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Abstract. A great deal has been written about type systems. Much less has been
written about implementing them. Even less has been written about implementa-
tions of complete compilers in which all aspects come together. This paper fills
this gap by describing the implementation of a series of compilers for a simplified
variant of Haskell. By using an attribute grammar system, aspects of a compiler
implementation can be described separately and added in a sequence of steps,
thereby giving a series of increasingly complex (working) compilers. Also, the
source text of both this paper and the executable compilers come from the same
source files by an underlying minimal weaving system. Therefore, source and
explanation is kept consistent.

1 Introduction and overview

Haskell98 [31] is a complex language, not to mention its more experimental incarna-
tions. Though also intended as a research platform, realistic compilers for Haskell [1]
have grown over the years and understanding and experimenting with those compilers
is not an easy task. Experimentation on a smaller scale usually is based upon relatively
simple and restricted implementations][20], often focusing only on a particular aspect
of the language aridr its implementation. This paper aims at walking somewhere be-
tween this complexity and simplicity by

— Describing the implementation of essential aspects of Haskell (or any other (func-
tional) programming language), hence the name Essential Haskell (EH) used for
simplified variants of Haskg{in these notes.

— Describing these aspects separately in order to provide a better understanding.

— Adding these aspects on top of each other in an incremental way, thus leading to
a sequence of compilers, each for a larger subset of complete Haskell (and exten-
sions).

1 The 'E’in EH might also be expanded to other aspects of the compiler, like beiBganple.



— Using tools like the Utrecht University Attribute Grammar (UUAG) systém [3],
hereafter referred to as the AG system, to allow for separate descriptions for the
various aspects.

The remaining sections of this introduction will expand on this by looking at the inten-
tions, purpose and limitations of these notes in more detail. This is followed by a short
description of the individual languages for which we develop compilers throughout
these notes. The last part of the introduction contains a small tutorial on the AG system
used in these notes. After the introduction we continue with discussing the implementa-
tion of the first three compilers (sectidrig 2, 3 &hd 4) out of a (currently) sequence of ten
compilers. On the web site [111] for this project the full distribution of the code for these
compilers can be found. We conclude these notes by reflecting upon our experiences
with the AG system and the creation of these notes (section 5).

1.1 Purpose
For whom is this material intended?

— For students who wish to learn more about the implementation of functional lan-
guages. This paper also informally explains the required theory, in particular about
type systems.

— For researchers who want to build (e.g.) a prototype and to experiment with ex-
tensions to the type system and need a non-trivial and realistic starting point. This
paper provides documentation, design rationales and an implementation for such a
starting point.

— For those who wish to study a larger example of the tools used to build the com-
pilers in these notes. We demonstrate the use of the AG system, which allows us to
separately describe the various aspects of a language implementation. Other tools
for maintaining consistency betweerffdrent versions of the resulting compilers
and the source code text included in these notes are also used, but will not be dis-
cussed.

For this intended audience these notesprovide:

— A description of the implementation of a type chegkderencer for a subset of
Haskell. We describe the first three languages of a (currently) sequence of ten, that
end in a full implementation of an extended Haskell.

— A description of the semantics of Haskell, lying between the more foimél [16,14]
and more implementation oriented [21,33] and similar to other combinations of
theory and practice [34].

— A gradual instead of a big bang explanation.

— Empirical support for the belief that the complexity of a compiler can be managed
by splitting the implementation of the compiler into separate aspects.



— A working combination of otherwise usually separately proven or implemented
features.

We will come back to this in our conclusion (see secfipn 5).

We restrict ourselves in the following ways, partly because of space limitations, partly
by design:

— We do not discuss extensions to Haskell implemented in versions beyond the last
version presented in these notes. See sectign 1.3 for a preciser description of what
can and cannot be found in these notes with respect to Haskell features.

— We concern ourselves with typing only. Other aspects, like pretty printing and pars-
ing, are not discussed. However, the introduction to the AG system (see $ection 1.4)
gives some examples of the pretty printing and the interaction between parsing, AG
code and Haskell code.

— We do not deal with type theory or parsing theory as a subject on its own. This
paper is intended to describe “how to implement” and will use theory from that
point of view. Theoretical aspects are touched upon from a more intuitive point of
view.

Although informally and concisely introduced where necessary, familiarity with the
following will make reading and understanding these notes easier:

— Functional programming, in particular using Haskell
— Compiler construction in general

— Type systems)-calculus

— Parser combinator library and AG systen [3,38]

For those not familiar with the AG system a short tutorial has been included at the end of
this introduction (see sectipn 1.4). It also demonstrates the use of the parser combinators
used throughout the implementation of all EH versions.

We expect that by finding a balance between theory and implementation, we serve both
those who want to learn and those who want to do research. It is also our belief that by
splitting the big problem into smaller aspects the combination can be explained in an

easier way.

In the following sections we give examples of the Haskell features present in the series
of compilers described in the following chapters. Only short examples are given, so the
reader gets an impression of what is explained in more detail and implemented in the
relevant versions of the compiler.

1.2 A short tour

Though all compilers described in these notes deal withfareént issue, they all have
in common that they are based on thealculus, most of the time using the syntax



and semantics of Haskell. The first version of our series of compilers therefore accepts
a language that most closely resembles tkmalculus, in particular typed-calculus
extended witHet expressions and some basic types and type constructors strah as
Char and tuples.

EH version 1:1-calculus. An EH program is a single expression, contrary to a Haskell
program which consists of a set of declarations forming a module.

leti::Int
i=5
in i

All variables need to be typed explicitly; absence of an explicit type is considered to
be an error. The corresponding compiler (EH version 1, seftion 2 ) checks the explicit
types against actual types.

Besides the basic typést andChar, composite types can be formed by building tuples
and defining functions:

letid ::Int — Int
id =Ax — X
fst:: (Int,Char) — Int
fst=1A(a,b) —» a

in id (fst(id 3,’x"))

Functions accept one parameter only, which can be a pattern. All types are monomor-
phic.

EH version 2: Explicimplicit typing. The next version (EH version 2, section 3 ) no
longer requires the explicit type specifications, which thus may have to be inferred by
the compiler.

The reconstructed type information is monomorphic, for example the identity function
in:

letid = Ax — x
inletv=id 3
in id
is inferred to have the typd :: Int — Int.
EH version 3: PolymorphismThe third version (EH version 3, sectiph 4 ) performs

standard Hindley-Milner type inferencingl[[8,9] which also supports parametric poly-
morphism. For example,

letid = Ax — x
in id3

is inferred to have typal :: vV a.a — a.



1.3 Haskell language elements not described

As mentioned before, only a subset of the full sequence of compilers is described in
these notes. Currently, as part of an ongoing work [11], in the compilers following the
compilers described in these notes, the following Haskell features are dealt with:

EH 4. Quantifiers everywhere: higher ranked typesi[36)32]7,28] and existentials|[30,25,27].
See also the longer version of these notes handed out during the AFP04 summer-
school [13].

EH 5. Data types.

EH 6. Kinds, kind inference, kind checking, kind polymorphism.

EH 7. Non extensible records, subsuming tuples.

EH 8. Code generation fora GRIN (Graph Reduction Intermediate Notation) like back-
end [6,5].

EH 9. Class system, explicit implicit parameters|[12].

EH 10. Extensible records [15,22].

Also missing are features which fall in the category syntactic sugar, programming in the
large and the like. Haskell incorporates many features which make programming easier
andor manageable. Just to mention a few:

— Binding group analysis

— Syntax directives like infix declarations

— Modules [10,37].

