (make-string n #\.))
(printf " .-~a-.\n" (make-string n #\[))
(printf " | ~a |\n" (make-string n #\space))
(printf "---~a---\n" (make-string n #\-))))

Furthermore, this module form can be evaluated in a REPL to declare a cake module that
is not associated with any file. To refer to such an unassociated module, quote the module
name:

Examples:
> (require ’cake)
> (print-cake 3)

Declaring a module does not immediately evaluate the body definitions and expressions of
the module. The module must be explicitly required at the top level to trigger evaluation.
After evaluation is triggered once, later requires do not re-evaluate the module body.

Examples:
> (module hi racket
(printf "Hello\n"))
> (require ’hi)
Hello
> (require ’hi)

6.2.2 The #lang Shorthand

The body of a #1lang shorthand has no specific syntax, because the syntax is determined by
the language name that follows #lang.
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In the case of #lang racket, the syntax is

#lang racket
decl

which reads the same as

(module name racket
decl ...)

where name is derived from the name of the file that contains the #1ang form.

The #lang racket/base form has the same syntax as #lang racket, except that the long-
hand expansion uses racket/base instead of racket. The #lang honu form, in contrast,
has a completely different syntax that doesn’t even look like Racket, and which we do not
attempt to describe in this guide.

Unless otherwise specified, a module that is documented as a “language” using the #lang
notation will expand to module in the same way as #lang racket. The documented lan-
guage name can be used directly with module or require, too.

6.3 Module Paths

A module path is a reference to a module, as used with require or as the initial-
module-path in amodule form. It can be any of several forms:

(quote id)

A module path that is a quoted identifier refers to a non-file module declaration
using the identifier. This form of module reference makes the most sense in a
REPL.

Examples:
> (module m racket
(provide color)
(define color "blue"))
> (module n racket
(require ’m)
(printf "my favorite color is ~a\n" color))
> (require ’n)
my favorite color is blue

rel-string
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A string module path is a relative path using Unix-style conventions: / is the
path separator, . . refers to the parent directory, and . refers to the same direc-
tory. The rel-string must not start or end with a path separator. If the path
has no suffix, ".rkt" is added automatically.

The path is relative to the enclosing file, if any, or it is relative to the current
directory. (More precisely, the path is relative to the value of (current-load-
relative-directory), which is set while loading a file.)

§6.1 “Module Basics” shows examples using relative paths.

If a relative path ends with a ".ss" suffix, it is converted to ".rkt". If the
file that implements the referenced module actually ends in ".ss", the suffix
will be changed back when attempting to load the file (but a ".rkt" suffix
takes precedence). This two-way conversion provides compatibility with older
versions of Racket.

id

A module path that is an unquoted identifier refers to an installed library. The
id is constrained to contain only ASCII letters, ASCII numbers, +, -, _, and
/, where / separates path elements within the identifier. The elements refer to
collections and sub-collections, instead of directories and sub-directories.

An example of this form is racket/date. It refers to the module whose source
is the "date.rkt" file in the "racket" collection, which is installed as part of
Racket. The ".rkt" suffix is added automatically.

Another example of this form is racket, which is commonly used at the initial
import. The path racket is shorthand for racket/main; when an id has no /,
then /main is automatically added to the end. Thus, racket or racket/main
refers to the module whose source is the "main.rkt" file in the "racket"
collection.

Examples:
> (module m racket
(require racket/date)

(printf "Today is ~s\n"
(date->string (seconds->date (current-
seconds)))))
> (require ’m)
Today is "Thursday, January 20th, 2011"

When the full path of a module ends with ".rkt", if no such file exists but
one does exist with the ".ss" suffix, then the ".ss" suffix is substituted au-
tomatically. This transformation provides compatibility with older versions of
Racket.
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(1ib rel-string)

Like an unquoted-identifier path, but expressed as a string instead of an identi-
fier. Also, the rel-string can end with a file suffix, in which case ".rkt" is
not automatically added.

Example of this form include (1ib "racket/date.rkt") and (1lib
"racket/date"), which are equivalent to racket/date. Other ex-
amples include (1ib "racket"), (1ib "racket/main"), and (1lib
"racket/main.rkt"), which are all equivalent to racket.

Examples:
> (module m (1lib '"racket")
(require (1ib "racket/date.rkt"))

(printf "Today is ~s\n"
(date->string (seconds->date (current-
seconds)))))
> (require ’m)
Today is "Thursday, January 20th, 2011"

(planet id)

Accesses a third-party library that is distributed through the PLaneT server. The
library is downloaded the first time that it is needed, and then the local copy is
used afterward.

The id encodes several pieces of information separated by a /: the package
owner, then package name with optional version information, and an optional
path to a specific library with the package. Like id as shorthand for a 1ib path,
a ".rkt" suffix is added automatically, and /main is used as the path if no
sub-path element is supplied.

Examples:
> (module m (1lib "racket")
; Use "schematics"’s "random.plt" 1.0, file
"random.rkt":
(require (planet schematics/random:1/random))
(display (random-gaussian)))
> (require ’m)
0.9050686838895684

As with other forms, an implementation file ending with ".ss" can be substi-
tuted automatically if no implementation file ending with " .rkt" exists.

(planet package-string)
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Like the symbol form of a planet, but using a string instead of an identifier.
Also, the package-string can end with a file suffix, in which case ".rkt" is
not added.

As with other forms, an ".ss" extension is converted to ".rkt", while an
implementation file ending with ".ss" can be substituted automatically if no
implementation file ending with " .rkt" exists.

(planet rel-string (user-string pkg-string vers ...))

vers = nat

| (nat nat)
| (= nat)

| (+ nat)

| (- nat)

A more general form to access a library from the PLaneT server. In this general
form, a PLaneT reference starts like a 1ib reference with a relative path, but the
path is followed by information about the producer, package, and version of the
library. The specified package is downloaded and installed on demand.

The verses specify a constraint on the acceptable version of the package, where
a version number is a sequence of non-negative integers, and the constraints de-
termine the allowable values for each element in the sequence. If no constraint
is provided for a particular element, then any version is allowed; in particular,
omitting all verses means that any version is acceptable. Specifying at least
one vers is strongly recommended.

For a version constraint, a plain nat is the same as (+ nat), which matches
nat or higher for the corresponding element of the version number. A (start-
nat end-nat) matches any number in the range start-nat to end-nat,
inclusive. A (= nat) matches only exactly nat. A (- nat) matches nat or
lower.

Examples:
> (module m (lib "racket")
(require (planet "random.rkt" ("schematics" "random.plt" 1 0)))
(display (random-gaussian)))
> (require ’m)
0.9050686838895684

The automatic ".ss" and " .rkt" conversions apply as with other forms.

(file string)

Refers to a file, where string is a relative or absolute path using the current
platform’s conventions. This form is not portable, and it should not be used
when a plain, portable rel-string suffices.
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The automatic ".ss" and ".rkt" conversions apply as with other forms.

6.4 Imports: require

The require form imports from another module. A require form can appear within a
module, in which case it introduces bindings from the specified module into importing mod-
ule. A require form can also appear at the top level, in which case it both imports bindings
and instantiates the specified module; that is, it evaluates the body definitions and expres-
sions of the specified module, if they have not been evaluated already.

A single require can specify multiple imports at once:

(require require-spec ...)

Specifying multiple require-specs in a single require is essentially the same as using
multiple requires, each with a single require-spec. The difference is minor, and con-
fined to the top-level: a single require can import a given identifier at most once, whereas
a separate require can replace the bindings of a previous require (both only at the top
level, outside of a module).

