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8 CHAPTER 2. LEXICAL STRUCTURE

2.2 Lexical Program Structure

program ! { lexeme | whitespace }
lexeme ! qvarid | qconid | qvarsym | qconsym

| literal | special | reservedop | reservedid
literal ! integer | float | char | string
special ! ( | ) | , | ; | [ | ] | ` | { | }

whitespace ! whitestu↵ {whitestu↵ }
whitestu↵ ! whitechar | comment | ncomment
whitechar ! newline | vertab | space | tab | uniWhite
newline ! return linefeed | return | linefeed | formfeed
return ! a carriage return
linefeed ! a line feed
vertab ! a vertical tab
formfeed ! a form feed
space ! a space
tab ! a horizontal tab
uniWhite ! any Unicode character defined as whitespace

comment ! dashes [ anyhsymboli {any} ] newline
dashes ! -- {-}
opencom ! {-
closecom ! -}
ncomment ! opencom ANYseq {ncomment ANYseq} closecom
ANYseq ! {ANY }h{ANY } ( opencom | closecom ) {ANY }i
ANY ! graphic | whitechar
any ! graphic | space | tab
graphic ! small | large | symbol | digit | special | " | ’

small ! ascSmall | uniSmall | _
ascSmall ! a | b | . . . | z
uniSmall ! any Unicode lowercase letter

large ! ascLarge | uniLarge
ascLarge ! A | B | . . . | Z
uniLarge ! any uppercase or titlecase Unicode letter
symbol ! ascSymbol | uniSymbolhspecial | _ | " | ’i

ascSymbol ! ! | # | $ | % | & | * | + | . | / | < | = | > | ? | @
| \ | ˆ | | | - | ˜ | :

uniSymbol ! any Unicode symbol or punctuation
digit ! ascDigit | uniDigit
ascDigit ! 0 | 1 | . . . | 9
uniDigit ! any Unicode decimal digit
octit ! 0 | 1 | . . . | 7
hexit ! digit | A | . . . | F | a | . . . | f
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Chapter 10

Syntax Reference

10.1 Notational Conventions

These notational conventions are used for presenting syntax:

[pattern] optional
{pattern} zero or more repetitions
(pattern) grouping
pat1 | pat2 choice
pathpat0i difference—elements generated by pat

except those generated by pat 0

fibonacci terminal syntax in typewriter font

BNF-like syntax is used throughout, with productions having the form:

nonterm ! alt1 | alt2 | . . . | altn

In both the lexical and the context-free syntax, there are some ambiguities that are to be resolved by making
grammatical phrases as long as possible, proceeding from left to right (in shift-reduce parsing, resolving
shift/reduce conflicts by shifting). In the lexical syntax, this is the “maximal munch” rule. In the context-free
syntax, this means that conditionals, let-expressions, and lambda abstractions extend to the right as far as
possible.

10.2 Lexical Syntax

program ! { lexeme | whitespace }
lexeme ! qvarid | qconid | qvarsym | qconsym

| literal | special | reservedop | reservedid

129
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3.14 Do Expressions

lexp ! do { stmts } (do expression)
stmts ! stmt1 . . . stmtn exp [;] (n � 0 )
stmt ! exp ;

| pat <- exp ;
| let decls ;
| ; (empty statement)

A do expression provides a more conventional syntax for monadic programming. It allows an expression
such as

putStr "x: " >>
getLine >>= \l ->
return (words l)

to be written in a more traditional way as:

do putStr "x: "
l <- getLine
return (words l)

Translation: Do expressions satisfy these identities, which may be used as a translation into the kernel,
after eliminating empty stmts :

do {e} = e
do {e;stmts} = e >> do {stmts}
do {p <- e; stmts} = let ok p = do {stmts}

ok _ = fail "..."
in e >>= ok

do {let decls; stmts} = let decls in do {stmts}

The ellipsis "..." stands for a compiler-generated error message, passed to fail, preferably giving
some indication of the location of the pattern-match failure; the functions >>, >>=, and fail are
operations in the class Monad, as defined in the Prelude; and ok is a fresh identifier.

As indicated by the translation of do, variables bound by let have fully polymorphic types while those
defined by <- are lambda bound and are thus monomorphic.

3.15 Datatypes with Field Labels

A datatype declaration may optionally define field labels (see Section 4.2.1). These field labels can be used
to construct, select from, and update fields in a manner that is independent of the overall structure of the
datatype.

Different datatypes cannot share common field labels in the same scope. A field label can be used at most
once in a constructor. Within a datatype, however, a field label can be used in more than one constructor
provided the field has the same typing in all constructors. To illustrate the last point, consider:
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58 CHAPTER 4. DECLARATIONS AND BINDINGS

module M1(len1) where
default( Int, Double )
len1 = genericLength "Hello"

module M2 where
import M1(len1)
len2 = (2*len1) :: Rational

When type inference on module M1 is complete, len1 has the monomorphic type Num a => a (by Rule
1). Rule 2 now states that the monomorphic type variable a is ambiguous, and must be resolved using the
defaulting rules of Section 4.3.4. Hence, len1 gets type Int, and its use in len2 is type-incorrect. (If the
above code is actually what is wanted, a type signature on len1 would solve the problem.)

This issue does not arise for nested bindings, because their entire scope is visible to the compiler.

Consequences The monomorphism rule has a number of consequences for the programmer. Anything
defined with function syntax usually generalizes as a function is expected to. Thus in

f x y = x+y

the function f may be used at any overloading in class Num. There is no danger of recomputation here.
However, the same function defined with pattern syntax:

f = \x -> \y -> x+y

requires a type signature if f is to be fully overloaded. Many functions are most naturally defined using
simple pattern bindings; the user must be careful to affix these with type signatures to retain full overloading.
The standard prelude contains many examples of this:

sum :: (Num a) => [a] -> a
sum = foldl (+) 0

Rule 1 applies to both top-level and nested definitions. Consider

module M where
len1 = genericLength "Hello"
len2 = (2*len1) :: Rational

Here, type inference finds that len1 has the monomorphic type (Num a => a); and the type variable a is
resolved to Rational when performing type inference on len2.

4.6 Kind Inference

This section describes the rules that are used to perform kind inference, i.e. to calculate a suitable kind for
each type constructor and class appearing in a given program.

The first step in the kind inference process is to arrange the set of datatype, synonym, and class definitions
into dependency groups. This can be achieved in much the same way as the dependency analysis for value
declarations that was described in Section 4.5. For example, the following program fragment includes the
definition of a datatype constructor D, a synonym S and a class C, all of which would be included in the same
dependency group:

4.6. KIND INFERENCE 59

data C a => D a = Foo (S a)
type S a = [D a]
class C a where

bar :: a -> D a -> Bool

The kinds of variables, constructors, and classes within each group are determined using standard techniques
of type inference and kind-preserving unification [8]. For example, in the definitions above, the parameter a
appears as an argument of the function constructor (->) in the type of bar and hence must have kind ⇤. It
follows that both D and S must have kind ⇤ ! ⇤ and that every instance of class C must have kind ⇤.

It is possible that some parts of an inferred kind may not be fully determined by the corresponding definitions;
in such cases, a default of ⇤ is assumed. For example, we could assume an arbitrary kind  for the a parameter
in each of the following examples:

data App f a = A (f a)
data Tree a = Leaf | Fork (Tree a) (Tree a)

This would give kinds ( ! ⇤) !  ! ⇤ and  ! ⇤ for App and Tree, respectively, for any kind , and
would require an extension to allow polymorphic kinds. Instead, using the default binding  = ⇤, the actual
kinds for these two constructors are (⇤ ! ⇤) ! ⇤ ! ⇤ and ⇤ ! ⇤, respectively.

Defaults are applied to each dependency group without consideration of the ways in which particular type
constructor constants or classes are used in later dependency groups or elsewhere in the program. For exam-
ple, adding the following definition to those above does not influence the kind inferred for Tree (by changing
it to (⇤ ! ⇤) ! ⇤, for instance), and instead generates a static error because the kind of [], ⇤ ! ⇤, does not
match the kind ⇤ that is expected for an argument of Tree:

type FunnyTree = Tree [] -- invalid

This is important because it ensures that each constructor and class are used consistently with the same kind
whenever they are in scope.
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Kind Inference for Datatypes
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In recent years, languages like Haskell have seen a dramatic surge of new features that signi!cantly extends
the expressive power of their type systems. With these features, the challenge of kind inference for datatype
declarations has presented itself and become a worthy research problem on its own.

This paper studies kind inference for datatypes. Inspired by previous research on type-inference, we o"er
declarative speci!cations for what datatype declarations should be accepted, both for Haskell98 and for a more
advanced system we call PolyKinds, based on the extensions in modern Haskell, including a limited form of
dependent types. We believe these formulations to be novel and without precedent, even for Haskell98. These
speci!cations are complemented with implementable algorithmic versions. We study soundness, completeness
and the existence of principal kinds in these systems, proving the properties where they hold. This work can
serve as a guide both to language designers who wish to formalize their datatype declarations and also to
implementors keen to have principled inference of principal types.

CCS Concepts: •Theory of computation→Type theory; • Software and its engineering→ Functional
languages; Polymorphism; Data types and structures.

Additional Key Words and Phrases: Haskell, Dependent Types

ACM Reference Format:
Ningning Xie, Richard A. Eisenberg, and Bruno C. d. S. Oliveira. 2020. Kind Inference for Datatypes. Proc.
ACM Program. Lang. 4, POPL, Article 53 (January 2020), 28 pages. https://doi.org/10.1145/3371121

1 INTRODUCTION

Modern functional languages such as Haskell, ML, and OCaml come with powerful forms of type
inference. The global type-inference algorithms employed in those languages are derived from
the Hindley-Milner type system (HM) [Damas and Milner 1982; Hindley 1969], with multiple
extensions. As the languages evolve, researchers also formalize the key aspects of type inference
for the new extensions. Common extensions of HM include higher-ranked polymorphism [Odersky
and Läufer 1996; Peyton Jones et al. 2007] and type-inference for GADTs [Peyton Jones et al. 2006],
which have both been formally studied thoroughly.

Most research work for extensions of HM so far has focused on forms of polymorphism (such as
support for impredicativity [Le Botlan and Rémy 2003; Leijen 2009; Rémy and Yakobowski 2008;
Serrano et al. 2018; Vytiniotis et al. 2008]), where type variables all have the same kind. In these
systems, the type variables introduced by universal quanti!ers and/or type declarations all stand
for proper types (i.e., they have kind !). In such a simpli!ed setting, datatype declarations such as
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Tweag I/O, United Kingdom, rae@richarde.dev; Bruno C. d. S. Oliveira, The University of Hong Kong, Department of
Computer Science, Hong Kong, China, bruno@cs.hku.hk.
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Match Rules C ` mrule ) ⌧

C ` pat ) (VE, ⌧) C + VE ` exp ) ⌧ 0 tynamesVE ✓ T of C

C ` pat => exp ) ⌧ ! ⌧ 0
(14)

Comment: This rule allows new free type variables to enter the context.
These new type variables will be chosen, in e↵ect, during the elaboration of
pat (i.e., in the inference of the first hypothesis). In particular, their choice
may have to be made to agree with type variables present in any explicit
type expression occurring within exp (see rule 9).