— Type synonyms

— Syntactic sugar foif , do, list notation and comprehension.

We have deliberately not dealt with these issues. Though necessary and convenient we
feel that these features should be added after all else has been dealt with, so as not to
make understanding and implementating essential features nfibcaltli

1.4 An AG mini tutorial

The remaining part of the introduction contains a small tutorial on the AG system. The
tutorial explains the basic features of the AG system. The explanation of remaining
features is postponed to its first use throughout the main text. These places are marked
with AG. The tutorial can safely be skipped if the reader is already familiar with the
AG system.

Haskell and Attribute Grammars (AGAttribute grammars can be mapped onto func-

tional programs [28,19,4]. Vice versa, the class of functional programs (catamorphisms
[39]) mapped onto can be described by attribute grammars. The AG system exploits this
correspondence by providing a notation (attribute grammar) for computations over trees



which additionally allows program fragments to be described separately. The AG com-
piler gathers these fragments, combines these fragments, and generates a corresponding
Haskell program.

In this AG tutorial we start with a small example Haskell program (of the right form)

to show how the computation described by this program can be expressed in the AG

notation and how the resulting Haskell program generated by the AG compiler can be

used. The ‘repmin’ probleni [4] is used for this purpose. A second example describing a

‘pocket calculator’ (that is, expressions) focusses on more advanced features and typical
AG usage patterns.

Repmin a la HaskellRepmin stands for “replacing the integer valued leaves of a tree
by the minimal integer value found in the leaves”. The solution to this problem requires
two passes over a tree structure, computing the miminum and computing a new tree
with the minimum as its leaves respectively. It is often used as the typical example of
a circular program which lends itself well to be described by the AG notation. When
described in Haskell it is expressed as a computation over a tree structure:

data Tree= TreeLeaf Int
| TreeBin Tree Tree
deriving Show

The computation itself simultaneously computes the minimum of all integers found in
the leaves of the tree and the new tree with this minimum value. The result is returned
as a tuple computed by function

repmin:: Tree— Tree

repmin t
= t,
where (t’, tmin) =rttmin
r (TreeLeaf i ) m= (TreeLeaf m ,i )

r (TreeBin ltrt) m= (TreeBin It’ rt’,Imin‘min’ rmin)
where (It’,Imin) =rltm
(rt/,rmin) =rrtm

We can use this function in some setting, for example:

tr = TreeBin (TreeLeaf 3) (TreeBin (TreeLeaf 4) (TreelLeaf 5))
tr’ = repmin tr
main :: 10 ()

main = print tr’
The resulting program produces the following output:
Tree_Bin (Tree_Leaf 3) (Tree_Bin (Tree_Leaf 3) (Tree_Leaf 3))

The computation of the new tree requires the minimum. This minimum is passed as a
parametemto r at the root of the tree by extracting it from the result orhe result



tuple of the invocatior t tmin depends on itself via the minimutmin so it would

seem we have a cyclic definition. However, the real dependency is not on the tupled

result ofr but on its elements because it is the elentarinh of the result tuple which

is passed back and not the tuple itself. The elements are not cyclically dependent so
Haskell's laziness prevents a too eager computation of the elements of the tuple which
might otherwise have caused an infinite loop during execution. Note that we have two

more or less independent computations that both follow the tree structure, and a weak
interaction, when passing thin value back in the tree.

Repmin a la AG.The structure ofepminis similar to the structure required by a com-
piler. A compiler performs several computations overbastract syntax treAST), for
example for computing its type and code. This corresponds fordestructure used by
repminand the tupled results. In the context of attribute grammars the elements of this
tuple are calledhttributés. Occasionaly the wordspectis used as well, but an aspect
may also refer to a group of attributes associated with one particular feature of the AST,
language or problem at hand.

Result elements are callaynthesizedttributes. On the other hand, a compiler may
also require information that becomes available at higher nodes in an AST to be avail-
able at lower nodes in an AST. Theparameter passed tan repminis an example of

this situation. In the context of attribute grammars this is calleohherited attribute

Using AG notation we first define the AST corresponding to our problem (for which
the complete compilable solution is given in Fi§. 1):

DATA Tree
| Leaf int: {Int}
| Bin It :Tree
r :Tree

The DATA keyword is used to introduce the equivalent of Haskedéga type. A
DATA (node defines anode(node (or nontermina) of an AST. Its alternatives, enu-
merated one by one after the vertical haare calledvariants productions The term
constructoris occasionally used to stress the similarity with its Haskell counterpart.
Each variant has members, caligudldrenif they refer to other nodes of the AST and
fieldsotherwise. Each child and field has a name (before the colon) and a type (after
the colon). The type may be either anotBETA node (if a child) or a monomorphic
Haskell type (if a field), delimited by curly braces. The curly braces may be omitted if
the Haskell type is a single identifier. For example, BRTA definition for the repmin
problem introduces a node (nonterminafee with variants (productionsleaf and

Bin. A Bin has childrert andrt of type Tree A Leaf has no children but contains only

a fieldint holding a Haskellnt value.

The keywordATTR is used to declare an attribute for a node, for instance the synthe-
sized attributemin:

ATTR Tree[|| min: Int]



DATA Tree
| Leaf int :{Int}

|Bin It :Tree
rt :Tree
ATTR Tree[|| min: Int]
SEM Tree

| Leaf lhs . min = @int

| Bin lhs. min = @It.min‘min" @rt.min
ATTR Tree[rmin:Int ]

-- The next SEM may be generated automatically
SEM Tree

| Bin It . rmin = @lhs.rmin

rt . rmin = @lhs.rmin

DATA Root

| Root tree Tree
SEM Root

| Root tree rmin = @treemin
ATTR Root Tre€||| tree: Treg]
SEM Tree

| Leaf lhs . tree = TreelLeaf@lhs.rmin

| Bin lhs. tree = TreeBin @It.tree @rt.tree

-- The next SEM may be generated automatically
SEM Root

| Rootlhs . tree = @treetree
DERIVING Tree: Show
{
tr = TreeBin (TreeLeaf 3) (TreeBin (TreelLeaf 4) (TreeLeaf 5))
tr’ = semRoot (RootRoot tr)
main:: 10 ()
main=print tr’

}

Fig. 1. Full AG specification of repmin



SEM Tree
| Leaf lhs.min = @int
| Bin lhs.min= @lt.min‘min" @rt.min

A synthesized attribute is declared for the node afETR . Multiple declarations of

the same attribute for flerent nonterminals can be grouped on one line by enumerat-
ing the nonterminals after th&TTR keyword, separated by whitespace. The attribute
declaration is placed inside the square brackets at one or more of tfievemnti pos-
sible places. All attributes before the first vertical bare inherited, after the last bar
synthesized, and in between both inherited and synthesized. For example, attiibute
is a result and therefore positioned as a synthesized attribute, after the last bar.

Rules relating an attribute to its value are introduced using the key®&id. For

each production we distinguish a set of input attributes, consisting of the synthesized
attributes of the children referred to by (@ild).(attr) and the inherited attributes of

the parent referred to by I@s.(attr). For each output attribute we need a rule that
expresses its value in terms of input attributes and fields.

The computation for a synthesized attribute for a node has to be defined for each variant
individually as it usually will difer between variants. Each rule is of the form

| (variant) (node.(attr) = (Haskell expy

If multiple rules are declared for@ariant) of a node, th&variant) part may be shared.
The same holds for multiple rules for a child (bs) of a (variant), the child (orlhs)
may then be shared.