The allowed shape of a require-spec is defined recursively:

module-path
In its simplest form, a require-spec is a module-path (as de-
fined in the previous section, §6.3 “Module Paths”). In this case, the
bindings introduced by require are determined by provide decla-
rations within each module referenced by each module-path.

Examples:

> (module m racket
(provide color)
(define color "blue'))

> (module n racket
(provide size)
(define size 17))

> (require ’m ’n)

> (list color size)

> ("blue" 17)

(only-in require-spec id-maybe-renamed ...)
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id-maybe-renamed = id
| [orig-id bind-id]
An only-in form limits the set of bindings that would be intro-
duced by a base require-spec. Also, only-in optionally renames
each binding that is preserved: in a [orig-id bind-id] form, the
orig-id refers to a binding implied by require-spec, and bind-
id is the name that will be bound in the importing context instead of
bind-id.
Examples:
> (module m (1ib "racket")
(provide tastes-great?
less-filling?)
(define tastes-great? #t)
(define less-filling? #t))
> (require (only-in ’m tastes-great?))
> tastes-great?
#t
> less-filling?
reference to undefined identifier: less-filling?
> (require (only-in ’m [less-filling? lite?]))
> lite?
#t

(except-in require-spec id ...)
This form is the complement of only: it excludes specific bindings
from the set specified by require-spec.

(rename-in require-spec [orig-id bind-id] ...)
This form supports renaming like only-in, but leaving alone iden-
tifiers from require-spec that are not mentioned as an orig-id.

(prefix-in prefix-id require-spec)
This is a shorthand for renaming, where prefix-id is added to the
front of each identifier specified by require-spec.

The only-in, except-in, rename-in, and prefix-in forms can be nested to implement
more complex manipulations of imported bindings. For example,

(require (prefix-in m: (except-in ’m ghost)))

imports all bindings that m exports, except for the ghost binding, and with local names that
are prefixed withm:.
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Equivalently, the prefix-in could be applied before except-in, as long as the omission
with except-in is specified using the m: prefix:

(require (except-in (prefix m: ’m) m:ghost))
6.5 Exports: provide

By default, all of a module’s definitions are private to the module. The provide form
specifies definitions to be made available where the module is required.

(provide provide-spec ...)

A provide form can only appear at module level (i.e., in the immediate body of a module).
Specifying multiple provide-specs in a single provide is exactly the same as using mul-
tiple provides each with a single provide-spec.

Each identifier can be exported at most once from a module across all provides within
the module. More precisely, the external name for each export must be distinct; the same
internal binding can be exported multiple times with different external names.

The allowed shape of a provide-spec is defined recursively:

identifier
In its simplest form, a provide-spec indicates a binding within
its module to be exported. The binding can be from either a local
definition, or from an import.

(rename-out [orig-id export-id] ...)
A rename-out form is similar to just specifying an identifier, but the
exported binding orig-id is given a different name, export-id, to
importing modules.

(struct-out struct-id)

A struct-out form exports the bindings created by (struct
struct-id ....).

(all-defined-out)
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The all-defined-out shorthand exports all bindings that are de-
fined within the exporting module (as opposed to imported).

Use of the all-defined-out shorthand is generally discouraged,
because it makes less clear the actual exports for a module, and be-
cause Racket programmers get into the habit of thinking that defi-
nitions can be added freely to a module without affecting its public
interface (which is not the case when all-defined-out is used).

(all-from-out module-path)

The all-from-out shorthand exports all bindings in the module
that were imported using a require-spec that is based on module-
path.

Although different module-paths could refer to the same file-based
module, re-exporting with all-from-out is based specifically on
the module-path reference, and not the module that is actually ref-
erenced.

(except-out provide-spec id ...)
Like provide-spec, but omitting the export of each id, where id
is the external name of the binding to omit.

(prefix-out prefix-id provide-spec)
Like provide-spec, but adding prefix-id to the beginning of the
external name for each exported binding.

6.6 Assignment and Redefinition

The use of set! on variables defined within a module is limited to the body of the defining
module. That is, a module is allowed to change the value of its own definitions, and such
changes are visible to importing modules. However, an importing context is not allowed to
change the value of an imported binding.

Examples:
> (module m racket
(provide counter increment!)
(define counter 0)
(define (increment!)
(set! counter (addl counter))))
> (require ’m)
> counter
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(increment!)
counter

VvV B V VvV O

(set! counter -1)
set!: cannot mutate module-required identifier in: counter

As the above example illustrates, a module can always grant others the ability to change its
exports by providing a mutator function, such as increment!.

The prohibition on assignment of imported variables helps support modular reasoning about
programs. For example, in the module,

(module m racket
(provide rx:fish fishy-string?)
(define rx:fish #rx"fish")
(define (fishy-string? s)
(regexp-match? s rx:fish)))

the function fishy-string? will always match strings that contain “fish”, no matter how
other modules use the rx:fish binding. For essentially the same reason that it helps pro-
grammers, the prohibition on assignment to imports also allows many programs to be exe-
cuted more efficiently.

Along the same lines, when a module contains no set! of a particular identifier that is de-
fined within the module, then the identifier is considered a constant that cannot be changed—
not even by re-declaring the module.

Consequently, re-declaration of a module is not generally allowed. For file-based modules,
simply changing the file does not lead to a re-declaration in any case, because file-based
modules are loaded on demand, and the previously loaded declarations satisfy future re-
quests. It is possible to use Racket’s reflection support to re-declare a module, however, and
non-file modules can be re-declared in the REPL; in such cases, the re-declaration may fail
if it involves the re-definition of a previously constant binding.

> (module m racket
(define pie 3.141597))
> (require ’m)
> (module m racket
(define pie 3))
define-values: cannot re-define a constant: pie in module:

’

m

For exploration and debugging purposes, the Racket reflective layer provides a compile-
enforce-module-constants parameter to disable the enforcement of constants.

> (compile-enforce-module-constants #f)
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(module m2 racket

(provide pie)

(define pie 3.141597))
(require ’m2)
(module m2 racket

(provide pie)

(define pie 3))
(compile-enforce-module-constants #t)
pie
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7 Contracts

This chapter provides a gentle introduction to Racket’s contract system. §7?7? “[missing]” in
§77? “[missing]”
provides more on
contracts.

7.1 Contracts and Boundaries

Like a contract between two business partners, a software contract is an agreement between
two parties. The agreement specifies obligations and guarantees for each “product” (or
value) that is handed from one party to the other.

A contract thus establishes a boundary between the two parties. Whenever a value crosses
this boundary, the contract monitoring system performs contract checks, making sure the
partners abide by the established contract.

In this spirit, Racket encourages contracts mainly at module boundaries. Specifically,
programmers may attach contracts to provide clauses and thus impose constraints and
promises on the use of exported values. For example, the export specification

#lang racket

(provide/contract
[amount positive?])
(define amount ...)

promises to all clients of the above module that the value of amount will always be a positive
number. The contract system monitors the module’s obligation carefully. Every time a client
refers to amount, the monitor checks that the value of amount is indeed a positive number.

The contracts library is built into the Racket language, but if you wish to use racket/base,
you can explicitly require the contracts library like this:

#lang racket/base
(require racket/contract) ; now we can write contracts

(provide/contract
[amount positive?])
(define amount ...)

7.1.1 Contract Violations

If we bind amount to a number that is not positive,

#lang racket
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(provide/contract
[amount positive?])
(define amount 0)

then, when the module is required, the monitoring system signals a violation of the contract
and blames the module for breaking its promises.

An even bigger mistake would be to bind amount to a non-number value:

#lang racket

(provide/contract
[amount positive?])
(define amount ’amount)

In this case, the monitoring system will apply positive? to a symbol, but positive?
reports an error, because its domain is only numbers. To make the contract capture our
intentions for all Racket values, we can ensure that the value is both a number and is positive,
combining the two contracts with and/c:

(provide/contract
[amount (and/c number? positive?)])