Declarations C ` dec ) E

U = tyvars(tyvarseq)
C + U ` valbind ) VE VE 0 = ClosC,valbindVE U \ tyvarsVE 0 = ;

C ` val tyvarseq valbind ) VE 0 in Env
(15)

C ` typbind ) TE

C ` type typbind ) TE in Env
(16)

C � TE ` datbind ) VE, TE 8(t, VE 0) 2 RanTE, t /2 (T of C)
TE maximises equality

C ` datatype datbind ) (VE, TE) in Env
(17)

C(longtycon) = (✓, VE) TE = {tycon 7! (✓, VE)}
C ` datatype tycon -=- datatype longtycon ) (VE, TE) in Env

(18)

C � TE ` datbind ) VE, TE 8(t, VE 0) 2 RanTE, t /2 (T of C)
C � (VE, TE) ` dec ) E TE maximises equality

C ` abstype datbind with dec end ) Abs(TE,E)
(19)

C ` exbind ) VE

C ` exception exbind ) VE in Env
(20)

1990 / 1997 (Revised)
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• The field type fieldtype is valid.
C → fieldtype : ok

C → array fieldtype : ok

The composite type (func t→1 ↑ t
→
2) is valid if:

• The result type t→1 is valid.

• The result type t→2 is valid.
C → t

→
1 : ok C → t

→
2 : ok

C → func t→1 ↑ t
→
2 : ok

The field type (mut? storagetype) is valid if:

• The storage type storagetype is valid.
C → storagetype : ok

C → mut? storagetype : ok

The packed type packtype is always valid.

C → packtype : ok

3.2.11 Recursive Types
Recursive types are validated with respect to the first type index defined by the recursive group.

rec subtype→

The recursive type (rec subtype→) is valid for the type index x if:

• Either:

– The sub type sequence subtype→ is empty.

• Or:

– The sub type sequence subtype→ is of the form subtype1 subtype
↑→.

– The sub type subtype1 is valid for the type index x.

– The recursive type (rec subtype ↑→) is valid for the type index x+ 1.

C → rec 𝜔 : ok(x)

C → subtype1 : ok(x) C → rec subtype→ : ok(x+ 1)

C → rec (subtype1 subtype
→) : ok(x)

sub final? y→ comptype

The sub type (sub final? x→ comptype) is valid for the type index x0 if:

• The length of x→ is less than or equal to 1.

• For all x in x
→:

– The index x is less than x0.

– The type C.types[x] exists.

– The sub type unroll(C.types[x]) is of the form (sub x
↑→ comptype ↑).

• comptype ↑→ is the concatenation of all such comptype ↑.

• The composite type comptype is valid.

• For all comptype ↑ in comptype ↑→:

– The composite type comptype matches the composite type comptype ↑.

3.2. Types 37
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A Formal Specification of the Haskell 98 Module System
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Abstract

Many programming languages provide means to split large pro-
grams into smaller modules. The module system of a language
specifies what constitutes a module and how modules interact.

This paper presents a formal specification of the module system for
the functional programming language Haskell. Although many as-
pects of Haskell have been subjected to formal analysis, the module
system has, to date, been described only informally as part of the
Haskell language report. As a result, some aspects of it are not well
understood or are under-specified; this causes difficulties in reason-
ing about Haskell programs, and leads to practical problems such as
inconsistencies between different implementations. One significant
aspect of our work is that the specification is written in Haskell,
which means that it can also be used as an executable test-bed, and
as a starting point for Haskell implementers.

Categories and Subject Descriptors

D.3.1 [Programming Languages]: Formal Definitions and The-
ory—semantics, Haskell; D.3.3 [Programming Languages]: Lan-
guage Constructs and Features—Modules, packages, Recursion,
Haskell

General Terms

Documentation,Standardization,Languages

Keywords

Specification, Haskell, module system

1 Introduction

Many programming languages claim some kind of module system
as part of their definition. In each case, the module system is in-

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. To copy otherwise, to republish, to post on servers or to redistribute
to lists, requires prior specific permission and/or a fee.
Haskell’02, October 3, 2002, Pittsburgh, Pennsylvania, USA.
Copyright 2002 ACM 1-58113-605-6/02/0010 ...$5.00

tended to provide support for modular construction of software sys-
tems, but the precise interpretation of the term can vary quite sig-
nificantly from one language to the next. In some languages, the
module system provides a powerful mechanism for creating, using,
and reusing programming abstractions. Standard ML, for example,
has one of the most powerful module systems of this kind [8]. In
other languages, the main purpose of the module system is to sup-
port separate compilation, motivated by pragmatic issues that arise
during the development of large programs. In yet other languages,
the module system serves primarily as a mechanism for namespace
management, allowing programmers to control the visibility of de-
fined names, either to hide implementation-specific details or to ac-
cess parts of the program that would otherwise be out of scope. Of
course, this classification is somewhat subjective, often depending
on emphasis and the issues that are most directly targeted; some
programming language module systems make a good attempt to
serve several of these (or other) goals simultaneously.

The goal of this paper is to provide a formal description for the
module system of Haskell 98, which falls most directly into the
namespace management category that was described above. Al-
though many aspects of Haskell have been studied previously, we
are not aware of any other attempts to formalize its module system.
Moreover, as readers of the Haskell mailing list may confirm, the
module system is one of the least understood aspects of the lan-
guage, and one in which some of the greatest variations between
different implementations can be found.

In the spirit of the type system specification of Jones [5], this paper
is a typeset version of a literate Haskell script, which is an exe-
cutable specification of the module system. The number of lines of
code in the specification is about 200.

In writing the specification, we have focused more on clarity and
readability than efficiency. Nevertheless, the code presented in this
paper has been developed in the context of a full-scale front-end
for Haskell that works well in practice. For example, we have used
the front-end to parse and process the complete source for the Alfa
proof editor [3] (comprising on the order of 50,000 lines in 500
modules) in approximately 90 seconds (on a 1.9GHz Pentium 4).

1.1 Haskell Modules

A Haskell program is a collection of modules. A typical module
defines a number of entities (functions, data types, classes, etc.),
imports entities defined in other modules, and export some of the
locally available entities for use by other modules. Mutual depen-
dencies between modules are allowed.
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Principled Parsing for Indentation-Sensitive Languages

Revisiting Landin’s Offside Rule

Michael D. Adams
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Abstract

Several popular languages, such as Haskell, Python, and F#, use
the indentation and layout of code as part of their syntax. Be-
cause context-free grammars cannot express the rules of indenta-
tion, parsers for these languages currently use ad hoc techniques
to handle layout. These techniques tend to be low-level and opera-
tional in nature and forgo the advantages of more declarative spec-
ifications like context-free grammars. For example, they are often
coded by hand instead of being generated by a parser generator.

This paper presents a simple extension to context-free grammars
that can express these layout rules, and derives GLR and LR(k)
algorithms for parsing these grammars. These grammars are easy to
write and can be parsed efficiently. Examples for several languages
are presented, as are benchmarks showing the practical efficiency
of these algorithms.

Categories and Subject Descriptors D.3.1 [Programming Lan-
guages]: Formal Definitions and Theory—Syntax; D.3.4 [Pro-
gramming Languages]: Processors—Parsing; F.4.2 [Mathemati-
cal Logic and Formal Languages]: Grammars and Other Rewriting
Systems—Parsing

General Terms Algorithms, Languages

Keywords Parsing, Indentation, Offside rule

1. Introduction

Languages such as Haskell [Marlow (ed.) 2010] and Python
[Python] use the indentation of code to delimit various grammat-
ical forms. In Haskell, the contents of a let, where, do, or case
expression can be indented relative to the surrounding code instead
of being explicitly delimited by curly braces. In Python, the body
of a multi-line function or compound statement must be indented
relative to the surrounding code; there is no alternative, explicitly-
delimited syntax. For example, in Haskell one may write:

mapAccumR f = loop
where loop acc (x:xs) = (acc’’, x’ : xs’)

where (acc’’, x’) = f acc’ x
(acc’, xs’) = loop acc xs

loop acc [] = (acc, [])

Copyright c⃝ ACM, 2013. This is the author’s version of the work. It is posted here
by permission of ACM for your personal use. Not for redistribution. The defini-
tive version was published in POPL ’13: Proceedings of the 40th annual ACM
SIGPLAN-SIGACT symposium on Principles of programming languages, (January
2013), http://doi.acm.org/10.1145/[to be supplied].

POPL ’13, January 23–25, 2013, Rome, Italy.
Copyright c⃝ 2013 ACM 978-1-4503-1832-7/13/01. . . $15.00

The indentation of the bindings after each where keyword deter-
mines the parse structure of this code. For example, the indentation
of the last line determines that it is part of the bindings introduced
by the first where instead of the second where.

Likewise, in Python one may write:

def factorial(x):
result = 1
for i in range(1, x + 1):

result = result * i
return result

print factorial(5)

Here the indentation determines that the for loop ends before the
return and the factorial function ends after the return.

While Haskell and Python are well known for being indentation-
sensitive languages, quite a few other languages also use indenta-
tion. Landin’s ISWIM [Landin 1966] introduced the concept of
the offside rule for indentation, which requires that all tokens in
an expression be indented at least as far as the first token of the
expression. Variations on this rule are used by Haskell, Miranda
[Turner 1989], occam [INMOS Limited 1984], Orwell [Wadler
1985], Curry [Hanus (ed.) 2006], and Habit [HASP Project 2010].
F# is indentation sensitive when its lightweight syntax is enabled
[Syme et al. 2010, §15.1]. The block styles in the YAML [Ben-
Kiki et al. 2009] data serialization language are indentation sen-
sitive, as are many forms in the Markdown [Gruber] and reStruc-
turedText [Goodger 2012] markup languages. Even Scheme has an
indentation-sensitive syntax in the form of SRFI-49 [Möller 2005],
though it is not often used.

Whitespace sensitivity may be controversial, but regardless of
whether it is a good idea from a language design perspective, it
is important that the grammars of layout-sensitive languages be
precisely specified. Unfortunately, many language specifications
are informal in their description of layout or use formalisms that
are not amenable to practical implementation. The task of parsing
layout is thus often left to ad hoc, handwritten code.

The lack of a standard formalism for expressing these layout
rules and of parser generators for such a formalism increases the
complexity of writing parsers for these languages. Often, practi-
cal parsers for these languages have significant structural differ-
ences from the language specification. For example, the layout
rule for Haskell is specified in terms of an extra pass between the
lexer and the parser that inserts explicit delimiters. This extra pass
uses information about whether the parsing that occurs later in the
pipeline will succeed or fail on particular inputs. Due to the re-
sulting cyclic dependency, Haskell implementations do not actu-
ally structure their parsers this way. As a result, the structural dif-
ferences between the implementation and the specification make it
difficult to determine if one accurately reflects the other.
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Typing Haskell in Haskell⇤
MARK P. JONES

Pacific Software Research Center

Department of Computer Science and Engineering

Oregon Graduate Institute of Science and Technology

20000 NW Walker Road, Beaverton, OR 97006, USA

(e-mail: mpj@cse.ogi.edu)

Abstract

Haskell benefits from a sophisticated type system, but implementors, programmers, and
researchers su↵er because it has no formal description. To remedy this shortcoming, we
present a Haskell program that implements a Haskell typechecker, thus providing a math-
ematically rigorous specification in a notation that is familiar to Haskell users. We expect
this program to fill a serious gap in current descriptions of Haskell, both as a starting
point for discussions about existing features of the type system, and as a platform from
which to explore new proposals.

1 Introduction

Haskell1 benefits from one of the most sophisticated type systems of any widely used
programming language. Unfortunately, it also su↵ers because there is no formal
specification of what the type system should be. As a result:

• It is hard for Haskell implementors to be sure that their systems accept the
same programs as other implementations. The informal specification in the
Haskell report (Peyton Jones & Hughes, 1999) leaves too much room for
confusion and misinterpretation. This leads to genuine discrepancies between
implementations, as subscribers to the Haskell mailing list will have seen.