The text representing the computation for an attribute has to be a Haskell expression and
will end up almost unmodified in the generated program, without any form of checking.
Only attribute and field references, starting with a @, have meaning to the AG system.
The text, possibly stretching over multiple lines, has to be indented at least as far as its
first line. Otherwise it is to be delimited by curly braces.

The basic form of an attribute reference is (r@de.(attr) referring to a synthesized
attribute(attry of child node(node. For example, @.min refers to the synthesized
attributemin of child It of theBin variant of nodelree

The (node. part of @nodé.(attry may be omitted. For example&jin for the Leaf
alternative is defined in terms of i@. In that case @attr) refers to a locally (to

a variant for a node) declared attribute, or to the field with the same name as defined
in the DATA definition for that variant. This is the case for theaf variant’sint. We
postpone the discussion of locally declared attributes.

The minimum value ofepminpassed as a parameter corresponds to an inherited at-
tributermin:

ATTR Tree[rmin:Int ]

The value ofrmin is straightforwardly copied to its children. This “simply copy” be-
havior occurs so often that we may omit its specification. The AG system uses so called



copy rules to automically generate code for copying if the value of an attribute is not
specified explicitly. This is to prevent program clutter and thus allows the programmer
to focus on programming the exception instead of the usual. We will come back to this
later; for now it sdfices to mention that all the rules fomin might as well have been
omitted.
The originalrepminfunction did pass the minimum value coming auback intor
itself. This did happen at the top of the tree. Similarly we defifRoatnode sitting on
top of aTree

DATA Root

| Root tree Tree

At the root themin attribute is passed back into the tree via attribaten:

SEM Root
| Root treermin = @treemin

The value ofminis used to construct a new tree:
ATTR Root Tre€l|| tree: Treg]
SEM Tree

| Leaf lhs.tree = Tree Leaf@lhs.rmin
| Bin Ihs.tree = TreeBin @It.tree @rt.tree

SEM Root
| Rootlhs.tree = @treetree

For eachDATA the AG compiler generates a corresponding Haslagth type declara-

tion. For each nodénode a data type with the same narrede is generated. Since
Haskell requires all constructors to be unique, each constructor of the data type gets a
name of the forn{node _(variant).

In our example the constructed tree is returned as the one and only attrilRoeolt

can be shown if we tell the AG compiler to make the generated data type an instance of
the Showclass:

DERIVING Tree: Show

Similarly to the Haskell version aepminwe can now show the result of the attribute
computation as a plain Haskell value by using the funciemRootgenerated by the
AG compiler:

{

tr = TreeBin (TreeLeaf 3) (TreeBin (TreeLeaf 4) (TreeLeaf 5))

tr’ = semRoot(RootRoot tr)

main :: 10 ()

main = print tr’

}



Because this part is Haskell code it has to be delimited by curly braces, indicating that
the AG compiler should copy it unchanged into the generated Haskell program.

In order to understand what is happening here, we take a look at the generated Haskell
code. For the above example the following code will be generated (edited to remove
clutter):

data Root = Root_Root (Tree)
-- semantic domain
type T_Root = ( (Tree))
-- cata
sem_Root :: (Root) -> (T_Root)
sem_Root ((Root_Root (_tree)))
= (sem_Root_Root ((sem_Tree (_tree))))
sem_Root_Root :: (T_Tree) -> (T_Root)
sem_Root_Root (tree_ ) =
let ( _treeImin,_treeltree) = (tree_ (_treeOrmin))
(_treeOrmin) = _treelImin
(_lhsOtree) = _treeltree
in ( _lhsOtree)

data Tree = Tree_Bin (Tree) (Tree)
| Tree_Leaf (Int)
deriving ( Show)
-- semantic domain
type T_Tree = (Int) -> ( (Int), (Tree))
-- cata
sem_Tree :: (Tree) -> (T_Tree)
sem_Tree ((Tree_Bin (_1t) (_rt)))
= (sem_Tree_Bin ((sem_Tree (_1t))) ((sem_Tree (_rt))))
sem_Tree ((Tree_Leaf (_int))) = (sem_Tree_Leaf (_int))
sem_Tree_Bin :: (T_Tree) -> (T_Tree) -> (T_Tree)
sem_Tree_Bin (1t_) (rt_) =
\ _lhsIrmin ->
let ( _1tImin,_1tItree) = (1t_ (_1tOrmin))
( _rtImin,_rtItree) = (rt_ (_rtOrmin))
(_lhsOmin) = _1tImin ‘min‘ _rtImin
(_rtOrmin) _lhsIrmin
(_1t0Ormin) = _lhsIrmin
(_lhsOtree) = Tree_Bin _ltItree _rtltree
in ( _lhsOmin,_lhsOtree)
sem_Tree_Leaf :: (Int) -> (T_Tree)
sem_Tree_Leaf (int_) =
\ _lhsIrmin ->



let (_1hsOmin) = int_
(_lhsOtree) = Tree_Leaf _lhsIrmin
in ( _lhsOmin,_lhsOtree)

In general, generated code is not the most pIe@sﬂmﬁrose to look at, but we will have
to use the generated functions in order to access the AG computations of attributes from
the Haskell world. The following observations should be kept in mind when doing so:

— For node(node also a typeTl (node is generated, describing the function type
that maps inherited to synthesized attributes. This type corresponds one-to-one to
the attributes defined fdgnode: inherited attributes to parameters, synthesized at-
tributes to elements of the result tuple (or single type if exactly one synthesized
attribute is defined).

— Computation of attribute values is done by semantic functions with a name of the
form sem(node_(variant). These functions have exactly the same type as their
constructor counterpart of the generated data type. The ofisralce lies in the
parameters which are of the same type as their constructor counterpart, but prefixed
with T_. For example, data constructtree Bin:: Tree— Tree— Treecorresponds
to the semantic functiosemTree Bin:: (T_Tree) — (T_Tree) — (T_Tree).

— A mapping from the Haskelllata type to the corresponding semantic function is
available with the namsem({node.

In the Haskell world one now can followfiierent routes to compute the attributes:

— First construct a Haskell value of tygeode, then applysem(nodeé to this value
and the additionally required inherited attributes values. The given funotain
from AG variant of repmin takes this approach.

— Circumvent the construction of Haskell values of typede by using the semantic
functionssem(node _(variant) directly when building the AST instead of the data
constructornode _(variant) (This technique is called deforestation[[42].).

In both cases a tuple holding all synthesized attributes is returned. Elements in the
tuple are sorted lexicographically on attribute name, but it still is awkward to extract
an attribute via pattern matching because the size of the tuple and position of elements
changes with adding and renaming attributes. For now, this is not a probkem#oot

will only return one value, dree Later we will see the use of wrapper functions to pass
inherited attributes and extract synthesized attributes via additional wrapper data types
holding attributes in labeled fields.

2 |n addition, because generated code can be generaferkdily, one cannot count on it being
generated in a specific way. Such is the case here too, this part of the AG implementation may
well change in the future.



Parsing directly to semantic function¥he givenmainfunction uses the first approach:
construct dl'ree wrap it inside &Root and applysemRootto it. The following example

takes the second approach; it parses some input text describing the structure of a tree
and directly invokes the semantic functions:

instance Symbol Char

pRepmin: IsParser p Char= p T_Root
pRepmin= pRoot
where pRoot= semRootRoot($) pTree
pTree = semTreelLeaf ($) pint
() semTreeBin ($ pSym’B’ & pTree¢ pTree
pint =(ic—ordc—ord’0’) & "0’ ()’9’

The parser recognises the lett8i &s aBin alternative and a single digit asLaaf.
Fig.[2 gives an overview of the parser combinators which are Uiséd [38]. The parser is
invoked from an alternative implementationrafin

main:: 10 ()
main= do tr « parselOMessage show pReprigBB45"
print tr

We will not discuss this alternative further nor will we discuss this particular variant of
parser combinators. However, this approach is taken in the rest of these notes wherever
parsing is required.