7.1.2 Experimenting with Contracts and Modules

All of the contracts and module in this chapter (excluding those just following) are writ-
ten using the standard #lang syntax for describing modules. Since modules serve as the
boundary between parties in a contract, examples involve multiple modules.

To experiment with multiple modules within a single module or within DrRacket’s defini-
tions area, use the racket/load language. The contents of such a module can be other
modules (and require statements), using the longhand parenthesized syntax for a module
(see §6.2.1 “The module Form”). For example, try the example earlier in this section as
follows:

#lang racket/load

(module m racket
(provide/contract [amount (and/c number? positive?)])
(define amount 150))

(module n racket

(require ’m)
(+ amount 10))
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(require ’n)

Each of the modules and their contracts are wrapped in parentheses with the module key-
word at the front. The first form after module is the name of the module to be used in a
subsequent require statement (where each reference through a require prefixes the name
with a quote). The second form after module is the language, and the remaining forms are
the body of the module. After all of the modules, a require starts one of the modules plus
anything that is requires.

7.2 Simple Contracts on Functions

A mathematical function has a domain and a range. The domain indicates the kind of values
that the function can accept as arguments, and the range indicates the kind of values that it
produces. The conventional notation for a describing a function with its domain and range is

f:A->B
where A is the domain of the function and B is the range.

Functions in a programming language have domains and ranges, too, and a contract can en-
sure that a function receives only values in its range and produces only values in its domain.
A -> creates such a contract for a function. The forms after a -> specify contracts for the
domains and finally a contract for the range.

Here is a module that might represent a bank account:

#lang racket

(provide/contract
[deposit (-> number? any)]
[balance (-> number?)])

(define amount 0)
(define (deposit a) (set! amount (+ amount a)))

(define (balance) amount)

The module exports two functions:

* deposit, which accepts a number and returns some value that is not specified in the
contract, and

* balance, which returns a number indicating the current balance of the account.
When a module exports a function, it establishes two channels of communication between
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itself as a “server” and the “client” module that imports the function. If the client module
calls the function, it sends a value into the server module. Conversely, if such a function
call ends and the function returns a value, the server module sends a value back to the client
module. This client—server distinction is important, because when something goes wrong,
one or the other of the parties is to blame.

If a client module were to apply deposit to ’millions, it would violate the contract. The
contract-monitoring system would catch this violation and blame client for breaking the
contract with the above module. In contrast, if the balance function were to return ’broke,
the contract-monitoring system would blame the server module.

A -> by itself is not a contract; it is a contract combinator, which combines other contracts
to form a contract.

7.2.1 Styles of ->

If you are used to mathematical function, you may prefer a contract arrow to appear between
the domain and the range of a function, not at the beginning. If you have read How to Design
Programs, you have seen this many times. Indeed, you may have seen contracts such as these
in other people’s code:

(provide/contract
[deposit (number? . -> . any)])

If a Racket S-expression contains two dots with a symbol in the middle, the reader re-
arranges the S-expression and place the symbol at the front, as described in §2.4.3 “Lists
and Racket Syntax”. Thus,

(number? . -> . any)
is just another way of writing

(-> number? any)

7.2.2 any and any/c

The any contract used for deposit matches any kind of result, and it can only be used in the
range position of a function contract. Instead of any above, we could use the more specific
contract void?, which says that the function will always return the (void) value. The
void? contract, however, would require the contract monitoring system to check the return
value every time the function is called, even though the “client” module can’t do much with
the value. In contrast, any tells the monitoring system nof to check the return value, it tells a
potential client that the “server” module makes no promises at all about the function’s return
value, even whether it is a single value or multiple values.
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The any/c contract is similar to any, in that it makes no demands on a value. Unlike any,
any/c indicates a single value, and it is suitable for use as an argument contract. Using
any/c as a range contract imposes a check that the function produces a single value. That
is,

(-> integer? any)
describes a function that accepts and integer and returns any number of values, while
(-> integer? any/c)

describes a function that accepts an integer and produces a single result (but does not say
anything more about the result). The function

(define (f x) (values (+ x 1) (- x 1)))
matches (-> integer? any), butnot (-> integer? any/c).

Use any/c as a result contract when it is particularly important to promise a single result
from a function. Use any when you want to promise as little as possible (and incur as little
checking as possible) for a function’s result.

7.2.3 Rolling Your Own Contracts

The deposit function adds the given number to the value of amount. While the function’s
contract prevents clients from applying it to non-numbers, the contract still allows them
to apply the function to complex numbers, negative numbers, or inexact numbers, none of
which sensibly represent amounts of money.

The contract system allows programmers to define their own contracts as functions:

#lang racket

(define (amount? a)
(and (number? a) (integer? a) (exact? a) (>= a 0)))

(provide/contract
; an amount is a natural number of cents
; 1s the given number an amount?
[deposit (-> amount? any)]
[amount? (-> any/c boolean?)]
[balance (-> amount?)])

(define amount 0)

(define (deposit a) (set! amount (+ amount a)))
(define (balance) amount)
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This module define an amount? function as uses it as a contract within -> contracts. When
a client calls the deposit function as exported with the contract (-> amount? any), it
must supply an exact, nonnegative integer, otherwise the amount? function applied to the
argument will return #£, which will cause the contract-monitoring system to blame the client.
Similarly, the server module must provide an exact, nonnegative integer as the result of
balance to remain blameless.

Of course, it makes no sense to restrict a channel of communication to values that the client
doesn’t understand. Therefore the module also exports the amount? predicate itself, with a
contract saying that it accepts an arbitrary value and returns a boolean.

In this case, we could also have used natural-number/c in place of amount?, since it
implies exactly the same check:

(provide/contract
[deposit (-> natural-number/c any)]
[balance (-> natural-number/c)])

Every function that accepts one argument can be treated as a predicate and thus used as
a contract. For combining existing checks into a new one, however, contract combinators
such as and/c and or/c are often useful. For example, here is yet another way to write the
contracts above:

(define amount/c
(and/c number? integer? exact? (or/c positive? zero?)))

(provide/contract
[deposit (-> amount/c any)]
[balance (-> amount/c)])

Other values also serve double duty as contracts. For example, if a function accepts a number
or #f, (or/c number? #f) suffices. Similarly, the amount/c contract could have been
written with a O in place of zero?. If you use a regular expression as a contract, the contract
accepts strings and byte strings that match the regular expression.

Naturally, you can mix your own contract-implementing functions with combinators like
and/c. Here is a module for creating strings from banking records:

#lang racket

(define (has-decimal? str)
(define L (string-length str))
(and (>= L 3)
(char=7 #\. (string-ref str (- L 3)))))

(provide/contract
; convert a random number to a string
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[format-number (-> number? string?)]

; convert an amount into a string with a decimal
; point, as in an amount of US currency
[format-nat (-> natural-number/c

(and/c string? has-decimal?))])

The contract of the exported function format-number specifies that the function consumes
a number and produces a string. The contract of the exported function format-nat is more
interesting than the one of format-number. It consumes only natural numbers. Its range
contract promises a string that has a . in the third position from the right.