• It is hard for Haskell programmers to understand the details of the type
system and to appreciate why some programs are accepted when others are
not. Formal presentations of most aspects of the type system are available, but
they often abstract on specific features that are Haskell-like, but not Haskell-
exact, and do not describe the complete type system. Moreover, these papers
tend to use disparate and unfamiliar technical notation and concepts that
may be di�cult for some Haskell programmers to understand.

⇤ An earlier version of this paper was presented at the Haskell workshop in Paris, France, on
October 1, 2000. Both papers describe the same type system, but some significant parts of this
version have been rewritten, restructured, or expanded to clarify the presentation.

1 Throughout, we use ‘Haskell’ as an abbreviation for ‘Haskell 98’.
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In recent years, languages like Haskell have seen a dramatic surge of new features that signi!cantly extends
the expressive power of their type systems. With these features, the challenge of kind inference for datatype
declarations has presented itself and become a worthy research problem on its own.

This paper studies kind inference for datatypes. Inspired by previous research on type-inference, we o"er
declarative speci!cations for what datatype declarations should be accepted, both for Haskell98 and for a more
advanced system we call PolyKinds, based on the extensions in modern Haskell, including a limited form of
dependent types. We believe these formulations to be novel and without precedent, even for Haskell98. These
speci!cations are complemented with implementable algorithmic versions. We study soundness, completeness
and the existence of principal kinds in these systems, proving the properties where they hold. This work can
serve as a guide both to language designers who wish to formalize their datatype declarations and also to
implementors keen to have principled inference of principal types.

CCS Concepts: •Theory of computation→Type theory; • Software and its engineering→ Functional
languages; Polymorphism; Data types and structures.

Additional Key Words and Phrases: Haskell, Dependent Types

ACM Reference Format:
Ningning Xie, Richard A. Eisenberg, and Bruno C. d. S. Oliveira. 2020. Kind Inference for Datatypes. Proc.
ACM Program. Lang. 4, POPL, Article 53 (January 2020), 28 pages. https://doi.org/10.1145/3371121

1 INTRODUCTION

Modern functional languages such as Haskell, ML, and OCaml come with powerful forms of type
inference. The global type-inference algorithms employed in those languages are derived from
the Hindley-Milner type system (HM) [Damas and Milner 1982; Hindley 1969], with multiple
extensions. As the languages evolve, researchers also formalize the key aspects of type inference
for the new extensions. Common extensions of HM include higher-ranked polymorphism [Odersky
and Läufer 1996; Peyton Jones et al. 2007] and type-inference for GADTs [Peyton Jones et al. 2006],
which have both been formally studied thoroughly.

Most research work for extensions of HM so far has focused on forms of polymorphism (such as
support for impredicativity [Le Botlan and Rémy 2003; Leijen 2009; Rémy and Yakobowski 2008;
Serrano et al. 2018; Vytiniotis et al. 2008]), where type variables all have the same kind. In these
systems, the type variables introduced by universal quanti!ers and/or type declarations all stand
for proper types (i.e., they have kind !). In such a simpli!ed setting, datatype declarations such as
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Elaboration-based type class resolution, as found in languages like Haskell, Mercury and PureScript, is
generally nondeterministic: there can be multiple ways to satisfy a wanted constraint in terms of global
instances and locally given constraints. Coherence is the key property that keeps this sane; it guarantees that,
despite the nondeterminism, programs still behave predictably. Even though elaboration-based resolution is
generally assumed coherent, as far as we know, there is no formal proof of this property in the presence of
sources of nondeterminism, like superclasses and !exible contexts.

This paper provides a formal proof to remedy the situation. The proof is non-trivial because the semantics
elaborates resolution into a target language where di"erent elaborations can be distinguished by contexts
that do not have a source language counterpart. Inspired by the notion of full abstraction, we present a
two-step strategy that #rst elaborates nondeterministically into an intermediate language that preserves
contextual equivalence, and then deterministically elaborates from there into the target language. We use an
approach based on logical relations to establish contextual equivalence and thus coherence for the #rst step of
elaboration, while the second step’s determinism straightforwardly preserves this coherence property.

CCS Concepts: • Theory of computation → Type theory; • Software and its engineering → Correct-
ness; Functional languages.

Additional Key Words and Phrases: type class resolution, coherence, logical relations
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As a guide to the reader, we present the source language λTC in blue, the intermediate language
FD in green and the target language F {} in red. We thus encourage the reader to view / print this
paper in color.

1 INTRODUCTION

Type classes were initially introduced in Haskell [Peyton Jones 2003] by Wadler and Blott [Wadler
and Blott 1989] to make ad-hoc overloading less ad hoc, and they have since become one of
Haskell’s core abstraction features. Moreover, their resounding success has spread far beyond
Haskell: several languages have adopted them (e.g., Mercury [Henderson et al. 1996], Coq [Sozeau
and Oury 2008], PureScript [Freeman 2017], Lean [de Moura et al. 2015]), and they have inspired
various alternative language features (e.g., Scala’s implicits [Martin Odersky and Venners 2008;
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A static semantics for Haskell
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Abstract

This paper gives a static semantics for Haskell 98, a non-strict purely functional programming
language. The semantics formally specifies nearly all the details of the Haskell 98 type system,
including the resolution of overloading, kind inference (including defaulting) and polymorphic
recursion, the only major omission being a proper treatment of ambiguous overloading and
its resolution. Overloading is translated into explicit dictionary passing, as in all current
implementations of Haskell. The target language of this translation is a variant of the
Girard–Reynolds polymorphic lambda calculus featuring higher order polymorphism and
explicit type abstraction and application in the term language. Translated programs can thus
still be type checked, although the implicit version of this system is impredicative. A surprising
result of this formalization e↵ort is that the monomorphism restriction, when rendered in a
system of inference rules, compromises the principal type property.

1 Introduction

It is now more than ten years since the first version of Haskell was made public

(Hudak & Wadler, 1990), and Haskell is now one of two widely used non strict

functional languages (the other being Clean). During this time, Haskell has been

defined by a succession of Reports, the latest one defining Haskell 98 (Peyton Jones

et al., 1999). While the Reports have provided formal descriptions of Haskell syntax,

the static and dynamic semantics has only been treated informally. This is especially

unfortunate for the static semantics since the type system, in particular, is both

complex and innovative. Several research papers describe various aspects of it in a

simplified form (Wadler & Blott, 1989; Jones, 1995; Hall et al., 1996; Jones, 1999),

and still more propose extensions. In particular, Peyton Jones et al. (1997) discuss a

number of minor variations of the type class system, though only informally. None

of the formal papers have dealt with the full Haskell language, the one getting

closest being Hall et al. (1996). This situation has had the concrete consequence

that di↵erent Haskell implementations actually di↵er in the programs they consider

legal.

This paper aims to provide most of what has previously been missing. We describe

the latest version of Haskell, called Haskell 98. While the language is expected to

continue evolving by incorporating the more useful of the proposed extensions,

Haskell 98 is special in that implementations are expected to continue supporting it

even when subsequent versions of the language have been defined. Thus Haskell 98
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Formal Typing Rules
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4 STATIC SEMANTICS FOR THE CORE 26

Match Rules C ` mrule ) ⌧

C ` pat ) (VE, ⌧) C + VE ` exp ) ⌧ 0 tynamesVE ✓ T of C

C ` pat => exp ) ⌧ ! ⌧ 0
(14)

Comment: This rule allows new free type variables to enter the context.
These new type variables will be chosen, in e↵ect, during the elaboration of
pat (i.e., in the inference of the first hypothesis). In particular, their choice
may have to be made to agree with type variables present in any explicit
type expression occurring within exp (see rule 9).

Declarations C ` dec ) E

U = tyvars(tyvarseq)
C + U ` valbind ) VE VE 0 = ClosC,valbindVE U \ tyvarsVE 0 = ;

C ` val tyvarseq valbind ) VE 0 in Env
(15)

C ` typbind ) TE

C ` type typbind ) TE in Env
(16)

C � TE ` datbind ) VE, TE 8(t, VE 0) 2 RanTE, t /2 (T of C)
TE maximises equality

C ` datatype datbind ) (VE, TE) in Env
(17)

C(longtycon) = (✓, VE) TE = {tycon 7! (✓, VE)}
C ` datatype tycon -=- datatype longtycon ) (VE, TE) in Env

(18)

C � TE ` datbind ) VE, TE 8(t, VE 0) 2 RanTE, t /2 (T of C)
C � (VE, TE) ` dec ) E TE maximises equality

C ` abstype datbind with dec end ) Abs(TE,E)
(19)

C ` exbind ) VE

C ` exception exbind ) VE in Env
(20)

Definition of Standard ML

326 K.-F. Faxén

GE , IE , VE
ctDecl

` ctDecl  typeDecls; binds : hCE 0, TE 0, KE 0, IE 0, VE 0i

� = S 1 !...!k !⇤

i 2 [1 , k ] : ↵i = ui
i

TE 0 = {u1 : ↵1 } � . . . � {uk : ↵k }

CE , TE � TE 0,
context

` cx : ✓

i 2 [1 , n] : TE � TE 0, ✓, ⌧
conDecl

` conDecli  conDecli : DEi , VEi , LEi , ✓i

DE 0 = DE1 � . . . � DEn � DEfields

{v1 : hv1 , ⌧1 i, . . . , vm : hvm , ⌧mi} = VE1 �̄ . . . �̄VEn

i 2 [1 , m] : LE 0
i = [{LEj | vi 2 dom(VEj )}

DEfields = {v1 : hv1 , �, LE 0
1 i, . . . , vm : hvm , �, LE 0

mi}
i 2 [1 , m] : �i = 8↵1 . . . ↵k . t {✓j | vi 2 dom(VEj )} ) ⌧ ! ⌧i

VE 0 = {v1 : hv1 , �1 i, . . . , vm : hvm , �mi}
⌧ = � ↵1 . . . ↵k

GE = hCE , TE , DE i

GE , IE , VE
ctDecl

` data cx => S u1 . . . uk = conDecl1 | . . . | conDecln
 data � ↵1 . . . ↵k = conDecl1 | . . . | conDecln ; ✏
: h{ }, {S : �}, DE 0, { }, VE 0i

data decl

kindsOf ({ }, TE � TE1 � . . . � TEk )
ktype

` t : 

TE � TE1 � . . . � TEk , h
type
` t : ⌧

i 2 [1 , k ] : TEi = {ui : ui
i }

TE 0 = {S : hS 1 !...!k !, h , ⇤u1
1 . . . uk

k . ⌧i}
GE = hCE , TE , DE i

GE , IE , VE
ctDecl

` type S u1 . . . uk = ⌧  ✏; ✏ : h{ }, TE 0, { }, { }, { }i

type decl

Fig. 19. Type declarations.

5.2.2 Formalizing algebraic datatype declarations

With the above remarks in mind, we will now discuss the formalization. The

type environment TE 0 records the kinds of the type parameters. These kinds are

constrained by the kinds derived by kind inference and recorded for the type S in

TE . The type parameters in a data declaration must be distinct, hence the use of �
to combine the type environments corresponding to the individual type parameters.

The constructor declarations are processed by the conDecl judgement which yields

a data constructor environment DE containing information about the constructor

and a variable environment VE, a label environment LE and a context ✓ which

are used to construct the information about the labelled fields of the constructor.