Combinator Meaning Result

p&q pfollowed byq result ofp applied to result o
pdq porq result ofp or result ofg
pSucceed r empty inpute r

f&p = pSucceed ¥ p

pKey"x" symbofkeyword x "x"

p &9 q pfollowed byq result ofq applied to result op
p‘optr =p () pSucceed r

pPeYq =p ¢ qioptid

pé&a,p#af@pvariants throwing away
result of angle missing

side
pFoldr listAlg p  sequence gb's foldr c n (result of allp’s)
pList p pFoldr((:),[]) p
pChainr s p 5 (>1) separated bgs result ofs's applied to results of's aside

Fig. 2. Parser combinators



More features and typical usage: a pocket calculatfe will continue with looking at

a more complex example, a pocket calculator which accepts expressions. The calculator
prints a pretty printed version of the entered expression, its computed value and some
statistics (the number of additions performed). An interactive terminal session of the
pocket calculator looks as follows:

$ build/bin/expr

Enter expression: 3+4

Expr=’"3+4’, val=7, add count thus far=1

Enter expression: [a=3+4:a+a]
Expr=’"[a=3+4:a+a]’, val=14, add count thus far=3
Enter expression: "Cexpr: interrupted

$

This rudimentary calculator allows integer values, their addition and binding to identi-
fiers. Parsing is character based, no scanner is used to transform raw text into tokens. No
whitespace is allowed andet expression is syntactically denoted byhm>=<expr>: <expr>].

The example will allow us to discuss more AG features as well as typical use of AG.
We start with integer constants, addition followed by an attribute computation for the
pretty printing:
DATA AGItf
| AGItf expr: Expr

DATA Expr
| IConstint :{Int}
|Add el :Expr e2 Expr

SET AIINT = AGItf Expr

The root of the tree is now callgdGltf to indicate (as a naming convention) that this is
the place where interfacing between the Haskell world and the AG world takes place.

The definition demonstrates the use of 8i€T keyword which allows the naming of
a group of nodes. This name can later be used to declare attributes for all the named
group of nodes at once.
The computation of a pretty printed representation follows the same pattern as the
computation ofmin andtreein the repminexample, because of its compositional and
bottom-up nature. The synthesized attribppas synthesized from the values of thp
attribute of the children of a node:
ATTR AIINT [|| pp: PP_Doc]
SEM Expr
| IConstlhs.pp = pp @int
| Add Ihs.pp= @elpp>k "+" >k @e2pp



The pretty printing uses a pretty printing library with combinators for values of type
PP_Doc representing pretty printed documents. The library is not further discussed
here; an overview of some of the available combinators can be found in|Fig. 3.

Combinator Result

p1 >k p2  p1 besidegy, p2 at the right

p1 > p2  same asik but with an additional space in between
p1>=<pz p1abovep;

pp-parens p pnside parentheses

text s stringsasPP_Doc

pp x pretty printx (assuming instandeP X resulting in aPP_Doc

Fig. 3. Pretty printing combinators

As a next step we addt expressions and use of identifiers in expressions. This demon-
strates an important feature of the AG system: we may introduce new alternatives for
a (node as well as may introduce new attribute computations in a separate piece of
program text. We first add new AST alternatives Expr:

DATA Expr
| Let nm: {String} val: Expr body: Expr
| Var nm: {String}

One should keep in mind that the exensibilitfeved is simplistic of nature, but sur-
prisingly flexible at the same time. The idea is that node variants, attribute declarations
and attribute rules for node variants can all occur textually separated. The AG com-
piler gathers all definitions, combines, performs several checks (e.g. are attribute rules
missing), and generates the corresponding Haskell code. All kinds of declarations can
be distributed over several text files to be included wittN&ELUDE directive (not
discussed any further).

Any addition of new node variants requires also the corresponding definitions of already
introduced attributes:
SEM Expr

| Letlhs.pp="[" >k @nm>[< "=" >k @valpp> ":" >k @bodypp >k "1"
| Var Ihs.pp = pp @nm

The use of variables in the pocket calculator requires us to keep an administration of
values bound to variables. An association list is used to provide this environmental and
scoped information:

ATTR Expr [env: {[(String Int)]} I]

SEM Expr
| Let bodyenv= (@nm, @valval): @lhs.env



SEM AGItf
| AGItf expr.env= []

The scope is enforced by extending the inherited attribaietop-down in the AST.

Note that there is no need to specify a value forva@nvbecause of the copy rules
discussed later. In tHeetvariant the inherited environment, which is used for evaluating
the right hand sided of the bound expression, is extended with the new binding, before
being used as the inheritexhv attribute of the body. The environmeetvis queried

when the value of an expression is to be computed:

ATTR AIINT [|| val: Int]

SEM Expr
| Var  lhs.val = maybe0 id (lookup@nm @lhs.env)
| Add Ihs.val = @elval+ @e2val
| Let lhs.val = @bodyval
| IConstlhs.val = @int

The attributeval holds this computed value. Because its value is needed in the ‘out-
side’ Haskell world it is passed throudtGltf (as part ofSET AIINT) as a synthesized
attribute. This is also the case for the previously introdygedttribute as well as the
following count attribute used to keep track of the number of additions performed.
However, thecountattribute is also passed as an inherited attribute. Being both inher-
ited and synthesized it is defined between the two vertical bars STt declaration

for count

ATTR AIINT [| count: Int |]

SEM Expr
| Add lhs.count= @e2count+ 1

The attributecountis said to behreadedthrough the AST, the AG solution to a global
variable or the use of state monad. This is a result of the attribute being inherited as well
as synthesized and the copy rules. tteet is an automatic copying of the attribute in a
preorder traversal of the AST.

Copy rules are attribute rules inserted by the AG system if a rule for an attriadte
in a production ofnode is missing. AG tries to insert a rule that copies the value of
another attribute with the same name, searching in the following order:

1. Local attributes.

2. The synthesized attribute of the children to the left of the child for which an inher-
ited (attr) definition is missing, with priority given to the nearest child fulfilling the
condition. A synthesizedattr) of a parent is considered to be at the right of any
child’s (attr’).

3. Inherited attributes (of the parent).

In our example theféect is that for the_et variant ofExpr



— (inherited) @hs.countis copied to (inherited) @al.count
— (synthesized) @al.countis copied to (inherited) @ody.count
— (synthesized) @odycountis copied to (synthesized) l@s.count

Similar copy rules are inserted for the other variants. Only for varatd of Expr a
different rule for @hs.countis explicitly specified, since here we have a non-trivial
piece of semantics: i.e. we actually want to count something.

Automatic copy rule insertion can be both a blessing and curse. A blessing because it
takes away a lot of tedious work and minimises clutter in the AG source text. On the
other hand it can be a curse, because a programmer may have forgotten an otherwise
required rule. If a copy rule can be inserted the AG compiler will silently do so, and the
programmer will not be warned.