If we want to strengthen the promise of the range contract for format-nat so that it admits
only strings with digits and a single dot, we could write it like this:

#lang racket

(define (digit-char? x)
(member x ’(#\1 #\2 #\3 #\4 #\5 #\6 #\7 #\8 #\9 #\0)))

(define (has-decimal? str)
(define L (string-length str))
(and (>= L 3)
(char=7 #\. (string-ref str (- L 3)))))

(define (is-decimal-string? str)
(define L (string-length str))
(and (has-decimal? str)
(andmap digit-char?
(string->list (substring str O (- L 3))))
(andmap digit-char?
(string->list (substring str (- L 2) L)))))

(provide/contract

; convert an amount (natural number) of cents
; into a dollar based string
[format-nat (-> natural-number/c
(and/c string?
is-decimal-string?))])

Alternately, in this case, we could use a regular expression as a contract:

#lang racket
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(provide/contract

; convert an amount (natural number) of cents
; into a dollar based string
[format-nat (-> natural-number/c

(and/c string?

#rx"[0-91%\\. [0-9]1[0-91[0-91"))1)

7.2.4 Contracts on Higher-order Functions

Function contracts are not just restricted to having simple predicates on their domains or
ranges. Any of the contract combinators discussed here, including function contracts them-
selves, can be used as contracts on the arguments and results of a function.

For example,
(-> integer? (-> integer? integer?))

is a contract that describes a curried function. It matches functions that accept one argument
and then return another function accepting a second argument before finally returning an
integer. If a server exports a function make-adder with this contract, and if make-adder
returns a value other than a function, then the server is to blame. If make-adder does return
a function, but the resulting function is applied to a value other than an integer, then the
client is to blame.

Similarly, the contract
(-> (-> integer? integer?) integer?)

describes functions that accept other functions as its input. If a server exports a function
twice with this contract and the twice is applied to a value other than a function of one
argument, then the client is to blame. If twice is applied to a function of one argument and
twice calls the give function on a value other than an integer, then the server is to blame.

7.2.5 Contract Messages with “???”

You wrote your module. You added contracts. You put them into the interface so that client
programmers have all the information from interfaces. It’s a piece of art:

#lang racket

(provide/contract
[deposit (-> (lambda (x)
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(and (number? x) (integer? x) (>= x 0)))
any)])

(define this 0)
(define (deposit a) ...)

Several clients used your module. Others used their modules in turn. And all of a sudden
one of them sees this error message:

bank-client broke the contract (-> ??? any) it had with myaccount on deposit;
expected <???>, given: -10

Clearly, bank-client is a module that uses myaccount but what is the ??? doing there?
Wouldn’t it be nice if we had a name for this class of data much like we have string, number,
and so on?

For this situation, Racket provides flat named contracts. The use of “contract” in this term
shows that contracts are first-class values. The “flat” means that the collection of data is a
subset of the built-in atomic classes of data; they are described by a predicate that consumes
all Racket values and produces a boolean. The “named” part says what we want to do, which
is to name the contract so that error messages become intelligible:

#lang racket

(define (amount? x) (and (number? x) (integer? x) (>= x 0)))
(define amount (flat-named-contract ’amount amount?))

(provide/contract
[deposit (amount . -> . any)])

(define this 0)
(define (deposit a) ...)

With this little change, the error message becomes all of the sudden quite readable:

bank-client broke the contract (-> amount any) it had with myaccount on de-
posit; expected <amount>, given: -10

7.3 Contracts on Functions in General

The -> contract constructor works for functions that take a fixed number of arguments and
where the result contract is independent of the input arguments. To support other kinds of
functions, Racket supplies additional contract constructors, notably ->* and ->1i.
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7.3.1 Optional Arguments

Take a look at this excerpt from a string-processing module, inspired by the |Scheme cook-
book:

#lang racket

(provide/contract
; pad the given str left and right with
; the (optional) char so that it is centered
[string-pad-center (->* (string? natural-number/c)
(char?)
string?)])

(define (string-pad-center str width [pad #\space])
(define field-width (min width (string-length str)))
(define rmargin (ceiling (/ (- width field-width) 2)))
(define lmargin (floor (/ (- width field-width) 2)))
(string-append (build-string lmargin (A (x) pad))

str
(build-string rmargin (A (x) pad))))

The module exports string-pad-center, a function that creates a string of a given width
with the given string in the center. The default fill character is #\space; if the client module
wishes to use a different character, it may call string-pad-center with a third argument,
a char, overwriting the default.

The function definition uses optional arguments, which is appropriate for this kind of func-
tionality. The interesting point here is the formulation of the contract for the string-pad-
center.

The contract combinator ->*, demands several groups of contracts:

* The first one is a parenthesized group of contracts for all required arguments. In this
example, we see two: string? and natural-number/c.

* The second one is a parenthesized group of contracts for all optional arguments:
char?.

* The last one is a single contract: the result of the function.

Note if a default value does not satisfy a contract, you won’t get a contract error for this
interface. If you can’t trust yourself to get the initial value right, you need to communicate
the initial value across a boundary.
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7.3.2 Rest Arguments

The max operator consumes at least one real number, but it accepts any number of additional
arguments. You can write other such functions using a “rest” argument, such as in max-abs:

(define (max-abs n . rst)
(foldr (lambda (n m) (max (abs n) m)) (abs n) rst))

Describing this function through a contract requires a further extension of ->*: a #:rest
keyword specifies a contract on a list of arguments after the required and optional arguments:

(provide/contract
[max-abs (->*% (real?) () #:rest (listof real?) real?)])

As always for ->*, the contracts for the required arguments are enclosed in the first pair
of parentheses, which in this case is a single real number. The empty pair of parenthesis
indicates that there are no optional arguments (not counting the rest arguments). The contract
for the rest argument follows #: rest; since all additional arguments must be real numbers,
the list of rest arguments must satisfy the contract (listof real?).

7.3.3 Keyword Arguments

It turns out that the -> contract constructor also contains support for keyword arguments. For
example, consider this function, which creates a simple GUI and asks the user a yes-or-no
question:

#lang racket/gui

(define (ask-yes-or-no-question question
#:default answer
#:title title

#:width w

#:height h)
(define d (new dialog} [label title] [width w] [height h]))
(define msg (new message), [label question] [parent d]))

(define
(define
(define

(yes) (set! answer #t) (send d show #f))
(no) (set! answer #f) (send d show #f))
yes-b (new button},
[label "Yes"] [parent d]
[callback (A (x y) (yes))]
[style (if answer ’(border) ’())1))
no-b (new button
[label "No"] [parent dl
[callback (A (x y) (no))]
[style (if answer ’() ’(border))]))

(define
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(send d show #t)
answer)

(provide/contract
[ask-yes-or-no-question
(-> string?

#:default boolean?
#:title string?
#:width exact-integer?
#:height exact-integer?
boolean?)])

The contract for ask-yes-or-no-question uses ->, and in the same way that 1lambda
(or define-based functions) allows a keyword to precede a functions formal argument, -
> allows a keyword to precede a function contract’s argument contract. In this case, the
contract says that ask-yes-or-no-question must receive four keyword arguments, one
for each of the keywords #:default, #:title, #:width, and #:height. As in a function
definition, the order of the keywords in -> relative to each other does not matter for clients
of the function; only the relative order of argument contracts without keywords matters.

7.3.4 Optional Keyword Arguments

Of course, many of the parameters in ask-yes-or-no-question (from the previous ques-
tion) have reasonable defaults and should be made optional:

(define (ask-yes-or-no-question question
#:default answer
#:title [title "Yes or No7"]
#:width [w 400]
#:height [h 200])
)

To specify this function’s contract, we need to use ->* again. It supports keywords just as
you might expect in both the optional and mandatory argument sections. In this case, we
have the mandatory keyword #:default and optional keywords #:title, #:width, and
#:height. So, we write the contract like this:

(provide/contract
[ask-yes-or-no-question
(->* (string?
#:default boolean?)

(#:title string?

#:width exact-integer?
#:height exact-integer?)
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boolean?)])