The variable environment simply maps the labels to their original names and types.

Combining the VEi from di↵erent constructor declarations using �̄ (in the data
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Fully verified End-to-End Compilation?
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We present PureCake, a mechanically-veri!ed compiler for PureLang, a lazy, purely functional programming
language with monadic e"ects. PureLang syntax is Haskell-like and indentation-sensitive, and its constraint-
based Hindley-Milner type system guarantees safe execution. We derive sound equational reasoning principles
over its operational semantics, dramatically simplifying some proofs. We prove end-to-end correctness for the
compilation of PureLang down to machine code—the !rst such result for any lazy language—by targeting
CakeML and composing with its veri!ed compiler. Multiple optimisation passes are necessary to handle
realistic lazy idioms e"ectively. We develop PureCake entirely within the HOL4 interactive theorem prover.

CCS Concepts: • Software and its engineering → Software veri!cation; Compilers; • Theory of compu-
tation → Higher order logic.

Additional Key Words and Phrases: compiler veri!cation, Haskell, interactive theorem proving, HOL4
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1 INTRODUCTION

High-level languages often claim to provide strong guarantees for the programmer. For example:
Haskell’s strong typing demarcates stateful and pure computations, and its lazy evaluation reduces
unnecessary computation; Rust’s borrow checker prevents use-after-free bugs and thread-unsafe
behaviour. Compilers for these languages reject programs which are semantically ill-de!ned,
removing the burden of safety from the programmer. By contrast, it is non-trivial to avoid unde!ned
behaviour in more low-level languages such as C++. However, high-level languages require longer
compilation paths to generate e#cient code, providing greater scope for miscompilations which
could compromise intended guarantees.
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Is a Mechanized Haskell Report Possible?

• We already have the Haskell 2010 language report


• Many papers formalize specific aspects of Haskell 98 and 2010


• A complete declarative type system for Haskell 98 exists by K-F Faxén


• An end-to-end verified compiler for a Haskell-like lazy language exists


• Mechanizing specifications (not proofs!) scales well 

15



Identify Achievable Goals

• Most mechanizations at PL conferences have the goal of proving metatheory


• This is (rightly) considered to be very hard


• My goal is to have a machine-checked specification


• Project 1: Implement a verified pre-frontend for Haskell 2010


• Project 2: Mechanize a formal specification of the declarative type system of 
                 Haskell 2010

16



Project 1: Verified Pre-Frontend
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How Should the Specification Look Like
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Figure 1: General structure of the CompCert C compiler
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What is a Pre-Frontend
• Computation of Indentation Levels


• Lexical Syntax


• Context Free Syntax


• Renaming and Semantics of the Module System


• Resolving of Operator Fixities


• Computation of Mutually Recursive Binding and Declaration Groups

19

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

2 David Binder and Tim Süberkrüb

• We present a fully formal specification of the pre-frontend of Haskell 2010. We
present the rules in complete detail and in a form that is amenable to translation into
many of the currently available proof assistants.

• We mechanize this specification in the proof assistant Lean and develop a formally
verified pre-frontend for Haskell 2010 that can be run on real examples.

• We collected and curated a conformance testsuite of Haskell 2010 programs that are
accepted by both our compiler and GHC.

• We specify many of the syntactic extensions of GHC in Section A. The purpose of
that appendix is to facilitate discussions about the future of the next Haskell report.

1.2 Overview
The rest of this paper follows the structure of the verified compiler that we have implemented.
The di!erent stages and compiler passes of the frontend are illustrated in Figure 1.

List Unicode
Text Input

List (Unicode → N)
Input to Lexer

List Token
Section 3.4

CST
Section 4.2

RST
Section X

RSTop
Section X

RSTbind
Section X

Columnizer
Section 2

Lexer
Section 3

Parser
Section 4

Name Resolution
Section 5

Fixity Resolution
Section 6

Binding Groups
Section 7

Fig. 1. Structure of the frontend and the corresponding sections of this article.

More concretely, we perform the following operations in each pass of the compiler:

• In Section 2 we present the columnizer which replaces tabstops by spaces and
computes the indentation level of every character in the input.

• Section 3 contains the definition of the lexical syntax. We first specify regular
expressions and their semantics, and then extend those to regular grammars as a list
of rules consisting of a regular expression and a semantic action (i.e. functions which
produce an output token). We give a formal definition of the maximal munch rule and
the order-dependence of rules in a regular grammar. Lastly, we present the lexical
syntax of Haskell as a regular grammar.

• Section 4 specifies the indentation-sensitive grammar and the concrete syntax tree
that is the result of parsing the surface grammar. We do not follow the Haskell report
here which uses an algorithm to insert explicit braces into the token stream but use the
formalism of indentation-sensitive context free languages of Adams (2013); Adams
and Ağacan (2014) instead.

• Section 5 presents the semantics of the module system and replaces qualified names
by original names.

• In Section 6 we specify how to resolve the fixities and associativity of operators.
• In Section 7 we specify how mutually recursive groups are to be computed.

We discuss related work in Section 9. Section A contains the specification of various
extensions to Haskell 2010 as implemented by GHC.



Computing Columns
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132 CHAPTER 10. SYNTAX REFERENCE

The effect of layout is specified in this section by describing how to add braces and semicolons to a laid-out
program. The specification takes the form of a function L that performs the translation. The input to L is:

• A stream of lexemes as specified by the lexical syntax in the Haskell report, with the following addi-
tional tokens:

– If a let, where, do, or of keyword is not followed by the lexeme {, the token {n} is inserted
after the keyword, where n is the indentation of the next lexeme if there is one, or 0 if the end of
file has been reached.

– If the first lexeme of a module is not { or module, then it is preceded by {n} where n is the
indentation of the lexeme.

– Where the start of a lexeme is preceded only by white space on the same line, this lexeme is pre-
ceded by < n > where n is the indentation of the lexeme, provided that it is not, as a consequence
of the first two rules, preceded by {n}. (NB: a string literal may span multiple lines – Section 2.6.
So in the fragment

f = ("Hello \
\Bill", "Jake")

There is no < n > inserted before the \Bill, because it is not the beginning of a complete
lexeme; nor before the ,, because it is not preceded only by white space.)

• A stack of “layout contexts”, in which each element is either:

– Zero, indicating that the enclosing context is explicit (i.e. the programmer supplied the open-
ing brace). If the innermost context is 0, then no layout tokens will be inserted until either the
enclosing context ends or a new context is pushed.

– A positive integer, which is the indentation column of the enclosing layout context.

The “indentation” of a lexeme is the column number of the first character of that lexeme; the indentation of
a line is the indentation of its leftmost lexeme. To determine the column number, assume a fixed-width font
with the following conventions:

• The characters newline , return , linefeed , and formfeed , all start a new line.

• The first column is designated column 1, not 0.

• Tab stops are 8 characters apart.

• A tab character causes the insertion of enough spaces to align the current position with the next tab
stop.

For the purposes of the layout rule, Unicode characters in a source program are considered to be of the same,
fixed, width as an ASCII character. However, to avoid visual confusion, programmers should avoid writing
programs in which the meaning of implicit layout depends on the width of non-space characters.

The application
L tokens []

delivers a layout-insensitive translation of tokens , where tokens is the result of lexically analysing a module
and adding column-number indicators to it as described above. The definition of L is as follows, where we
use “:” as a stream construction operator, and “[ ]” for the empty stream.
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that it doesn’t overlap with the rule C-C!L”, and a similar premiss in the rule C-C#$!.
The rule T-T$% specifies the behaviour of tab expansion. The tab character \𝐿 in the input
is replaced by the list 𝑀𝑁 of located whitespace characters, and the following input 𝑂𝑁 has
to be analyzed starting from the column position next(𝑃). The rules have been designed
specifically to generate a deterministic function of the input:

T#&’!&( 2.1 (C’)*(+,-&! R&)$.,’+ ,/ F*+0.,’+$)). The columnizer relation defines a
function, since it satisfies the following two properties:

(1) →𝑂𝑁 𝑃.↑𝑀𝑁. Col(𝑂𝑁, 𝑀𝑁)𝐿.
(2) →𝑂𝑁 𝑃 𝑀𝑁 𝑀𝑁

↓
. Col(𝑂𝑁, 𝑀𝑁)𝐿 ↔ Col(𝑂𝑁, 𝑀𝑁↓)𝐿 ↗ 𝑀𝑁 = 𝑀𝑁

↓.

The output of the columnizer for some input 𝑂𝑁 is defined to be the unique list 𝑀𝑁 which
satisfies Col(𝑂𝑁, 𝑀𝑁)1.

Column 0 1 2 3 4 5 6 7 8 9 10 11 12 · · ·
next · 9 9 9 9 9 9 9 9 17 17 17 17 · · ·

insert · 8 7 6 5 4 3 2 1 8 7 6 5 · · ·

(a) The tabulated values of the next and insert functions.

T$%-Z&!’
Tab(𝑃, 0, [])

Tab(𝑃 + 1,𝑄, 𝑂𝑁)
T$%-S*00

Tab(𝑃,𝑄 + 1, (𝑃, ’ ’) :: 𝑂𝑁)
(b) A helper relation to compute inserted whitespace.

C-N,)
Col( [], [])𝐿

𝑂 ω {\𝑃, \𝑅, \𝐿, 𝑆000𝑇} Col(𝑂𝑁, 𝑂𝑁↓)𝐿+1 C-C#$!
Col(𝑂 :: 𝑂𝑁, (𝑃, 𝑂) :: 𝑂𝑁↓)𝐿

Col(𝑂𝑁, 𝑂𝑁↓)1 C-L”
Col(\𝑃 :: 𝑂𝑁, (𝑃, \𝑃) :: 𝑂𝑁↓)𝐿

𝑂 ε \𝑃 Col(𝑂 :: 𝑂𝑁, 𝑂𝑁↓)1 C-C!
Col(\𝑅 :: 𝑂 :: 𝑂𝑁, (𝑃, \𝑅) :: 𝑂𝑁↓)𝐿

Col(𝑂𝑁, 𝑂𝑁↓)1 C-C!L”
Col(\𝑅 :: \𝑃 :: 𝑂𝑁, (\𝑅, 𝑃) :: (\𝑃, 𝑃 + 1) :: 𝑂𝑁↓)𝐿

Col(𝑂𝑁, 𝑂𝑁↓)1 C-F”
Col(𝑆000𝑇 :: 𝑂𝑁, (𝑃, 𝑆000𝑇) :: 𝑂𝑁↓)𝐿

Tab(𝑃, insert(𝑃), 𝑀𝑁) Col(𝑂𝑁, 𝑂𝑁↓)next(𝐿)
C-T$%

Col(\𝐿 :: 𝑂𝑁, 𝑀𝑁 ++ 𝑂𝑁
↓)𝐿

(c) Rules for the Col(𝑂𝑁, 𝑀𝑁)𝐿 relation.

Fig. 2. Specification of the columnizer.

3 Lexer

This section specifies the lexical syntax and corresponds to sections 2, 10.1 and 10.2 of the
Haskell 2010 language report. In Section 3.1 we explain the di!erences between how we and
the o”cial language report specify the lexical syntax of the language. Sections 3.2 and 3.3
present formal rules for regular expressions and regular grammars with semantic actions and
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The Lexical Syntax

• The lexical syntax of a language should ideally be defined using a regular 
grammar


• The lexical syntax of Haskell 2010 is almost regular


• Nested block comments are the only exception: 
 
{- foo {- bar -} baz -}


• Suggestion: Remove nested comments from the language report
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Abstract—Lexers and parsers are often used as front ends
to connect input from the outside world with the internals of
a larger software system. These front ends are natural targets
for attackers who wish to compromise the larger system. A
formally verified tool that performs mechanized lexical analysis
would render attacks on these front ends less effective.