As with our previous example we can let a parser map input text to the invocations of
semantic functions. For completeness this source text has been includedih Fig. 4. The
result of parsing combined with the invocation of semantic functions will be a function
taking inherited attributes to a tuple holding all synthesized attributes. Even though the
order of the attributes in the result tuple is specified, its extraction via pattern matching
should be avoided. The AG system can be instructed to create a wrapper function which
knows how to extract the attributes out of the result tuple:

WRAPPER AGItf

The attribute values are stored in a data type with labeled fields for each attribute. The
attributes can be accessed with labels of the féattr)_Syn(node. The name of the
wrapper is of the fornwrap_(node; the wrapper function is passed the result of the
semantic function and a data type holding inherited attributes:

run::Int — 10 ()
run count
= do hPutStr stdout'Enter expression: "
hFlush stdout
| « getLine
r — parselOMessage show pAGItf |
let r’ = wrap_AGItf r (Inh_AGItf{countInh_AGItf = count})
putStrLn("Expr="" -+ disp (pp-SynAGItf r') 40"" +
", val=" + show(val_SynAGItf r’) -+
", add count thus far=" + show(countSynAGiItf r’)
)
run (countSynAGItf r’)
main :: 10 ()
main= run 0

We face a similar problem with the passing of inherited attributes to the semantic func-
tion. Hence inherited attributes are passed to the wrapper function via a data type with
namelnh_(node and a constructor with the same name, with fields having labels of the



form (attr)_Inh_(node. Thecountattribute is an example of an attribute which must be
passed as an inherited attribute as well as extracted as a synthesized attribute.

This concludes our introduction to the AG system. Some topics have either not been
mentioned at all or only shortly touched upon. We provide a list of those topics together
with a reference to the first use of the features which are actually used later in these
notes. Each of these items is marked wiily to indicate that it is about the AG system.

— Type synonym, only for lists (see sectjor] 14).

— Left hand side patterns for simultaneous definition of rules (see s¢cfion 42).

— Set notation for variant names in rules (see se¢fidn 31).

— Local attributes (see sectipn|31).

— Additional copy rule vidJSE (see sectiop 3]2).

— Additional copy rule vieSELF (see sectiof 3]2).

— Rule redefinition via= (see sectiop 3]3).

— Cycle detection and other (experimental) features, commandline invocation, etc.

We will come back to the AG system itself in our conclusion.

instance Symbol Char

pAGItf :: IsParser p Char= p T_AGItf
pAGItf = pRoot
where pRoot = semAGItf_AGItf ($) pExpr
pExpr = pChainr (semExpr_Add ($ pSym’+’) pExprBase
pExprBase= (semExpr_IConstfoldl (Alr — |+ 10+r) 0)
($) pListl((ic > ord c—ord ’8’) ($) '’ () '9’)
() semExpr_Let
G pSym’ [’ ¢ pNm¢ pSym’=" ¢ pEXpr
& pSym’:’ & pPEXxpr
¢ pSym’]’
() semExpr_Var ($) pNm
pPNm = (") @ ’a’ () 2

Fig. 4. Parser for calculator example

2 EH 1: typed A-calculus

In this section we build the first version of our series of compilers: the typeaiculus
packaged in Haskell syntax in which all values need to explicitly be given a type. The
compiler checks if the specified types are in agreement with actual value definitions.
For example



leti::Int
i=5
in i

is accepted, whereas

leti::Char
i=5
in i

produces a pretty printed version of the erroneous program, annotated with errors:

let i :: Char
i=3>5
{- ***ERROR(S):
In ‘5’°:
Type clash:
failed to fit: Int <= Char
problem with : Int <= Char -}
{- [ i:Char ] -}
in i

Type signatures have to be specified for identifiers boundlet expression. Fon-
expressions the type of the parameter can be extracted from these type signatures unless
ad-expression occurs at the position of an applied function. In that case a type signature
for the 1-expression is required in the expression itself. This program will not typecheck
because this EH version does not allow polymorphic types in general and on higher
ranked (that is, parameter) positions in particular.

let v :: (Int,Char)
v=((Af - (f 3,f ’x”))
:: (Char — Char) — (Int, Char)
) (AX = X)
in v

The implementation of a type system will be the main focus of this and following sec-
tions. As a consequence the full environmisatnework needed to build a compiler
will not be discussed. This means in particular that error reporting, generation of a
pretty printed annotated output, parsing and the compiler driver are not described.

We start with the definition of the AST and how it relates to concrete syntax, followed
by the introduction of several attributes required for the implementation of the type
system.



2.1 Concrete and abstract syntax

Theconcrete syntarf a (programming) language describes the structure of acceptable
sentences for that language, or more down to earth, it describes what a compiler for that
language accepts with respect to the textual structure. On the othealhatrdct syntax
describes the structure used by the compiler itself for analysis and code generation.
Translation from the more user friendly concrete syntax to the machine friendly abstract
syntax is done by a parser; from the abstract to the concrete representation is done by a
pretty printer.

Let us focus our attention first on the abstract syntax for EH1, in particular the part
defining the structure for expressions (the remaining syntax can be found [fj Fig. 5).

DATA Expr

| IConst int  :{Int}

| CConst char :{Char}

| Con nm :{HsName

| Var nm :{HsName

|App  func :Expr
arg :Expr

| Let decls : Decls
body : Expr

| Lam arg :PatExpr
body :Expr

| AppTop expr : Expr

| Parens expr :Expr

| TypeAs tyExprTyExpr
expr :Expr

Integer constants are representedl®pnst lowercase (uppercase) identifier occur-
rences byar (Con), an App represents the application of a function to its argument,
LamandLetrepresent lambda expressions and let expressions.

AG: Type synonyms (for lists). The AG notation allows type synomyms for one spe-
cial case, AG’s equivalent of a list. It is an often occurring idiom to encode a list of
nodes, saypATA L with elementgnode as:

DATA L
| Cons ha (node
th L
| Nil

AG allows the following notation as a shorthand:

TYPE L = [(nodé]



The EH fragment (which is incorrect for this version of because type signatures are
missing)

letic @(i,c) = (5,’x")
id = AX > X
in id i

is represented by the following piece of abstract syntax tree:

AGItf_ AGItf
Expr_Let
Decls_Cons
Decl_vVal
PatExpr_VarAs "ic"
PatExpr_AppTop
PatExpr_App
PatExpr_App
PatExpr_Con ",2"

PatExpr_Var "i
PatExpr_Var "c"
Expr_AppTop
Expr_App
Expr_App
Expr_Con ",2"
Expr_IConst 5
Expr_CConst ’x’
Decls_Cons
Decl_val
PatExpr_Var "id"
Expr_Lam
PatExpr_Var "x"
Expr_Var "x"
Decls_Nil
Expr_AppTop
Expr_App
Expr_Var "id"

wan

Expr_Var "1

The example also demonstrates the use of patterns, which is almost the same as in
Haskell: EH does not allow a type signature for the elements of a tuple.

Looking at this example and the rest of the abstract syntax ifi Fig. 5 we can make several
observations of what one is allowed to write in EH and what can be expected from the
implementation.