That is, we put the mandatory keywords in the first section, and we put the optional ones in
the second section.

7.3.5 Contracts for case-lambda

A function defined with case-lambda might impose different constraints on its arguments
depending on how many are provided. For example, a report-cost function might convert

either a pair or numbers or a string into a new string: See §4.4.4
“Arity-Sensitive
(define report-cost Functions:

case-lambda” for
an introduction to
case-lambda.

(case-lambda
[(1o hi) (format "between $~a and $~a" lo hi)]
[(desc) (format "~a of dollars'" desc)]))

> (report-cost 5 8)
"between $5 and $8"

> (report-cost "millions™)
"millions of dollars"

The contract for such a function is formed with the case-> combinator, which combines as
many functional contracts as needed:

(provide/contract
[report-cost
(case->
(integer? integer? . -> . string?)
(string? . -> . string?))])

As you can see, the contract for report-cost combines two function contracts, which is
just as many clauses as the explanation of its functionality required.

7.3.6 Argument and Result Dependencies

The following is an excerpt from an imaginary numerics module:

(provide/contract
[real-sqrt (->i ([argument (>=/c 1)])
[result (argument) (<=/c argument)])])

The contract for the exported function real-sqrt uses the ->i rather than ->* function
contract. The “i”” stands for an indy dependent contract, meaning the contract for the function
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range depends on the value of the argument. The appearance of argument in the line for
result’s contract means that the result depends on the argument. In this particular case, the
argument of real-sqrt is greater or equal to 1, so a very basic correctness check is that the
result is smaller than the argument.

In general, a dependent function contract looks just like the more general ->* contract, but
with names added that can be used elsewhere in the contract.

Going back to the back-account example, suppose that we generalize the module to support
multiple accounts and that we also include a withdrawal operation. The improved bank-
account module includes a account structure type and the following functions:

(provide/contract
[balance (-> account? amount/c)]
[withdraw (-> account? amount/c account?)]
[deposit (-> account? amount/c account?)])

Besides requiring that a client provide a valid amount for a withdrawal, however, the amount
should be less than the specified account’s balance, and the resulting account will have less
money than it started with. Similarly, the module might promise that a deposit produces
an account with money added to the account. The following implementation enforces those
constraints and guarantees through contracts:

#lang racket
; section 1: the contract definitions
(struct account (balance))

(define amount/c natural-number/c)

; section 2: the exports

(provide/contract
[create (amount/c . -> . account?)]
[balance (account? . -> . amount/c)]

[withdraw (->i ([acc account?]
[amt (acc) (and/c amount/c (<=/c (balance acc)))])
[result (acc amt)
(and/c account?
(lambda (res)
(>= (balance res)
(- (balance acc) amt))))]1)]
[deposit (->i ([acc account?]
[amt amount/c])
[result (acc amt)
(and/c account?
(lambda (res)
(>= (balance res)
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(+ (balance acc) amt))))1)1)

; section 3: the function definitions
(define balance account-balance)

(define (create amt) (account amt))

(define (withdraw a amt)
(account (- (account-balance a) amt)))

(define (deposit a amt)
(account (+ (account-balance a) amt)))

The contracts in section 2 provide typical type-like guarantees for create and balance. For
withdraw and deposit, however, the contracts check and guarantee the more complicated
constraints on balance and deposit. The contract on the second argument to withdraw
uses (balance acc) to check whether the supplied withdrawal amount is small enough,
where acc is the name given within ->i to the function’s first argument. The contract on
the result of withdraw uses both acc and amt to guarantee that no more than that requested
amount was withdrawn. The contract on deposit similarly uses acc and amount in the
result contract to guarantee that at least as much money as provided was deposited into the
account.

As written above, when a contract check fails, the error message is not great. The following
revision uses flat-named-contract within a helper function mk-account-contract to
provide better error messages.

#lang racket

; section 1: the contract definitions
(struct account (balance))
(define amount/c natural-number/c)

(define msg> "account a with balance larger than ~a expected")
(define msg< "account a with balance less than ~a expected")

(define (mk-account-contract acc amt op msg)
(define balance0 (balance acc))
(define (ctr a)
(and (account? a) (op balance0 (balance a))))
(flat-named-contract (format msg balance0) ctr))

; section 2: the exports

(provide/contract
[create (amount/c . -> . account?)]
[balance (account? . -> . amount/c)]
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[withdraw (->i ([acc account?]
[amt (acc) (and/c amount/c (<=/c (balance acc)))])
[result (acc amt) (mk-account-

contract acc amt >= msg>)])]

[deposit (->i ([acc account?]
[amt amount/c])
[result (acc amt)

(mk-account-contract acc amt <= msg<)])])

; section 3: the function definitions
(define balance account-balance)

(define (create amt) (account amt))

(define (withdraw a amt)
(account (- (account-balance a) amt)))

(define (deposit a amt)
(account (+ (account-balance a) amt)))

7.3.7 Checking State Changes

The ->1i contract combinator can also ensure that a function only modifies state according
to certain constraints. For example, consider this contract (it is a slightly simplified from the
function preferences:add-panel in the framework):

(->i ([parent (is-a?/c area-container-window<%>)])
[_ (parent)
(let ([old-children (send parent get-children)])
(A (child)
(andmap eq?
(append old-children (list child))
(send parent get-children))))])

It says that the function accepts a single argument, named parent, and that parent must be
an object matching the interface area-container-window<%>.

The range contract ensures that the function only modifies the children of parent by adding
a new child to the front of the list. It accomplishes this by using the _ instead of a normal
identifier, which tells the contract library that the range contract does not depend on the
values of any of the results, and thus the contract library evaluates the expression follow-
ing the _ when the function is called, instead of when it returns. Therefore the call to the
get-children method happens before the function under the contract is called. When the
function under contract returns, its result is passed in as child, and the contract ensures that
the children after the function return are the same as the children before the function called,
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but with one more child, at the front of the list.

To see the difference in a toy example that focuses on this point, consider this program

#lang racket

(define x ’())

(define (get-x) x)

(define (f) (set! x (comns ’f x)))

(provide/contract
[f (->i () [_ (begin (set! x (cons ’ctc x)) any/c)])]
[get-x (-> (listof symbol?))])

If you were to require this module, call £, then the result of get-x would be * (f ctc). In
contrast, if the contract for f were

(->i () [res (begin (set! x (coms ’ctc x)) any/c)])

(only changing the underscore to res), then the result of get-x would be ’ (ctc f).

7.3.8 Multiple Result Values

The function split consumes a list of chars and delivers the string that occurs before the
first occurrence of #\newline (if any) and the rest of the list:

(define (split 1)
(define (split 1 w)
(cond

[(null? 1) (values (list->string (reverse w)) ’())]
[(char=7 #\newline (car 1))
(values (list->string (reverse w)) (cdr 1))]
[else (split (cdr 1) (cons (car 1) w))1))

(split 1 > ()))

It is a typical multiple-value function, returning two values by traversing a single list.

The contract for such a function can use the ordinary function arrow ->, since -> treats
values specially when it appears as the last result:

(provide/contract
[split (-> (listof char?)
(values string? (listof char?)))])

The contract for such a function can also be written using - >x*:

(provide/contract
[split (->* ((listof char?))
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O
(values string? (listof char?)))])

As before, the contract for the argument with ->* is wrapped in an extra pair of parentheses
(and must always be wrapped like that) and the empty pair of parentheses indicates that there
are no optional arguments. The contracts for the results are inside values: a string and a
list of characters.