In this paper we present Verbatim, an executable lexer that
is implemented and verified with the Coq Proof Assistant.
We prove that Verbatim is correct with respect to a standard
lexer specification. We also analyze its theoretical complexity
and give results of an empirical performance evaluation. All
correctness proofs have been mechanized in Coq.

Keywords-lexical analysis; interactive theorem proving

I. INTRODUCTION

Lexers and parsers are often used as front ends to connect
input from the external world with an otherwise trusted
computing base. These front ends are natural targets for
attackers who wish to access the internals of such computing
bases. There is a plentiful pool of such attacks in the real
world, many of which have exploited avoidable implemen-
tation bugs [1]–[7]. A formally verified tool that performs
mechanized lexical analysis would render many of those
attacks far less effective.

In this paper we present Verbatim, an executable lexer
that provably conforms to a standard lexer specification.
Verbatim takes as input a list of lexical rules and a string, and
it uses a technique for regular expression matching based
on the concept of Brzozowski derivatives [8] to tokenize
the string. The resulting list of tokens satisfies a common
specification known as the “maximal munch” principle: each
token is the longest prefix of the remaining input string that
matches a lexical rule.

The Coq development that accompanies this paper is
publicly available online [9]. The development consists of
roughly 700 lines of specification and 1200 lines of proof.

This paper is organized as follows. In Section 2 we
provide background information on lexical analysis, the
maximal munch principle, and Brzozowski derivatives. We
present the Verbatim implementation in Section 3. In Section
4, we discuss how we constructed a provably terminating
lexer implementation in Coq. Section 5 presents our correct-
ness theorems and proof sketches. In Section 6, we discuss
our use of proof automation in the Coq development. We

analyze Verbatim’s runtime complexity and present results of
an empirical performance evaluation in Section 7. In Section
8, we give a brief overview of related work. Finally, in
Section 9 we discuss our plans for future development.

II. BACKGROUND AND SPECIFICATION

Lexical analysis (lexing) is the process of partitioning an
input string into a list of words and assigning a label to each
of these words. A label-word pair is usually called a token.
A lexer performs this process with the help of lexical rules
that specify how to partition the input. Given a set of lexical
rules, we must specify how the lexer is to apply these rules.
In particular, we must specify how the lexer partitions the
input and how the lexer labels a word that matches multiple
rules. In this section, we formalize regexes, regex matching,
the maximal munch principle, and Brzozowski derivatives.

A. Regular Expressions

Regexes inductively denote regular languages. These ex-
pressions are natural interfaces for lexing as they are both
human and machine readable. If a string z is in the language
represented by regex e, we say that z matches e and write
z ' e. We use the canonical, inductive definitions of regexes
(Figure 1) and regex matching (Figure 2) presented in
Software Foundations [10], a popular textbook on interactive
theorem proving in Coq.

We differentiate the empty string � from the empty regex
", which denotes the language {�}. Additionally, a is the
string consisting solely of symbol a, while [[a]] is the regex
that denotes {a}, the language containing only that string.

We represent a lexical rule as a label-regex pair. We say
that a string z matches a rule (l, e) iff z ' e and we write
z ' (l, e) to represent such a match.

B. Maximal Prefixes

If string z = p ++ s, we say that p is a prefix of z and
we write Prefix p z. Given a list of rules R and a string
z, we say that p is the maximal prefix of z with respect to
R iff p is the longest prefix of z that matches some rule
in R. Under those conditions, we write MaxPrefR p z (we
formalize this definition in Figure 3).
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Symbol a, b 2 ⌃

String z ::= � | az

Regex e ::= ? | " | [[a]] | e+ e | e · e | e
⇤

Rule r ::= (z, e)

Token t ::= (z, z)

Figure 1: Definition of strings, regular expressions, lexical rules, and tokens
over an alphabet ⌃. For brevity, we write non-empty strings without a
terminal �. For example, we write a instead of a�.

(MEMPTY)
� ' "

(MCHAR)
a ' [[a]]

(MAPP)
z1 ' e1 z2 ' e2

z1 ++ z2 ' e1 · e2

(MUNIONL)
z ' e1

z ' e1 + e2

(MUNIONR)
z ' e2

z ' e1 + e2

(MSTAR0)
� ' e

⇤

(MSTARAPP)
z1 ' e z2 ' e

⇤

z1 ++ z2 ' e
⇤

Figure 2: Formal specification of string-regex matching, where a string is
a list of symbols from alphabet ⌃ and z1 ++ z2 is the concatenation of
strings z1 and z2.

C. Maximal Munch Principle

Regardless of the exact process used to lex an input
string, that process ought to be unambiguous. One popular
specification for unambiguous lexing is the maximal munch
principle [11]. Given an input string z and a list of rules R,
the maximal munch principle says that the first word of z

is the maximal prefix of z with respect to R. If multiple
rules in R match the maximal prefix, we label this first
word according to the matching rule with the least index
in R (see FIRSTTOKEN in Figure 4). If we partition z as
z = p ++ s, where p is the first word of z, then we can
specify the remaining tokens inductively as the tokens of
s. If no maximal munch exists or the remaining suffix is
empty, we specify the remaining suffix as unprocessed. (see
TOKENSNIL and TOKENSCONS in Figure 4).

D. Brzozowski Derivatives

Verbatim’s regex matcher uses a matching algorithm
based on the concept of Brzozowski derivatives. Brzozowski
derivatives are a popular approach to regex matching in the
functional programming community [12], and we used them
as the basis for our lexer because they allow for incremental
matching on a sequence of characters.

Intuitively, the derivative of a language L with respect
to symbol a chops off the a from those strings in L that
begin with a and includes only the resulting suffixes. More

(PREFIX)
p++ s = z

Prefix p z

(MAXPREF)
Prefix p z r 2 R p ' r

8p0, Prefix p
0
z ^ len p < len p

0 ! 8r0 2 R,¬(p0 ' r
0)

MaxPrefR p z

Figure 3: Definition of the maximal prefix of a string z with respect to a
list of lexical rules R.

(FIRSTTOKEN)
p 6= � MaxPrefR p z p ' (l, e) (l, e) 2 R

8r0, IndexR r
0
< IndexR (l, e) ! ¬(p ' r

0)

FirstTokenR (l, p) z

(TOKENSNIL)
8t,¬FirstTokenR t z

TokensR ([ ], z) z

(TOKENSCONS)
z = p++ s

FirstTokenR (l, p) z TokensR (ts, u) s

TokensR ((l, p) :: ts, u) z

Figure 4: Formal specification of the maximal munch principle applied to
a string z and a list of lexical rules R. In TOKENSCONS, the unprocessed
suffix is u, while in TOKENSNIL all of z is unprocessed.

formally:

@aL = {z | az 2 L}

Brzozowski showed that this operation preserves regularity,
so the operation can be extended to strings recursively:

@�L = L

@azL = @z(@aL)

So if we have a string z and a regular language L, we can
conclude by induction on the string that

z 2 L () � 2 @zL

Because regular expressions inductively denote regular
languages, we can extend the concept of a derivative from a
regular language to a regular expression. Intuitively, if regex
e represents language L, then @ae = e

0 represents @aL. The
following recursive algorithm computes the derivative of a
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regular expression with respect to a character a:

@a? := ?
@a" := ?

@a[[b]] := if a == b then " else ?
@a(e1 + e2) := @ae1 + @ae2

@a(e1 · e2) := (@ae1 · e2)
+ (if nullable e1 then @ae2 else ?)

@a(e
⇤) := @ae · e⇤

where nullable r1 evaluates to true if � ' r1 and false

otherwise. We also compute nullable recursively:

nullable ? := false

nullable " := true

nullable [[b]] := false

nullable (r1 + r2) := nullable r1 _ nullable r2

nullable (r1 · r2) := nullable r1 ^ nullable r2

nullable r
⇤ := true

III. IMPLEMENTATION

The Verbatim implementation has three main components:
a regex matcher, a maximal prefix finder, and a top-level lex
function. Breaking the implementation into these compo-
nents allowed us to prove the correctness of the development
in a modular fashion.

The Verbatim matcher takes a regex and a string as
input, and recursively takes derivatives of the regex for each
character in the string. If the resulting regex is nullable,
the matcher returns true, and otherwise returns false.
We say that this matcher does incremental matching; while
consuming a string, it checks at each character whether or
not the current regex is nullable. If the current regex is
nullable, the prefix consumed thus far matches the original
regex.

We use this matcher to construct a function,
maxpref_one, that finds the maximal prefix for a
single lexical rule.

maxpref_one : String -> Rule

-> option (String * String)

In addition to returning the maximal prefix, the function also
returns the complementary suffix of this prefix.

Given a matcher and a string z, we could find the maximal
prefix by applying the matcher to each prefix of z. The time
complexity of this operation would be quadratic. Instead,
maxpref_one exploits incremental matching and makes just
one pass over the string. The last character in the string that
produces a nullable regex corresponds to the last character
of the maximal prefix. If no character in the string produces

a nullable regex, there is no maximal prefix and the finder
returns None. For instance,

maxpref_one bb (l1, [[a]]) = None

because no prefix of bb matches [[a]]. Specifically, @b[[a]] = ?
and @b? = ?. Neither ? nor [[a]] is nullable. Because none
of the encountered regexes are nullable, Verbatim recognizes
that there is no maximal prefix.

We create a maximal prefix finder for a list of regexes by
wrapping the singleton finder in a function called max_pref.

max_pref : String -> list Rule

-> Label * option (String * String)

This function takes a string and a list of rules and, if
possible, returns the longest prefix matching any rule, the
complementary suffix, and the label associated with the
earliest matching rule. Otherwise, the function returns None
if no maximal prefix can be found for any rule.

Next, we have our workhorse function

lex
0 : String -> list Rule

-> (list Token) * String

which takes as input a string and the rules with which to
lex that string, and returns as output a list of tokens and
the unprocessed suffix of the input string. As seen in Figure
5, the lex

0 function repeatedly calls max_pref; each call
produces a single token and a remaining suffix that serves
as input to a recursive lex

0 call. The function terminates
when max_pref returns an empty prefix or None.

Finally, our top-level function, lex, calls lex
0 with ap-

propriate initial values.
A challenging aspect of implementing Verbatim was

defining lex
0 in a provably terminating way. In the next

section, we sketch the function’s termination proof and
discuss our Coq mechanization of this proof.

IV. TERMINATION

To avoid logical inconsistencies, all Coq functions must
terminate provably. When a function is primitively recursive
on one of its arguments, Coq is able to infer that the
function terminates. Here, “primitively recursive” means that
the function calls itself on a syntactic subterm of one of its
arguments.