DATA AGItf
| AGItf expr :Expr
DATA Decl
| TySig nm : {HsName¢
tyExpr : TyExpr

| Val patExpr: PatExpr
expr :Expr
TYPE Decls = [Decl]
SET AllDecl = Decl Decls
DATA PatExpr
| IConst int :{Int}
| CConst char :{Char}
| Con nm : {HsName
| Var nm : {HsName
| VarAs nm : {HsName
patExpr: PatExpr
| App func :PatExpr

arg : PatExpr
| AppTop patExpr PatExpr
| Parens patExpr PatExpr

SET AllPatExpr = PatExpr

DATA TyExpr
| Con nm : {HsName¢
| App func : TyExpr
arg : TyExpr
| AppTop tyExpr : TyExpr
| Parens tyExpr : TyExpr
SET AlITyExpr = TyExpr
SET AllExpr = Expr
SET AlINT = AlITyExpr AllDecl AllPatExpr AllExpr

Fig. 5. Abstract syntax for EH (without Expr)



— There is a striking similarity between the structure of expresdips and patterns
PatExpr (and as we will see later type expressidiyExpl): they all containApp
andConvariants. This similarity will sometimes be exploited to factor out common
code, and, if factoring out cannot be done, leads to similarities between pieces of
code. This is the case with pretty printing(not included in these notes), which is
quite similar for the dierent kinds of constructs.

— Type signaturediecl. TySig and value definitiondgecl Val) may be freely mixed.
However, type signatures and value definitions for the same identifier are still re-
lated.

— Because of the textual decoupling of value definitions and type signatures, a type
signature may specify the type for an identifier occurring inside a pattern:

leta = nt
(a,b) = (3,9
in

Currently we do not allow this, but the following however is:

let ab = (Int, Int)
ab@(a,b) = (3,9
in

because the specified type fab corresponds to the top of a pattern of a value
definition.

— In EH composite values are created by tupling, denoted by .). The same no-
tation is also used for patterns (for unpacking a composite value) and types (de-
scribing the structure of the composite). In all these cases the corresponding AST
consists of &onapplied to the elements of the tuple. For example, the @u8)
corresponds to

Expr-App (Expr-App (Expr-Con",2") (Expr_IConst2)) (Expr_IConst3)

— For now there is only one value constructor: for tuples. The EH constructor for
tuples also is the one which needs special treatment because it actually stands for a
infinite family of constructors. This can be seen in the encoding of the name of the
constructor which is composed of'a" together with the arity of the constructor.

For example, the expressidB, 4) is encoded as an applicatiégppof Con ", 2"

to the twolnt arguments: (,2 3 4). In our examples we will follow the Haskell
convention, in which we write (,) instead of ‘,2’. By using this encoding we also
get the unit typd) as it is encoded by the nanigd".

— The naming convention for tuples and other naming conventions are available through
the following definitions for Haskell namé$sName

data HsName= HNm String
deriving (Eg, Ord)

instance Show HsNamehere



show(HNm g =s
hsnArrow hsnUnknowphsnint hsnChar hsnWild:: HsName

hsnArrow = HNm"->"
hsnUnknown = HNm"??"
hsnint = HNm"Int"
hsnChar = HNm"Char"
hsnWild = HNm"_"
hsnProd :: Int — HsName
hsnProd i =HNm(’,’ :show )
hsnlsArrowhsnlsProd :: HsName— Bool
hsnilsArrow hsn = hsn= hsnArrow
hsnlsProd (HNm(’,’:_)) = True

hsnisProd _ = False
hsnProdArity :: HsName— Int

hsnProdArity(HNm (_:ar)) =read ar

— Each application is wrapped on top with AppTop This has no meaning in itself
but it simplifies the pretty printing of expressiEhWe needAppTopfor patterns,
but for the rest it can be ignored.

— The location of parentheses around an expression is rememberdehmraalter-
native. We need this for the reconstruction of the parenthesis in the input.

— AGiItf is the top of a complete abstract syntax tree. As noted in the AG primer this
is the place where interfacing with the ‘outside’ Haskell world takes place. It is
a convention in these notes to give all nonterminals in the abstract syntax a name
with AGItf in it, if it plays a similar role.

2.2 Types

We will now turn our attention to the way the type system is incorporated into EH1.
We focus on the pragmatics of the implementation and less on the corresponding type
theory.

What is a type Compiler builders considertgpeto be a description of the interpre-
tation of a value whereas a value is to be understood as a bitpattern. This means in
particular that machine operations such as integer addition, are only applied to patterns
that are to be interpreted as integers. More generally, we want to prevent unintended
interpretations of bitpatterns, which might likely lead to the crash of a program.

The flow of values, that is, the copying between memory locations, through the execu-
tion of a program may only be such that a copy is allowed only if the corresponding
types relate to each other in some proper fashion. A compiler uses a type system to
analyse this flow and to make sure that built-in functions are only applied to patterns

3 As it also complicates parsing it may disappear in future versions of EH.



that they are intended to work on. The idea is that if a compiler cannot find an erroneous
flow of values, with the notion of erroneous defined by the type system, the program is
guaranteed not to crash because of unintended use of bitpatterns.

In this section we start by introducing a type language in a more formal setting as well
as a more practical setting. The formal setting uses typing rules to specify the static
semantics of EH whereas in the practical setting the AG system is used, providing an
implementation. In the following section we discuss the typing rules, the mechanism
for enforcing the equality of types (callditting) and the checking itself. Types will be
introduced informally, instead of taking a more formal approacli [40,41,34,2].

Types are described by a type language. The type language for EH1 allows some basic
types and two forms of composite types, functions and tuples, and is described by the
following grammar:

o = Int| Char
| (o)...;,00)
| o —> 0o

The following definition however is closer to the one used in our implementation:

| oo

The latter definition also introduces the possibility of describing typedslfiként. We
nevertheless use this one since it is used in the implementation of later versions of EH
where it will prove useful in expressing the application of type constructors to types.
Here we just have to make sure no types lielnt will be created; in a (omitted) later
version of EH we perform kind inferencifghecking to prevent the creation of such
types from showing up.

The corresponding encoding using AG notatiofieds in the presence of a@nytype,
also denoted bw. In sectiorf 2. we will say more about this. It is used to smoothen the
type checking by (e.g.) limiting the propagation of erroneous types:

DATA TyAGlItf
| AGItf ty Ty

DATA Ty
| Con nm :{HsNameg
| App func Ty
arg : Ty
| Any

The formal system and implementation of this system ufferéint symbols to refer

to the same concept. For examphay in the implementation is the same @sn the
typing rules. Not always is such a similarity pointed out explicitly but instead a notation
name//name is used to simultaneously refer to both symbaésng andname, for



exampleAny/o. The notation also implies that the identifiers and symbols separated
by '//" are referring to the same concept.

The definition ofTy will be used in both the Haskell world and the AG world. In Haskell
we use the correspondittata type generated by the AG compiler, for example in the
derived typeTyL:

type TyL = [Ty]

The data type is used to construct type representations. In the AG world we define
computations over the type structure in terms of attributes. The corresponding semantic
functions generated by the AG system can then be applied to Haskell values.

2.3 Checking types
The type system of a programming language is described by typing rutgpinfgy rule

— Relates language constructs to types.
— Constrains the types of these language constructs.

Type rules For example, the following is the typing rule (taken from FFig. 6) for function

application
expr
I' v+ :02
expr a
F &0 >0
expr

I' v+ g0

It states that an application ef to e; has types provided that the argument has type
o2 and the function has a type® — o.