Now, suppose that we also want to ensure that the first result of split is a prefix of the given
word in list format. In that case, we need to use the ->i contract combinator:

(define (substring-of? s)
(flat-named-contract
(format "substring of ~s" s)
(lambda (s2)
(and (string? s2)
(<= (string-length s2) s)
(equal? (substring s O (string-length s2)) s2)))))

(provide/contract
[split (->i ([f1 (listof char?)])
(values [s (f1) (substring-of (list->string f1))]
[c (listof char?)]))])

Like ->*, the ->1i combinator uses a function over the argument to create the range contracts.
Yes, it doesn’t just return one contract but as many as the function produces values: one
contract per value. In this case, the second contract is the same as before, ensuring that the
second result is a list of chars. In contrast, the first contract strengthens the old one so that
the result is a prefix of the given word.

This contract is expensive to check, of course. Here is a slightly cheaper version:
(provide/contract
[split (->i ([f1 (listof char?)])

(values [s (f1) (string-len/c (length £1))]
[c (listof char?)]))])

7.3.9 Fixed but Statically Unknown Arities

Imagine yourself writing a contract for a function that accepts some other function and a
list of numbers that eventually applies the former to the latter. Unless the arity of the given
function matches the length of the given list, your procedure is in trouble.

Consider this n-step function:
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; (number ... -> (union #f number?)) (listof number) -> void
(define (n-step proc inits)
(let ([inc (apply proc inits)])
(when inc
(n-step proc (map (A (x) (+ x inc)) inits)))))

The argument of n-step is proc, a function proc whose results are either numbers or false,
and a list. It then applies proc to the list inits. As long as proc returns a number, n-step
treats that number as an increment for each of the numbers in inits and recurs. When proc
returns false, the loop stops.

Here are two uses:

; nat -> nat
(define (f x)
(printf "~s\n" x)
(if (= x 0) #f -1))
(n-step £ 2 (2))

; nat nat -> nat

(define (g x y)
(define z (+ x y))
(printf "~s\n" (list x y z))
(if (= z 0) #f -1))

(n-step g ’(1 1))

A contract for n-step must specify two aspects of proc’s behavior: its arity must include
the number of elements in inits, and it must return either a number or #f. The latter is
easy, the former is difficult. At first glance, this appears to suggest a contract that assigns a
variable-arity to proc:

(->*x O
(listof any/c)
(or/c number? false/c))

This contract, however, says that the function must accept any number of arguments, not a
specific but undetermined number. Thus, applying n-step to (Lambda (x) x) and (list
1) breaks the contract because the given function accepts only one argument.

The correct contract uses the unconstrained-domain-> combinator, which specifies only
the range of a function, not its domain. It is then possible to combine this contract with an
arity test to specify the correct n-step’s contract:

(provide/contract

[n-step
(->i ([proc (inits)
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(and/c (unconstrained-domain->
(or/c false/c number?))
(A (f) (procedure-arity-includes?
f
(length inits))))]
[inits (listof number?)])
O
any) 1)

7.4 Contracts: A Thorough Example

This section develops several different flavors of contracts for one and the same example:
Racket’s argmax function. According to its Racket documentation, the function consumes
a procedure proc and a non-empty list of values, 1st. It

returns the first element in the list 1st that maximizes the result of proc.

The emphasis on first is ours.
Examples:

(argmax addl (list 1 2 3))

.9
(argmax second ’((a 2) (b 3) (c 4) (d 1) (e 4)))

>
3
> (argmax sqrt (list 0.4 0.9 0.16))
0
>
’(c 4)

Here is the simplest possible contract for this function:

version 1

#lang racket
(define (argmax f lov) ...)

(provide/contract
[argmax (-> (-> any/c real?) (and/c pair? list?) any/c)])

This contract captures two essential conditions of the informal description of argmax:

* the given function must produce numbers that are comparable according to <. In
particular, the contract (-> any/c number?) would not do, because number? also
recognizes complex numbers in Racket.
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* the given list must contain at least one item.

When combined with the name, the contract explains the behavior of argmax at the same
level as an ML function type in a module signature (except for the non-empty list aspect).

Contracts may communicate significantly more than a type signature, however. Take a look
at this second contract for argmax:

version 2

#lang racket
(define (argmax f lov) ...)

(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair? 1list?)]) (O
(r (f lov)
(lambda (r)
(define fer (f r))
(for/and ((v lov)) (>= fer (f v))))))1)

It is a dependent contract that names the two arguments and uses the names to impose a
predicate on the result. This predicate computes (f r) — where r is the result of argmax —
and then validates that this value is greater than or equal to all values of £ on the items of
lov.

Is it possible that argmax could cheat by returning a random value that accidentally maxi-
mizes f over all elements of 1ov? With a contract, it is possible to rule out this possibility:

version 2 rev. a

#lang racket
(define (argmax f lov) ...)

(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair? 1list?)]) (O
(r (£ lov)
(lambda (r)
(define f@r (f r))
(and
(memq r lov)

(for/and ((v lov)) (>= fer (f v)))))))1)

The memq function ensures that r is intensionally equal to one of the members of 1ov. Of  Thatis, "pointer

course, a moment’s worth of reflection shows that it is impossible to make up such a value. ~equality” for those
who prefer to think
at the hardware
level.
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Functions are opaque values in Racket and without applying a function, it is impossible
to determine whether some random input value produces an output value or triggers some
exception. So we ignore this possibility from here on.

Version 2 formulates the overall sentiment of argmax’s documentation, but it fails to bring
across that the result is the first element of the given list that maximizes the given function
f. Here is a version that communicates this second aspect of the informal documentation:

version 3

#lang racket
(define (argmax f lov) ...)

(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair? 1list?)]) (O
(r (£ lov)
(lambda (r)
(define f@r (f r))
(and (for/and ((v lov)) (>= fer (f v)))
(eq? (first (memf (lambda (v) (= (£ v) f@r)) lov))

)N

That is, the memf function determines the first element of Lov whose value under £ is equal
to r’s value under £. If this element is intensionally equal to r, the result of argmax is
correct.

This second refinement step introduces two problems. First, both conditions recompute
the values of f for all elements of 1lov. Second, the contract is now quite difficult to read.
Contracts should have a concise formulation that a client can comprehend with a simple scan.
Let us eliminate the readability problem with two auxiliary functions that have reasonably
meaningful names:

version 3 rev. a

#lang racket

(define (argmax f lov) ...)
(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair? list?)]) (O
(r (£ lov)
(lambda (r)

(define fe@r (f r))
(and (is-first-max? r f@r f lov)
(dominates-all f@r f lov)))))1)
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; Where

; fO@r is greater or equal to all (f v) for v in lov
(define (dominates-all f@r f lov)
(for/and ((v lov)) (>= (f v) f@r)))

; r is eq? to the first element v of lov for which (pred? v)
(define (is-first-max? r fO@r f lov)
(eq? (first (memf (lambda (v) (= (f v) f@r)) lov)) r))

The names of the two predicates express their functionality and, in principle, render it un-
necessary to read their definitions.

This step leaves us with the problem of the newly introduced inefficiency. To avoid the
recomputation of (£ v) for all v on lov, we change the contract so that it computes these
values and reuses them as needed:

‘version 3 rev. b‘

#lang racket
(define (argmax f lov) ...)

(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair? list?)]) (O
(r (f lov)
(lambda (r)
(define f@r (f r))
(define flov (map f lov))
(and (is-first-max? r f@r (map list lov flov))
(dominates-all f@r flov)))))1)

; Where

; fOr is greater or equal to all f@v in flov
(define (dominates-all f@r flov)
(for/and ((f@v flov)) (>= f@r fev)))

; r is (second x) for the first x in flov+lov s.t. (= (first x)
for)
(define (is-first-max? r f@r lov+flov)
(define fst (first lov+flov))
(if (= (second fst) f@r)
(eq? (first fst) r)
(is-first-max? fOr r (rest lov+flov))))
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Now the predicate on the result once again computes all values of £ for elements of lov
once.