Intuitively, the lex
0 function must terminate because

it makes recursive calls on proper suffixes of the input
string. However, the function obtains a suffix via a call
to max_pref, and Coq’s termination checker is unable to
detect the fact that max_pref returns a proper suffix of its
input. It was straightforward to prove that max_pref returns
a proper suffix of its input, but it was challenging to leverage
that proof to obtain a provably terminating lex

0 definition.
As depicted in Figure 6, we solved this problem with a

recursion technique in which lex
0 takes as an additional
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10.3. LAYOUT 133

L (< n >: ts) (m : ms) = ; : (L ts (m : ms)) if m = n
= } : (L (< n >: ts) ms) if n < m

L (< n >: ts) ms = L ts ms

L ({n} : ts) (m : ms) = { : (L ts (n : m : ms)) if n > m (Note 1)
L ({n} : ts) [] = { : (L ts [n]) if n > 0 (Note 1)
L ({n} : ts) ms = { : } : (L (< n >: ts) ms) (Note 2)

L (} : ts) (0 : ms) = } : (L ts ms) (Note 3)
L (} : ts) ms = parse-error (Note 3)

L ({ : ts) ms = { : (L ts (0 : ms)) (Note 4)

L (t : ts) (m : ms) = } : (L (t : ts) ms) if m/ = 0 and parse-error(t)
(Note 5)

L (t : ts) ms = t : (L ts ms)

L [ ] [] = [ ]
L [ ] (m : ms) = } : L [ ] ms if m 6= 0 (Note 6)

Note 1. A nested context must be further indented than the enclosing context (n > m). If not, L fails, and
the compiler should indicate a layout error. An example is:

f x = let
h y = let

p z = z
in p

in h

Here, the definition of p is indented less than the indentation of the enclosing context, which is set in
this case by the definition of h.

Note 2. If the first token after a where (say) is not indented more than the enclosing layout context, then the
block must be empty, so empty braces are inserted. The {n} token is replaced by < n >, to mimic the
situation if the empty braces had been explicit.

Note 3. By matching against 0 for the current layout context, we ensure that an explicit close brace can only
match an explicit open brace. A parse error results if an explicit close brace matches an implicit open
brace.

Note 4. This clause means that all brace pairs are treated as explicit layout contexts, including labelled con-
struction and update (Section 3.15). This is a difference between this formulation and Haskell 1.4.

Note 5. The side condition parse-error(t) is to be interpreted as follows: if the tokens generated so far by
L together with the next token t represent an invalid prefix of the Haskell grammar, and the tokens
generated so far by L followed by the token “}” represent a valid prefix of the Haskell grammar, then
parse-error(t) is true.

The test m/ = 0 checks that an implicitly-added closing brace would match an implicit open brace.

Note 6. At the end of the input, any pending close-braces are inserted. It is an error at this point to be within
a non-layout context (i.e. m = 0 ).
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L (<n>:ts) (m:ms) = ’;’ : (L ts (m:ms)) if m = n
= ’}’ : (L (<n>:ts) ms) if n < m

L (<n>:ts) ms = L ts ms
L ({n}:ts) (m:ms) = ’{’ : (L ts (n:m:ms)) if n > m
L ({n}:ts) [] = ’{’ : (L ts [n]) if n > 0
L ({n}:ts) ms = ’{’ : ’}’ : (L (<n>:ts) ms)
L (’}’:ts) (0:ms) = ’}’ : (L ts ms)
L (’}’:ts) ms = parse-error
L (’{’:ts) ms = ’{’ : (L ts (0:ms))
L ( t :ts) (m:ms) = ’}’ : (L (t:ts) ms)

if m != 0 and parse-error(t)
L ( t :ts) ms = t : (L ts ms)
L [] [] = []
L [] (m:ms) = ’}’ : L [] ms if m != 0

Figure 4. Haskell’s L function [Marlow (ed.) 2010, §10.3].

3.2 Haskell

3.2.1 Language

Haskell uses a more sophisticated offside rule than does ISWIM.
Indentation-sensitive blocks (e.g. the bodies of do, case, or where
expressions) are made up of one or more statements or clauses that
not only are indented relative to the surrounding code but also are
indented to the same column as each other. Thus, lines that are more
indented than the block continue the current clause, lines that are
at the same indentation as the block start a new clause, and lines
that are less indented than the block are not part of the block. In
addition, semicolons (;) and curly braces ({ and }) can explicitly
separate clauses and delimit blocks, respectively. Explicitly delim-
ited blocks are exempt from indentation restrictions arising from
the surrounding code.

While the indentation rules of Haskell are intuitive to use in
practice, the way that they are formally expressed in the Haskell
language specification [Marlow (ed.) 2010, §10.3] is not nearly so
intuitive. The indentation rules are specified in terms of both the
lexer and an extra pass between the lexer and the parser. Roughly
speaking, the lexer inserts special {n} tokens where a new block
might start and special <n> tokens where a new clause within a
block might start. The extra pass then translates these tokens into
explicit semicolons and curly braces.

The special tokens are inserted according to the following rules:

– If a let, where, do, or of keyword is not followed by the
lexeme {, the token {n} is inserted after the keyword, where n
is the indentation of the next lexeme if there is one, or 0 if the
end of file has been reached.

– If the first lexeme of a module is not { or module, then it is
preceded by {n} where n is the indentation of the lexeme.

– Where the start of a lexeme is preceded only by white space
on the same line, this lexeme is preceded by <n>, where n
is the indentation of the lexeme, provided that it is not, as a
consequence of the first two rules, preceded by {n}. [Marlow
(ed.) 2010, §10.3]

Between the lexer and the parser, an indentation resolution pass
converts the lexeme stream into a stream that uses explicit semi-
colons and curly braces to delimit clauses and blocks. The stream of
tokens from this pass is defined to be L tokens [] where tokens
is the stream of tokens from the lexer and L is the function in Fig-
ure 4. Thus the context-free grammar has to deal with only semi-
colons and curly braces. It does not deal with layout.

This L function is fairly intricate, but the key clauses are the
ones dealing with <n> and {n}. After a let, where, do, or of
keyword, the lexer inserts a {n} token. If n is a greater indentation
than the current indentation, then the first clause for {n} executes,

case → ’case’> exp= ’of’> altBlock=

-- Explicitly delimited blocks
altBlock → ’{’> alts! ’}’!

-- Layout-delimited blocks
altBlock → altLayout>

altLayout → altLayout= |alts|=

altLayout → |alts|=

-- Clause sequences
alts → alt=

alts → alts= ’;’> alt=

Figure 5. Grammatical productions for case.

an open brace ({) is inserted, and the indentation n is pushed on
the second argument to L (i.e., the stack of indentations). If a line
starts at the same indentation as the top of the stack, then the first
clause for <n> executes and a semicolon (;) is inserted to start a
new clause. If it starts at a smaller indentation, then the second
clause for <n> executes and a close brace (}) is inserted to close
the block started by the inserted open brace. Finally, if the line is at
a greater indentation, then the third clause executes, no extra token
is inserted, and the line is a continuation of the current clause. The
effect of all this is that {, ;, and } tokens are inserted wherever
layout indicates that blocks start, new clauses begin, or blocks end,
respectively. The other clauses in L handle a variety of other edge
cases and scenarios.

Note that L uses parse-error to signal a parse error, but uses
parse-error(t) as an oracle that predicts the future behavior of
the parser that runs after L. Specifically,

if the tokens generated so far by L together with the next
token t represent an invalid prefix of the Haskell grammar,
and the tokens generated so far by L followed by the token
“}” represent a valid prefix of the Haskell grammar, then
parse-error(t) is true. [Marlow (ed.) 2010, §10.3]

This handles code such as

let x = do f; g in x

where the block starting after the do needs to be terminated before
the in. This requires knowledge about the parse structure in order
to be handled properly, and thus parse-error(t) is used to query
the parser for this information.

In addition to the operational nature of this definition, the use
of the parse-error(t) predicate means that L cannot run as an
independent pass; its execution must interact with the parser. In
fact, the Haskell implementations GHC [GHC 2011] and Hugs
[Jones 1994] do not use a separate pass for L. Instead, the lexer
and parser share state consisting of a stack of indentations. The
parser accounts for the behavior of parse-error(t) by making
close braces optional in the grammar and appropriately adjusting
the indentation stack when braces are omitted. The protocol relies
on “some mildly complicated interactions between the lexer and
parser” [Jones 1994] and is tricky to use. While preparing the
parser in Section 6, we found that even minor changes to the error
propagation of the parser affected whether syntactically correct
programs were accepted by this style of parser.

While we may believe the correctness of these parsers based
on their many years of use and testing, the significant and funda-
mental structural differences between their implementation and the
language specification are troubling.
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Abstract

Several popular languages, such as Haskell, Python, and F#, use
the indentation and layout of code as part of their syntax. Be-
cause context-free grammars cannot express the rules of indenta-
tion, parsers for these languages currently use ad hoc techniques
to handle layout. These techniques tend to be low-level and opera-
tional in nature and forgo the advantages of more declarative spec-
ifications like context-free grammars. For example, they are often
coded by hand instead of being generated by a parser generator.

This paper presents a simple extension to context-free grammars
that can express these layout rules, and derives GLR and LR(k)
algorithms for parsing these grammars. These grammars are easy to
write and can be parsed efficiently. Examples for several languages
are presented, as are benchmarks showing the practical efficiency
of these algorithms.

Categories and Subject Descriptors D.3.1 [Programming Lan-
guages]: Formal Definitions and Theory—Syntax; D.3.4 [Pro-
gramming Languages]: Processors—Parsing; F.4.2 [Mathemati-
cal Logic and Formal Languages]: Grammars and Other Rewriting
Systems—Parsing

General Terms Algorithms, Languages

Keywords Parsing, Indentation, Offside rule

1. Introduction

Languages such as Haskell [Marlow (ed.) 2010] and Python
[Python] use the indentation of code to delimit various grammat-
ical forms. In Haskell, the contents of a let, where, do, or case
expression can be indented relative to the surrounding code instead
of being explicitly delimited by curly braces. In Python, the body
of a multi-line function or compound statement must be indented
relative to the surrounding code; there is no alternative, explicitly-
delimited syntax. For example, in Haskell one may write:

mapAccumR f = loop
where loop acc (x:xs) = (acc’’, x’ : xs’)

where (acc’’, x’) = f acc’ x
(acc’, xs’) = loop acc xs

loop acc [] = (acc, [])

Copyright c⃝ ACM, 2013. This is the author’s version of the work. It is posted here
by permission of ACM for your personal use. Not for redistribution. The defini-
tive version was published in POPL ’13: Proceedings of the 40th annual ACM
SIGPLAN-SIGACT symposium on Principles of programming languages, (January
2013), http://doi.acm.org/10.1145/[to be supplied].

POPL ’13, January 23–25, 2013, Rome, Italy.
Copyright c⃝ 2013 ACM 978-1-4503-1832-7/13/01. . . $15.00

The indentation of the bindings after each where keyword deter-
mines the parse structure of this code. For example, the indentation
of the last line determines that it is part of the bindings introduced
by the first where instead of the second where.

Likewise, in Python one may write:

def factorial(x):
result = 1
for i in range(1, x + 1):

result = result * i
return result

print factorial(5)

Here the indentation determines that the for loop ends before the
return and the factorial function ends after the return.

While Haskell and Python are well known for being indentation-
sensitive languages, quite a few other languages also use indenta-
tion. Landin’s ISWIM [Landin 1966] introduced the concept of
the offside rule for indentation, which requires that all tokens in
an expression be indented at least as far as the first token of the
expression. Variations on this rule are used by Haskell, Miranda
[Turner 1989], occam [INMOS Limited 1984], Orwell [Wadler
1985], Curry [Hanus (ed.) 2006], and Habit [HASP Project 2010].
F# is indentation sensitive when its lightweight syntax is enabled
[Syme et al. 2010, §15.1]. The block styles in the YAML [Ben-
Kiki et al. 2009] data serialization language are indentation sen-
sitive, as are many forms in the Markdown [Gruber] and reStruc-
turedText [Goodger 2012] markup languages. Even Scheme has an
indentation-sensitive syntax in the form of SRFI-49 [Möller 2005],
though it is not often used.