(e-appl)

All rules we will use are of the form

prerequisite
prerequisite

————  (rule-name)
consequence

with the meaning that if alprerequisite can be proven we may conclude tensequence

A prerequisitecan take the form of any logical predicate or has a more structured form,
usually called gudgement

judgetype
context construct property~» more results

The part > more result$needs not always be present if there are no more results for
a judgement. The notation reads as



expr

expr

I'F e:0?
Fef—prel:(raﬁ(r i+—>0'i,l"e)r<—pre:o'e
T (e-appl) xpr - (e-laml)
I'vr e16:0 I' v liseo —»o®
r e o i o, T el
expr . . expr
I' v e:o1 im0, I v e:c®
T (e-prodl) S TR—— - (e-letl)
I+ (er,&):(01,02) Ik letizoi=¢ine:c®
(impo)el ) .
X (e-identl) T : (e-intl)
I'v i:o I' + minint.. maxint: Int

Fig. 6. Type rules for expressions

In the interpretatiojudgetypethe constructhas propertyproperty assuming
contextand with optional additionahore results

If the contextor more resultstself consists of multiple parts, these parts are separated
by a semicolon ’;’. An underscore_” has a similar role as in Haskell to indicate a
property is not relevant for a type rule (see redepp1B, Fig.[7)

Although a rule formally is to be interpreted purely equational, it may help to realise
that from an implementors point of view this (more or less) corresponds to an imple-
mentation template, either in the form of a functjodgetype

judgetype= Aconstruct—
Acontext— ...(property, moreresults

or a piece of AG:
ATTR judgetype{context ... ||

property: .. moreresults: ...]

SEM judgetype
| construct
Ihs.(property, moreresultg = ... @hs.context..

Typing rules and implementation templatefeliin that the latter prescribes the order in
which the computation of a property takes place, whereas the former simply postulates



relationships between parts of a rule. In general typing rules presented throughout these
notes will be rather explicit in the flow of information and thus be close to the actual
implementation.

Environment The rules in Fig[ b refer t&, which is often calledassumptionsenvi-
ronmentor contextbecause it provides information about what may be assumed about
identifiers. Identifierg are distinguished on the case of the first character, capitalized
I's starting with an uppercase, uncapitalizisdbtherwise

=i
K

For type constants we will use capitalized identifier@hereas for identifiers bound to
an expression in ket-expression we will use lower case identifi¢rg, ...).

An environment is a vector of bindings, a partial finite map from identifiers to types:

I'=é-o

Concatenation of such collections as well as scrutinizing a collection is denoted with
a comma’,". For examplej ‘'~ o, I’ represents a concatenation as well as a pattern
match. For rules this does not make d&eatience, for the implementation there is a
direction involved as we either construct from smaller parts or deconstruct (pattern
match) into smaller parts.

If shadowing is involved, that is duplicate entries are added/fitsft (w.r.t. to the
comma’,’) entries shadow righater entries. In particular, when we locate some vari-
able in al’ the first occurrence will be taken.

If convenient we will also use a list notation:
r=[¢m 0]

This will be done if specific properties of a list are used or if we borrow from Haskell's
repertoire of list functions. For simplicity we also use (assocation) lists in our imple-
mentation.

A list structure stfices to encode the presence of an identifier in, &ut it cannot
be used to detect multiple occurrences caused by duplicate introductions. Thus in our
implementation we use a stack of lists instead:

type AssocL k v= [(k, V)]

newtype Gam k v= Gam|[AssocL k y deriving Show

emptyGam :: Gamkyv
gamuUnit tk->v —Gamkyv
gamLookup :: Eq k= k - Gam k v— Maybe v

gamToAssocL :: Gam kv — AssocL kv



gamPushNew :: Gamkv —» Gamkyv

gamPushGam : Gamkv —» Gamkv— Gamkyv

gamAddGam : Gamkv —» Gamkv— Gamk v

gamAdd tk->v —Gamkv—- Gamkyv

emptyGam = Gam[[]]

gamunit kv = Gam|[[(k,V)]]

gamLookup KGam II) = foldr (Al mv — maybe mv Justiookup k |))
Nothing Il

gamToAssocL (Gam ) = concat Il

gamPushNew (Gam ) = Gam([]:1I)

gamPushGam glGam I12) = Gam(gamToAssocL g1li2)

gamAddGam glGam(I2:112)) = Gam((gamToAssocL g3 12) : 112)

gamAdd kv = gamAddGantk - v)

Entering and leaving a scope is implemented by means of pushing and popping a
Extending an environmert will take place on the top of the stack only. gamUnit
used as an infix operator will print as.

A specialization/alGamof Gamis used to store and lookup the type of value identifiers.
data ValGamInfo= ValGamInfdgvgiTy:: Ty} deriving Show
type ValGam= Gam HsName ValGaminfo

The type is wrapped in ¥alGaminfo Later versions of EH can add additional fields to
this data type.

valGamLookup: HsName— ValGam— Maybe ValGaminfo
valGamLookup= gamLookup

valGamLookupTy: HsName— ValGam— (Ty, ErrL)
valGamLookupTy n g
= casevalGamLookup n @f
Nothing— (Ty_Any, [Err_NamesNotIntrodn]])
Just vgi— (vgiTy vgi[])

Later the variantvalGamLookupwill do additional work, but for now it does not dif-
fer from gamLookupThe additional variantalGamLookupTys specialized further to
produce an error message in case the identifier is missing from the environment.

Checking Expr The rules in Fig[ p do not provide much information about how the
typeo in the consequence of arule is to be computed; itis just stated that it should relate
in some way to other types. However, type information can be made available to parts
of the abstract syntax tree, either because the programmer has supplied it somewhere or
because the compiler can reconstruct it. For types given by a programmer the compiler
has to check if such a type correctly describes the value of an expression for which the



type is given. This is calletype checkinglf no type information has been given for a
value, the compiler needs to reconstruct or infer this type based on the structure of the
abstract syntax tree and the semantics of the language as defined by the typing rules.
This is calledtype inferencingln EH1 we exclusively deal with type checking.

expr
ok F eio

expr

T;0% v e:_
expr . expr
I:o— oX I—pel:(ra—uf i—o T o |—pe:a'e
xpr (e-applB) . opr . (e-lam1B)
ok v e a0 Io' 0" + lise:o -0
expr . . expr .
F;o-'é l—pezza'z i—o T o |—pe':,
expr i . expr
oK v e:oq i o, Tio% + e:o®
e:>L<pr (e-prod1B) expr - . (e-let1B)
T; (o-i,o-lé) F (e, e):(01,02) T;0K F letizol;i = éine:o®

fit . K fit K

Fo <ot:0 . Fint<o“:o
o (e-ident1B) o :

Iio v o I';0° + minint.. maxint: o

(e-int1B)

Fig. 7. Type checking for expression (checking variant)

We now can tailor the type rules in F[g. 6 towards an implementation which performs
type checking, in Fig.]7. We also start with the discussion of the corresponding AG
implementation. The rules now take an additional context, the expected (or known)
type o¥ (attribute knTy; simultaneously referred to hyX/knTy) as specified by the
programmer, defined in terms of AG as follows:

ATTR AlIExpr [knTy: Ty||]

The basic idea underlying this implementation for type checking, as well as in later
versions of EH also for type inferencing, is that

— A known(or expectelitype X /knTyis passed top-down through the syntax tree of
an expression, representing the maximal type (in terms eée Fig[ B and discus-
sion below) the type of an expression can be. At all places where this expression is
used it also is assumed that the type of this expression egials



— A result typeo//ty is computed bottom-up for each expression, representing the
minimal type (in terms ok) the expression can have.

— At each node in the abstract syntax tree it is checked whethero® holds. The
result oflhs < rhs is rhs which is subsequently used by the type checker, for
example to simply return or use in constructing another, usually composite, type.