Version 3 may still be too eager when it comes to calling £. While Racket’s argmax always
calls £ no matter how many items lov contains, let us imagine for illustrative purposes that
our own implementation first checks whether the list is a singleton. If so, the first element
would be the only element of lov and in that case there would be no need to compute (f
r). As a matter of fact, since f may diverge or raise an exception for some inputs, argmax
should avoid calling £ when possible.

The following contract demonstrates how a higher-order dependent contract needs to be
adjusted so as to avoid being over-eager:

version 4

#lang racket

(define (argmax f lov)
(if (empty? (rest lov))
(first lov)
o))

(provide/contract
[argmax
(->i ([f (-> any/c real?)] [lov (and/c pair?
(r (£ lov)
(lambda (r)
(cond
[(empty? (rest lov)) (eq? (first lov) r)]
[else
(define for (f r))
(define flov (map f lov))
(and (is-first-max? r fOr (map list lov flov))
(dominates-all f@r flov))1))))1)

list?)]) O

; Where

; fOr is greater or equal to all f@v in flov
(define (dominates-all f@r lov) ...)

; r is (second x) for the first x in flov+lov s.t. (= (first x)
for)

(define (is-first-max? r f@r lov+flov) ...)

Note that such considerations don’t apply to the world of first-order contracts. Only a higher-
order (or lazy) language forces the programmer to express contracts with such precision.
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The problem of diverging or exception-raising functions should alert the reader to the even
more general problem of functions with side-effects. If the given function f has visible
effects — say it logs its calls to a file — then the clients of argmax will be able to observe
two sets of logs for each call to argmax. To be precise, if the list of values contains more
than one element, the log will contain two calls of £ per value on lov. If f is expensive to
compute, doubling the calls imposes a high cost.

To avoid this cost and to signal problems with overly eager contracts, a contract system could
record the i/o of contracted function arguments and use these hashtables in the dependency
specification. This is a topic of on-going research in PLT. Stay tuned.

7.5 Contracts on Structures

Modules deal with structures in two ways. First they export struct definitions, i.e., the
ability to create structs of a certain kind, to access their fields, to modify them, and to distin-
guish structs of this kind against every other kind of value in the world. Second, on occasion
a module exports a specific struct and wishes to promise that its fields contain values of a
certain kind. This section explains how to protect structs with contracts for both uses.

7.5.1 Guarantees for a Specific Value

If your module defines a variable to be a structure, then you can specify the structure’s shape
using struct/c:

#lang racket
(require lang/posn)

(define origin (make-posn 0 0))

(provide/contract
[origin (struct/c posn zero? zero?)])

In this example, the module imports a library for representing positions, which exports a
posn structure. One of the posns it creates and exports stands for the origin, i.e., (0,0), of

the grid. See also vector/c
and similar contract
combinators for

(flat) compound
7.5.2 Guarantees for All Values data.

The book How to Design Programs teaches that posns should contain only numbers in their
two fields. With contracts we would enforce this informal data definition as follows:

#lang racket
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(struct posn (x y))

(provide/contract

[struct posn ((x number?) (y number?))]
[p-okay posn?]

[p-sick posn?])

(define p-okay (posn 10 20))
(define p-sick (posn ’a ’b))

This module exports the entire structure definition: posn, posn?, posn-x, posn-y, set-
posn-x!, and set-posn-y!. Each function enforces or promises that the two fields of a
posn structure are numbers — when the values flow across the module boundary. Thus, if a
client calls posn on 10 and ’a, the contract system signals a contract violation.

The creation of p-sick inside of the posn module, however, does not violate the contracts.
The function posn is used internally, so ’a and ’b don’t cross the module boundary. Simi-
larly, when p-sick crosses the boundary of posn, the contract promises a posn? and noth-
ing else. In particular, this check does not require that the fields of p-sick are numbers.

The association of contract checking with module boundaries implies that p-okay and p-
sick look alike from a client’s perspective until the client extracts the pieces:

#lang racket
(require lang/posn)

(posn-x p-sick)

Using posn-x is the only way the client can find out what a posn contains in the x field. The
application of posn-x sends p-sick back into the posn module and the result value — ’a
here — back to the client, again across the module boundary. At this very point, the contract
system discovers that a promise is broken. Specifically, posn-x doesn’t return a number but
a symbol and is therefore blamed.

This specific example shows that the explanation for a contract violation doesn’t always
pinpoint the source of the error. The good news is that the error is located in the posn
module. The bad news is that the explanation is misleading. Although it is true that posn-x
produced a symbol instead of a number, it is the fault of the programmer who created a posn
from symbols, i.e., the programmer who added

(define p-sick (posn ’a ’b))

to the module. So, when you are looking for bugs based on contract violations, keep this
example in mind.

If we want to fix the contract for p-sick so that the error is caught when sick is exported,
a single change suffices:
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(provide/contract

[p-sick (struct/c posn number? number?)])

That is, instead of exporting p-sick as a plain posn?, we use a struct/c contract to
enforce constraints on its components.

7.5.3 Checking Properties of Data Structures

Contracts written using struct/c immediately check the fields of the data structure, but
sometimes this can have disastrous effects on the performance of a program that does not,
itself, inspect the entire data structure.

As an example, consider the binary search tree search algorithm. A binary search tree is like
a binary tree, except that the numbers are organized in the tree to make searching the tree
fast. In particular, for each interior node in the tree, all of the numbers in the left subtree are
smaller than the number in the node, and all of the numbers in the right subtree are larger
than the number in the node.

We can implement a search function in? that takes advantage of the structure of the binary
search tree.

#lang racket
(struct node (val left right))

; determines if ‘n’ is in the binary search tree ‘b’,
; exploiting the binary search tree invariant
(define (in? n b)
(cond
[(null? b) #f]
[else (cond
[(= n (node-val b))
#t]
[(< n (node-val b))
(in? n (node-left b))]
[(> n (node-val b))
(in? n (node-right b))1)1))

; a predicate that identifies binary search trees
(define (bst-between? b low high)
(or (null? b)
(and (<= low (node-val b) high)
(bst-between? (node-left b) low (node-val b))
(bst-between? (node-right b) (node-val b) high))))
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(define (bst? b) (bst-between? b -inf.0 +inf.0))

(provide (struct node (val left right)))

(provide/contract
[bst? (any/c . -> . boolean?)]
[in? (number? bst? . -> . boolean?)])

In a full binary search tree, this means that the in? function only has to explore a logarithmic
number of nodes.

The contract on in? guarantees that its input is a binary search tree. But a little careful
thought reveals that this contract defeats the purpose of the binary search tree algorithm. In
particular, consider the inner cond in the in? function. This is where the in? function gets
its speed: it avoids searching an entire subtree at each recursive call. Now compare that
to the bst-between? function. In the case that it returns #t, it traverses the entire tree,
meaning that the speedup of in? is lost.

In order to fix that, we can employ a new strategy for checking the binary search tree contract.
In particular, if we only checked the contract on the nodes that in? looks at, we can still
guarantee that the tree is at least partially well-formed, but without changing the complexity.

To do that, we need to use define-contract-struct in place of struct. Like struct
(and more like define-struct), define-contract-struct defines a maker, predicate,
and selectors for a new structure. Unlike define-struct, it also defines contract combi-
nators, in this case node/c and node/dc. Also unlike define-struct, it does not allow
mutators, making its structs always immutable.