Whitespace sensitivity may be controversial, but regardless of
whether it is a good idea from a language design perspective, it
is important that the grammars of layout-sensitive languages be
precisely specified. Unfortunately, many language specifications
are informal in their description of layout or use formalisms that
are not amenable to practical implementation. The task of parsing
layout is thus often left to ad hoc, handwritten code.

The lack of a standard formalism for expressing these layout
rules and of parser generators for such a formalism increases the
complexity of writing parsers for these languages. Often, practi-
cal parsers for these languages have significant structural differ-
ences from the language specification. For example, the layout
rule for Haskell is specified in terms of an extra pass between the
lexer and the parser that inserts explicit delimiters. This extra pass
uses information about whether the parsing that occurs later in the
pipeline will succeed or fail on particular inputs. Due to the re-
sulting cyclic dependency, Haskell implementations do not actu-
ally structure their parsers this way. As a result, the structural dif-
ferences between the implementation and the specification make it
difficult to determine if one accurately reflects the other.
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Abstract

Many programming languages provide means to split large pro-
grams into smaller modules. The module system of a language
specifies what constitutes a module and how modules interact.

This paper presents a formal specification of the module system for
the functional programming language Haskell. Although many as-
pects of Haskell have been subjected to formal analysis, the module
system has, to date, been described only informally as part of the
Haskell language report. As a result, some aspects of it are not well
understood or are under-specified; this causes difficulties in reason-
ing about Haskell programs, and leads to practical problems such as
inconsistencies between different implementations. One significant
aspect of our work is that the specification is written in Haskell,
which means that it can also be used as an executable test-bed, and
as a starting point for Haskell implementers.

Categories and Subject Descriptors

D.3.1 [Programming Languages]: Formal Definitions and The-
ory—semantics, Haskell; D.3.3 [Programming Languages]: Lan-
guage Constructs and Features—Modules, packages, Recursion,
Haskell

General Terms

Documentation,Standardization,Languages

Keywords

Specification, Haskell, module system

1 Introduction

Many programming languages claim some kind of module system
as part of their definition. In each case, the module system is in-

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. To copy otherwise, to republish, to post on servers or to redistribute
to lists, requires prior specific permission and/or a fee.
Haskell’02, October 3, 2002, Pittsburgh, Pennsylvania, USA.
Copyright 2002 ACM 1-58113-605-6/02/0010 ...$5.00

tended to provide support for modular construction of software sys-
tems, but the precise interpretation of the term can vary quite sig-
nificantly from one language to the next. In some languages, the
module system provides a powerful mechanism for creating, using,
and reusing programming abstractions. Standard ML, for example,
has one of the most powerful module systems of this kind [8]. In
other languages, the main purpose of the module system is to sup-
port separate compilation, motivated by pragmatic issues that arise
during the development of large programs. In yet other languages,
the module system serves primarily as a mechanism for namespace
management, allowing programmers to control the visibility of de-
fined names, either to hide implementation-specific details or to ac-
cess parts of the program that would otherwise be out of scope. Of
course, this classification is somewhat subjective, often depending
on emphasis and the issues that are most directly targeted; some
programming language module systems make a good attempt to
serve several of these (or other) goals simultaneously.

The goal of this paper is to provide a formal description for the
module system of Haskell 98, which falls most directly into the
namespace management category that was described above. Al-
though many aspects of Haskell have been studied previously, we
are not aware of any other attempts to formalize its module system.
Moreover, as readers of the Haskell mailing list may confirm, the
module system is one of the least understood aspects of the lan-
guage, and one in which some of the greatest variations between
different implementations can be found.

In the spirit of the type system specification of Jones [5], this paper
is a typeset version of a literate Haskell script, which is an exe-
cutable specification of the module system. The number of lines of
code in the specification is about 200.

In writing the specification, we have focused more on clarity and
readability than efficiency. Nevertheless, the code presented in this
paper has been developed in the context of a full-scale front-end
for Haskell that works well in practice. For example, we have used
the front-end to parse and process the complete source for the Alfa
proof editor [3] (comprising on the order of 50,000 lines in 500
modules) in approximately 90 seconds (on a 1.9GHz Pentium 4).

1.1 Haskell Modules

A Haskell program is a collection of modules. A typical module
defines a number of entities (functions, data types, classes, etc.),
imports entities defined in other modules, and export some of the
locally available entities for use by other modules. Mutual depen-
dencies between modules are allowed.

17
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50 CHAPTER 4. DECLARATIONS AND BINDINGS

If a variable f is defined without providing a corresponding type signature declaration, then each use of f
outside its own declaration group (see Section 4.5) is treated as having the corresponding inferred, or principal
type . However, to ensure that type inference is still possible, the defining occurrence, and all uses of f within
its declaration group must have the same monomorphic type (from which the principal type is obtained by
generalization, as described in Section 4.5.2).

For example, if we define

sqr x = x*x

then the principal type is sqr :: 8 a. Num a ) a ! a , which allows applications such as sqr 5 or
sqr 0.1. It is also valid to declare a more specific type, such as

sqr :: Int -> Int

but now applications such as sqr 0.1 are invalid. Type signatures such as

sqr :: (Num a, Num b) => a -> b -- invalid
sqr :: a -> a -- invalid

are invalid, as they are more general than the principal type of sqr.

Type signatures can also be used to support polymorphic recursion. The following definition is pathological,
but illustrates how a type signature can be used to specify a type more general than the one that would be
inferred:

data T a = K (T Int) (T a)
f :: T a -> a
f (K x y) = if f x == 1 then f y else undefined

If we remove the signature declaration, the type of f will be inferred as T Int -> Int due to the first
recursive call for which the argument to f is T Int. Polymorphic recursion allows the user to supply the
more general type signature, T a -> a.

4.4.2 Fixity Declarations

gendecl ! fixity [integer ] ops
fixity ! infixl | infixr | infix
ops ! op1 , . . . , opn (n � 1 )
op ! varop | conop

A fixity declaration gives the fixity and binding precedence of one or more operators. The integer in a fixity
declaration must be in the range 0 to 9 . A fixity declaration may appear anywhere that a type signature
appears and, like a type signature, declares a property of a particular operator. Also like a type signature, a
fixity declaration can only occur in the same sequence of declarations as the declaration of the operator itself,
and at most one fixity declaration may be given for any operator. (Class methods are a minor exception; their
fixity declarations can occur either in the class declaration itself or at top level.)

There are three kinds of fixity, non-, left- and right-associativity (infix, infixl, and infixr, respec-
tively), and ten precedence levels, 0 to 9 inclusive (level 0 binds least tightly, and level 9 binds most tightly). If

4.4. NESTED DECLARATIONS 51

Prec- Left associative Non-associative Right associative
edence operators operators operators

9 !! .
8 ˆ, ˆˆ, **
7 *, /, ‘div‘,

‘mod‘, ‘rem‘, ‘quot‘
6 +, -
5 :, ++
4 ==, /=, <, <=, >, >=,

‘elem‘, ‘notElem‘
3 &&
2 ||
1 >>, >>=
0 $, $!, ‘seq‘

Table 4.1: Precedences and fixities of prelude operators

the digit is omitted, level 9 is assumed. Any operator lacking a fixity declaration is assumed to be infixl 9
(See Section 3 for more on the use of fixities). Table 4.1 lists the fixities and precedences of the operators
defined in the Prelude.

Fixity is a property of a particular entity (constructor or variable), just like its type; fixity is not a property of
that entity’s name. For example:

module Bar( op ) where
infixr 7 ‘op‘
op = ...

module Foo where
import qualified Bar
infix 3 ‘op‘

a ‘op‘ b = (a ‘Bar.op‘ b) + 1

f x = let
p ‘op‘ q = (p ‘Foo.op‘ q) * 2

in ...

Here, ‘Bar.op‘ is infixr 7, ‘Foo.op‘ is infix 3, and the nested definition of op in f’s right-hand
side has the default fixity of infixl 9. (It would also be possible to give a fixity to the nested definition of
‘op‘ with a nested fixity declaration.)

4.4.3 Function and Pattern Bindings

decl ! (funlhs | pat) rhs

funlhs ! var apat { apat }
| pat varop pat

Fixity can only be resolved after name resolution
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A static semantics for Haskell
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Abstract

This paper gives a static semantics for Haskell 98, a non-strict purely functional programming
language. The semantics formally specifies nearly all the details of the Haskell 98 type system,
including the resolution of overloading, kind inference (including defaulting) and polymorphic
recursion, the only major omission being a proper treatment of ambiguous overloading and
its resolution. Overloading is translated into explicit dictionary passing, as in all current
implementations of Haskell. The target language of this translation is a variant of the
Girard–Reynolds polymorphic lambda calculus featuring higher order polymorphism and
explicit type abstraction and application in the term language. Translated programs can thus
still be type checked, although the implicit version of this system is impredicative. A surprising
result of this formalization e↵ort is that the monomorphism restriction, when rendered in a
system of inference rules, compromises the principal type property.

1 Introduction

It is now more than ten years since the first version of Haskell was made public

(Hudak & Wadler, 1990), and Haskell is now one of two widely used non strict

functional languages (the other being Clean). During this time, Haskell has been

defined by a succession of Reports, the latest one defining Haskell 98 (Peyton Jones

et al., 1999). While the Reports have provided formal descriptions of Haskell syntax,

the static and dynamic semantics has only been treated informally. This is especially

unfortunate for the static semantics since the type system, in particular, is both

complex and innovative. Several research papers describe various aspects of it in a

simplified form (Wadler & Blott, 1989; Jones, 1995; Hall et al., 1996; Jones, 1999),

and still more propose extensions. In particular, Peyton Jones et al. (1997) discuss a

number of minor variations of the type class system, though only informally. None

of the formal papers have dealt with the full Haskell language, the one getting

closest being Hall et al. (1996). This situation has had the concrete consequence

that di↵erent Haskell implementations actually di↵er in the programs they consider

legal.

This paper aims to provide most of what has previously been missing. We describe

the latest version of Haskell, called Haskell 98. While the language is expected to

continue evolving by incorporating the more useful of the proposed extensions,

Haskell 98 is special in that implementations are expected to continue supporting it

even when subsequent versions of the language have been defined. Thus Haskell 98
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Declarative Type Elaboration

• Instead of  we use elaboration 


• The target language is essentially System 


• Type classes are translated to dictionary passing style


• Example: 
 
f :: Show a => a -> Int 
 
becomes 
 
f :: forall a. ShowDict a -> a -> Int

Γ ⊢ t : τ Γ ⊢ t ⇝ t′￼ : τ

Fω
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Practical type inference for arbitrary-rank types 31 July 2007 15

Rho-types ρ ::= τ

Γ → t : ρ

int

Γ → i : Int

→
inst

σ ≤ ρ
var

Γ, (x : σ) → x : ρ

Γ, (x : τ) → t : ρ
abs

Γ → (\x.t) : (τ → ρ)

Γ → t : τ → ρ
Γ → u : τ

app

Γ → t u : ρ

Γ →
poly

u : σ
Γ, x : σ → t : ρ

let

Γ → let x = u in t : ρ

Γ →
poly

t : σ′

→
sh

σ′ ≤ σ →
inst

σ ≤ ρ
annot

Γ → (t::σ) : ρ

Γ →
poly

t : σ

a = ftv(ρ) − ftv(Γ)
Γ → t : ρ

gen

Γ →
poly

t : ∀a.ρ

→
inst

σ ≤ ρ

inst

→
inst

∀a.ρ ≤ [a &→ τ ] ρ

→
sh

σ ≤ σ
′

a '∈ ftv(σ)

→
sh

σ ≤ ρ
skol

→
sh

σ ≤ ∀a.ρ

→
sh

[a &→ τ ] ρ1 ≤ ρ2
spec

→
sh

∀a.ρ1 ≤ ρ2

mono

→
sh

τ ≤ τ

Fig. 4: The syntax-directed Damas-Milner type system

be in so-called syntax-directed form, and that would, in turn, fully determine the
shape of the derivation tree for any particular term t . This is a very desirable state
of affairs, because it means that the steps of a type inference algorithm can be
driven by the syntax of the term, rather than having to search for a valid typing
derivation.