The node/c function accepts a contract for each field of the struct and returns a contract
on the struct. More interestingly, the syntactic form node/dc allows us to write dependent
contracts, i.e., contracts where some of the contracts on the fields depend on the values of
other fields. We can use this to define the binary search tree contract:

#lang racket

(define-contract-struct node (val left right))
; determines if ‘n’ is in the binary search tree ‘b’
(define (in? n b) ... as before ...)

; bst-between : number number -> contract
; builds a contract for binary search trees
; whose values are betweeen low and high
(define (bst-between/c low high)
(or/c null?
(node/dc [val (between/c low high)]
[left (val) (bst-between/c low val)]
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[right (val) (bst-between/c val high)])))
(define bst/c (bst-between/c -inf.0 +inf.0))

(provide make-node node-left node-right node-val node?)
(provide/contract
[bst/c contract?]

[in? (number? bst/c . -> . boolean?)])

In general, each use of node/dc must name the fields and then specify contracts for each
field. In the above, the val field is a contract that accepts values between low and high.
The 1left and right fields are dependent on the value of the val field, indicated by their
second sub-expressions. Their contracts are built by recursive calls to the bst-between/c
function. Taken together, this contract ensures the same thing that the bst-between? func-
tion checked in the original example, but here the checking only happens as in? explores
the tree.

Although this contract improves the performance of in?, restoring it to the logarithmic be-
havior that the contract-less version had, it is still imposes a fairly large constant overhead.
So, the contract library also provides define-opt/c that brings down that constant factor
by optimizing its body. Its shape is just like the define above. It expects its body to be a
contract and then optimizes that contract.

(define-opt/c (bst-between/c low high)
(or/c null?
(node/dc [val (between/c low high)]
[left (val) (bst-between/c low val)]
[right (val) (bst-between/c val high)])))

7.6 Abstract Contracts using #:exists and #: -

The contract system provides existential contracts that can protect abstractions, ensuring
that clients of your module cannot depend on the precise representation choices you make
for your data structures.

The provide/contract form allows you to write
#:d name-of-a-new-contract

as one of its clauses. This declaration introduces the variable name-of-a-new-contract,
binding it to a new contract that hides information about the values it protects.

As an example, consider this (simple) implementation of a stack datastructure:

#lang racket

146

You can type
#:exists instead
of #:3if you
cannot easily type
unicode characters;
in DrRacket, typing
\exists followed
by either alt-\ or
control-\
(depending on your
platform) will
produce 3.



(define empty ’())

(define (enq top queue) (append queue (list top)))
(define (next queue) (car queue))

(define (deq queue) (cdr queue))

(define (empty? queue) (null? queue))

(provide/contract

[empty (listof integer?)]

[eng (-> integer? (listof integer?) (listof integer?))]
[next (-> (listof integer?) integer?)]

[deq (-> (listof integer?) (listof integer?))]

[empty? (-> (listof integer?) boolean?)])

This code implements a queue purely in terms of lists, meaning that clients of this data
structure might use car and cdr directly on the data structure (perhaps accidentally) and
thus any change in the representation (say to a more efficient representation that supports
amortized constant time enqueue and dequeue operations) might break client code.

To ensure that the stack representation is abstact, we can use #: 3 in the provide/contract
expression, like this:

(provide/contract

#:3 stack

[empty stack]

[eng (-> integer? stack stack)]
[next (-> stack integer?)]

[deq (-> stack (listof integer?))]
[empty? (-> stack boolean?)])

Now, if clients of the data structure try to use car and cdr, they receive an error, rather than
mucking about with the internals of the queues.

See also §7.8.2 “Exists Contracts and Predicates”.

7.7 Additional Examples

This section illustrates the current state of Racket’s contract implementation with a series of
examples from Design by Contract, by Example [Mitchell02].

Mitchell and McKim’s principles for design by contract DbC are derived from the 1970s
style algebraic specifications. The overall goal of DbC is to specify the constructors of an
algebra in terms of its observers. While we reformulate Mitchell and McKim’s terminology
and we use a mostly applicative, we retain their terminology of “classes” and “objects”:

¢ Separate queries from commands.
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A query returns a result but does not change the observable properties of an object.
A command changes the visible properties of an object, but does not return a result.
In applicative implementation a command typically returns an new object of the same
class.

* Separate basic queries from derived queries

A derived query returns a result that is computable in terms of basic queries.

¢ For each derived query, write a post-condition contract that specifies the result
in terms of the basic queries.

¢ For each command, write a post-condition contract that specifies the changes to
the observable properties in terms of the basic queries.

* For each query and command, decide on suitable pre-condition contract.

Each of the following sections corresponds to a chapter in Mitchell and McKim’s book (but
not all chapters show up here). We recommend that you read the contracts first (near the end
of the first modules), then the implementation (in the first modules), and then the test module
(at the end of each section).

Mitchell and McKim use Eiffel as the underlying programming language and employ a con-
ventional imperative programming style. Our long-term goal is to transliterate their exam-
ples into applicative Racket, structure-oriented imperative Racket, and Racket’s class sys-
tem.

Note: To mimic Mitchell and McKim’s informal notion of parametericity (parametric poly-
morphism), we use first-class contracts. At several places, this use of first-class contracts
improves on Mitchell and McKim’s design (see comments in interfaces).

7.7.1 A Customer-Manager Component

This first module contains some struct definitions in a separate module in order to better
track bugs.

#lang racket
; data definitions

(define id? symbol?)
(define id-equal? eq?)
(define-struct basic-customer (id name address) #:mutable)

; interface

(provide/contract
[id7? (-> any/c boolean?)]
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[id-equal? (-> id? id? boolean?)]
[struct basic-customer ((id id?)
(name string?)
(address string?))])
; end of interface

This module contains the program that uses the above.

#lang racket
(require "1.ss") ; the module just above

; implementation
; [listof (list basic-customer? secret-info)]
(define all ’())

(define (find c)
(define (has-c-as-key p)
(id-equal? (basic-customer-id (car p)) c))
(define x (filter has-c-as-key all))
(if (pair? x) (car x) x))

(define (active? c)
(define f (find c))
(pair? (find c)))
(define not-active? (compose not active? basic-customer-id))

(define count 0)

(define (add c)
(set! all (cons (list c ’secret) all))
(set! count (+ count 1)))

(define (name id)
(define bc-with-id (find id))
(basic-customer-name (car bc-with-id)))
(define (set-name id name)
(define bc-with-id (find id))

(set-basic-customer-name! (car bc-with-id) name))

(define cO 0)
; end of implementation

(provide/contract
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; how many customers are in the db?
[count natural-number/c]
; is the customer with this id active?
[active? (-> id? boolean?)]
; what is the name of the customer with this id?
[name (-> (and/c id? active?) string?)]
; change the name of the customer with this id
[set-name (->d ([id id?] [nn string?])
0)
[result any/c] ; result contract
#:post-cond
(string=7 (name id) nn))]

[add (->d ([bc (and/c basic-customer? not-active?)])
O
; A pre-post condition contract must use
; a side-effect to express this contract
; via post-conditions
#:pre-cond (set! cO count)
[result any/c] ; result contract
#:post-cond (> count c0))])

The tests:

#lang racket
(require rackunit rackunit/text-ui "1.ss" "i1b.ss")

(add (make-basic-customer ’mf "matthias" "brookstone"))

(add (make-basic-customer ’rf "robby" "beverly hills park"))
(add (make-basic-customer ’fl "matthew" "pepper clouds town'"))
(add (make-basic-customer ’sk "shriram" "i city"))

(run-tests
(test-suite
"manager"
(test-equal? "id lookup" "matthias" (name ’mf))
(test-equal? '"count" 4 count)
q
(test-true "active?" (active? 