Figure 4 shows an alternative form of the typing rules that is syntax-directed. The
main judgement now takes the form:

Γ → t : ρ

meaning that “in context Γ term t has type ρ”. In contrast to Figure 3, the type ρ

in the judgement is a monotype (recall that in the Damas-Milner system, ρ is the
same as τ).
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GE , IE ,VE
bindG

` sigs; bindG  binds : VEbindG

GE , IE � OE ,VE~�(VEsigs � VErec)
monobinds

` bindG  binds : VEmonobs

GE
sigs
` sigs : VEsigs

VEsigs ✓ VEbindG

VErec = VEmonobs \ dom(VEsigs )
{↵1 , . . . , ↵m} \ (fv (IE ) [ fv (VE )) = ;
MonoRes(bindG , dom(VEsigs ), {↵1 , . . . , ↵m} \ fv (OE ))
VEbindG = 8↵1 . . . ↵m . ✓ e) VEmonobs

OE = vs :̃ ✓
VEmonobs = {v1:hv1 , ⌧1 i, . . . , vn:hvn , ⌧ni}
VErec = {v 0

1:hv0
1 , ⌧

0
1 i, . . . , v 0

k:hv0
k , ⌧

0
k i}

vs, vbinds fresh

GE , IE ,VE
bindG

` sigs; bindG

 

8
>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>:

vbinds : 8↵1 . . . ↵m .b✓ ! (⌧1 , . . . , ⌧n)

=⇤↵1 . . . ↵m . �vs :̂ ✓ .
let v0

1 :⌧0
1 = v0

1 ↵1 . . . ↵m vs;
. . . ;
v0

k :⌧0
1 = v0

k ↵1 . . . ↵m vs
in let binds
in (v1 , . . . , vn);

v1 : 8↵1 . . . ↵m .b✓ ! ⌧1

=⇤↵1 . . . ↵m . �vs :̂ ✓ . case vbinds ↵1 . . . ↵m vs of

(v1 :⌧1, . . . , vn :⌧n) -> v1;
. . . ;

vn : 8↵1 . . . ↵m .b✓ ! ⌧n

=⇤↵1 . . . ↵m . �vs :̂ ✓ . case vbinds ↵1 . . . ↵m vs of

(v1 :⌧1, . . . , vn :⌧n) -> vn;

9
>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>;

: VEbindG

bindg

Fig. 30. Bindings, part 2 (generalization and recursion).

7.2.1 Overloading

Binding groups and method bindings introduce overloading in Haskell. The over-

loading is expressed by typing the bindings in the instance environment IE extended

with an overloading environment OE where the context part ✓ will become the con-

text part of the type schemes in the returned variable environment VEbindG . Looking

at the translation we see that the variable part of OE becomes lambda bound. In the

translated program, the variables bound in the bindG are bound to functions taking

dictionaries corresponding to the context ✓ above. Since this context also occurs in

the type schemes for the variables, the correct dictionaries will always be passed at

occurrences of the variables.
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IE
literal

` literal  e : ⌧

IE
literal

` char  char : Prelude!Char⇤ lit char

IE
literal

` string  string : [Prelude!Char⇤
] lit string

IE
dict
` e : Prelude!Num⇤ ⌧

IE
literal

` integer  Prelude!fromInteger ⌧ e integer : ⌧

lit integer

n/d = float

IE
dict
` e : Prelude!Fractional⇤ ⌧

IE
literal

` float  Prelude!fromRational ⌧ e ((Ratio.%) n d) : ⌧

lit float

Fig. 37. Literals

translation. The only reason to derive them is to force the instance environment to

entail the context from the data type declaration. Thus constructors from types with

nonempty contexts are not overloaded in any semantic or operational sense. Their

overloading is closer to an assertion about their intended use, with a type error

signaled if the assertion is invalidated. The value of this feature is dubious and the

price in terms of spurious complexity is rather high, as especially the rules for typing

labeled updates show.

The upd rule mimics the translation of the update construct. The fields used in

the expression are looked up in the data constructor environment DE to find their

label environments which for each field name lists all constructors which have a field

of that name. Thus the Kj are the constructors which occur in all of the LE i. For

each of these constructors, its associated ' will be used with the lcon judgement to

find the relation between ⌧new and ⌧old and the ⌧i. The condition that k > 0 ensures

that there is some constructor which has all of the fields mentioned in the update. In

the labcon rule, there is no ⌧old since the value constructed is new. The constructor

K is looked up in DE to find its original name, which must be in the domain of the

intersection of the LE i, ensuring that K has all of the required fields.

8.5 Expressions part four: Sequences

The rules for arithmetic sequences translate these to applications of methods of the

Enum class from the Prelude.
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Status of the Formalization

• Started at Zurihac 2025 and continued at Munihac 2025


• Most of the work is already finished


• The formalization needs very careful proof reading


• Problems:


• Haskell 98 instead of Haskell 2010


• Specifies type system and module system simultaneously 😬
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A Vision for the Future of the 
Haskell Report
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Who is going to pay for this?

38



What is the Value Proposition of Formal Haskell 20xx?

• What goals are not served by GHC202X?


• Substantial bragging rights of having a fully formal specification


• Up-to-date language documentation: Has Haskell 2010 ever been faithfully 
implemented by any compiler?


• A conformance testsuite: There is currently no way to check a compiler for 
Haskell 2010 conformance


• Success of Wasm and SpecTec shows that we would be creating a honeypot 
for verification researchers
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My Zurihac 2026 Project: 
#haskell-2010-modules
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Semantics of the Module System

• What is the difference between:


• module A ... 

• module A (module A) ... 

• Given:


• module A 
data Foo = Foo 

• What is the semantics of:


• import A (Foo) 

• import A hiding (Foo) 

• import A hiding (Foo( ))
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Abstract

Many programming languages provide means to split large pro-
grams into smaller modules. The module system of a language
specifies what constitutes a module and how modules interact.

This paper presents a formal specification of the module system for
the functional programming language Haskell. Although many as-
pects of Haskell have been subjected to formal analysis, the module
system has, to date, been described only informally as part of the
Haskell language report. As a result, some aspects of it are not well
understood or are under-specified; this causes difficulties in reason-
ing about Haskell programs, and leads to practical problems such as
inconsistencies between different implementations. One significant
aspect of our work is that the specification is written in Haskell,
which means that it can also be used as an executable test-bed, and
as a starting point for Haskell implementers.

Categories and Subject Descriptors

D.3.1 [Programming Languages]: Formal Definitions and The-
ory—semantics, Haskell; D.3.3 [Programming Languages]: Lan-
guage Constructs and Features—Modules, packages, Recursion,
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Documentation,Standardization,Languages
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1 Introduction

Many programming languages claim some kind of module system
as part of their definition. In each case, the module system is in-
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tended to provide support for modular construction of software sys-
tems, but the precise interpretation of the term can vary quite sig-
nificantly from one language to the next. In some languages, the
module system provides a powerful mechanism for creating, using,
and reusing programming abstractions. Standard ML, for example,
has one of the most powerful module systems of this kind [8]. In
other languages, the main purpose of the module system is to sup-
port separate compilation, motivated by pragmatic issues that arise
during the development of large programs. In yet other languages,
the module system serves primarily as a mechanism for namespace
management, allowing programmers to control the visibility of de-
fined names, either to hide implementation-specific details or to ac-
cess parts of the program that would otherwise be out of scope. Of
course, this classification is somewhat subjective, often depending
on emphasis and the issues that are most directly targeted; some
programming language module systems make a good attempt to
serve several of these (or other) goals simultaneously.

The goal of this paper is to provide a formal description for the
module system of Haskell 98, which falls most directly into the
namespace management category that was described above. Al-
though many aspects of Haskell have been studied previously, we
are not aware of any other attempts to formalize its module system.
Moreover, as readers of the Haskell mailing list may confirm, the
module system is one of the least understood aspects of the lan-
guage, and one in which some of the greatest variations between
different implementations can be found.

In the spirit of the type system specification of Jones [5], this paper
is a typeset version of a literate Haskell script, which is an exe-
cutable specification of the module system. The number of lines of
code in the specification is about 200.

In writing the specification, we have focused more on clarity and
readability than efficiency. Nevertheless, the code presented in this
paper has been developed in the context of a full-scale front-end
for Haskell that works well in practice. For example, we have used
the front-end to parse and process the complete source for the Alfa
proof editor [3] (comprising on the order of 50,000 lines in 500
modules) in approximately 90 seconds (on a 1.9GHz Pentium 4).

1.1 Haskell Modules

A Haskell program is a collection of modules. A typical module
defines a number of entities (functions, data types, classes, etc.),
imports entities defined in other modules, and export some of the
locally available entities for use by other modules. Mutual depen-
dencies between modules are allowed.
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Abstract

This paper gives a static semantics for Haskell 98, a non-strict purely functional programming
language. The semantics formally specifies nearly all the details of the Haskell 98 type system,
including the resolution of overloading, kind inference (including defaulting) and polymorphic
recursion, the only major omission being a proper treatment of ambiguous overloading and
its resolution. Overloading is translated into explicit dictionary passing, as in all current
implementations of Haskell. The target language of this translation is a variant of the
Girard–Reynolds polymorphic lambda calculus featuring higher order polymorphism and
explicit type abstraction and application in the term language. Translated programs can thus
still be type checked, although the implicit version of this system is impredicative. A surprising
result of this formalization e↵ort is that the monomorphism restriction, when rendered in a
system of inference rules, compromises the principal type property.

1 Introduction

It is now more than ten years since the first version of Haskell was made public

(Hudak & Wadler, 1990), and Haskell is now one of two widely used non strict

functional languages (the other being Clean). During this time, Haskell has been

defined by a succession of Reports, the latest one defining Haskell 98 (Peyton Jones

et al., 1999). While the Reports have provided formal descriptions of Haskell syntax,

the static and dynamic semantics has only been treated informally. This is especially

unfortunate for the static semantics since the type system, in particular, is both

complex and innovative. Several research papers describe various aspects of it in a

simplified form (Wadler & Blott, 1989; Jones, 1995; Hall et al., 1996; Jones, 1999),

and still more propose extensions. In particular, Peyton Jones et al. (1997) discuss a

number of minor variations of the type class system, though only informally. None

of the formal papers have dealt with the full Haskell language, the one getting

closest being Hall et al. (1996). This situation has had the concrete consequence

that di↵erent Haskell implementations actually di↵er in the programs they consider

legal.

This paper aims to provide most of what has previously been missing. We describe

the latest version of Haskell, called Haskell 98. While the language is expected to

continue evolving by incorporating the more useful of the proposed extensions,

Haskell 98 is special in that implementations are expected to continue supporting it

even when subsequent versions of the language have been defined. Thus Haskell 98
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