— In general, folhs < rhstherhsis an expected type whereliss is the bottom-up
computed result type.

a
fth 0,8 070
I
Fol <ob:of
- 1=--2 (f-arrow1)
Fof—oi<of—oy:08 -0
fit | | |
f!_—t 01S05:0
I
Fot <ohiof l1=1o
- 1= 2 (f-prod1) - (f-con1)
| r Iy T .
F (o, 0)) < (0505): (0, 0") Fly<l:ly
W (f-anyll) W (f-anyrl)
FOS<SO:0 Fo<O:o0

Fig. 8. Rules for fit

An additional judgement type naméi (Fig.[§) is needed to check an actual type
against an expected (known) type. The judgement specifies the matchiggo, of

two typeso; andoz. The meaning ok is that the left hand side (Ihs) type of < can

be used where the right hand side (rhs) typeis expected. Expressedfldirently, <
checks whether a value of typg can flow (that is, be stored) into a memory location
of type o». This is an asymmetric relation because “a value flowing into a location”
does not imply that it can flow the other way, saconceptually has a direction, even
though in the rules in Fif]& is a test on equality of the two type arguments.

The rules for< also specify a result type. Strictly this result is not required forfihe
judgement to hold but in the implementation it is convenient to have the implementation
fitsin of < return the smallest type for which of o1 < o andoz < o hold. This is



useful in particular in relation to the usemfin in rulef-anyl1 and rulef-anyrl; we will
come back to this later.

For examplex is used in rules-int1B which checks that its actuit type matches the
known typec®. The implementation of the type ruéeint1B performs this check and
returns the type in attributety:

ATTR AllExpr [|| ty: Ty]

SEM Expr
| CConstloc.fTy = tyChar
| IConst loc.fTy = tyint
| IConst CConst
locfo = @fTy< @lhsknTy
ty = foTy@fo

AG: Set notation for variants. The rule for (e.g.) attributéo is specified fonConst
andCConsttogether. Instead of specifying only one variant a whitespace separated
list of variant names may be specified after the vertical pdit is also allowed to
specify this list relative to all declared variants by specifying for which variants the
rule shouldnot be declared. For example= IConst CConsif the rule was to be
defined for all variants excepfonstandCConst

AG: Local attributes. The attributdTyis declared locally. In this context ‘local’ means
that the scope is limited to the variant of a node. Attribifiedefined for variant
IConstis available only for other attribute rules for varid@onstof Expr.

Note that no explicit rule for synthesized attribugeis required; a copy rule is
inserted to use the value of the locally declared attribyt&his is a common AG
idiom when a value is required for later use as well or needs to be redefined in later
versions of EH.

Some additional constants representing built-in types are also required:

tylnt = Ty_Con hsnint
tyChar = Ty_Con hsnChar

The local attributdTy (by convention) holds the type as computed on the basis of the ab-
stract syntax tree. This tyg@y is subsequently compared to the expected thp&nTy
via the implementatiofiitsin of the rules foffit/ <. In infix notationfitsIn prints as<.
The functionfitsin returns aFIOut (fitsl n output) data structure in attribufe. FIOut
consists of a record containing amongst other things feelgt

data FIOut = FIOut{foTy :: Ty ,foErrL :: ErrL}

emptyFO = FIOut{foTy= Ty Any,foErrL =[] }

foHasErrs:: FIOut — Bool



foHasErrs= —.null.foErrL

Using a separate attribuf€y instead of using its value directly has been done in order
to prepare for a redefinition éfyin later versiorﬂ

Ty_Any//Anyj/o plays a special role. This type appears at two places in the implemen-
tation of the type system as a solution to the following problems:

— Invariant to our implementation is the top-down passing of an expected type. How-
ever, this type is not always fully known in a top-down order. For example, in
rule e-app1B (Fig.[?]) the argument of the expected function type-> oK is not
known because this information is only available from the environiemwiich is
used further down in the AST via rukeident1B. In this use ofo it represents a
“dont't know” of the type system implementation. As suctnas the role of a type
variable (as introduced for type inferencing in secfipn 3).

— An error occurs at a place where the implementation of the type system needs a
type to continue (type checking) with. In that casds used to prevent further
errors from occurring. In this use af it represents a “dont't care” of the type
system implementation. As suchwill be replaced by more a more specific type
as soon as it matches (g such a type.

In both cases is a type exclusively used by the implementation to smoothen type
checking. The rules fok for 0 in Fig.[§ state that is equal to any type. Theffect is

that the result ok is a more specific type. This suits our “dont’'t know” and “dont’t care”
use. Later, when discussing the AG implementation for these rules this issue reappears.
In later EH versions we will split the use afinto the proper use of a type lattice, and
will it thus disappear.

The role ofo may appear to be similar to and L known from type theory. However,

O is used only as a mechanism for the type system implementation. It isfieotd as

a feature to the user (i.e. the EH programmer) of the type system.

Ty_Any//Anyj/O is also used at the top level where the actual expected type of the ex-
pression neither is specified nor matters because it is not used:

SEM AGItf
| AGItf exprknTy= Ty_Any

The rulef-arrow1 in Fig.[d for comparing function types compares the types for argu-
ments in the opposite direction. Only in later versions of EH wkemally behaves
asymmetrically we will discuss this aspect of the rules which is nacnattavariance

In the rules in Fig[ B the direction makes ndfdience; the correct use of the direction
for now only anticipates issues yet to come.

fit
The Haskell counterpart ofl o1 < o2: o isimplemented byitsIn:
fitsin:: Ty - Ty — FIOut

4 This will happen with other attributes as well.



fitsIn ty; ty,

= ftyty,

where
rest = emptyFQfoTy = t}
f Ty Any b =resb

fty Ty Any=res f
f t1 @(Ty_Con s)
t, @(Ty-Con s3

|sl=s2 =resb

f t1 @(Ty-App (Ty-App (Ty_Con c) tag) try)
to @(Ty-App (Ty-App (Ty-Con c2 tay) trp)
| hsnlsArrow clA cl=c2
=comp ta trqy tag tro (dar — [a] ‘mKTyArrowr)
f t1 @(Ty-App tf; tag)
to @(Ty_App tf, tap)
= comp tf; tay tf, tap Ty App
fty to = err [Err_UnifyClash ty ty, t; t2]
err e = emptyFQfoErrL = e}
comp tf; tag tf, tap mkComp
= foldrl (Afo; fo, — if foHasErrs fq then fo; elsefo,)
[ffo, afo, res rt]
whereffo =f tf tf,
afo=f tag tay
rt = mkComp(foTyffo) (foTy afg

The functionfitsin checks whether th@y_App structure and all type constanig.Con

are equal. If not, a non-empty list of errors is returned as well asTygeny//Anyj/o.
Matching a composite type is split in two cases TgrApp, one for function types (the

first case), and one for the remaining type applications (the second case). For the current
EH version the second case only concerns tuple types. Both matches for composite
types usecompwich performs multiple<’s and combines the results. Thetdrence

lies in the treatment of contravariant behavior as discussed earlier.

The type rules leave in the open how to handle a situation when a required constraint is
broken. For a compiler this is not good enough, being the refiistmgives a “will-do”

type Ty_Anyback together with an error for later processing. Errors themselves are also
described via AG:

DATA Err
| UnifyClash tyl {Ty} ty2 {Ty)
tyldetail: { Ty} ty2detail: { Ty}

DATA Err

| NamesNotintrod nmL{[HsNamé}



TheErr datatype is available as a datatype in the sameTyay. The error datatype is
also used for signalling undeclared identifiers:
SEM Expr
| Var loc.(gTy, nmErrs)
= valGamLookupTy@nm @lhs.valGam

fy= @gTy
fo = @fTy< @hsknTy
ty =foTy@fo

AG: Left hand side patterns. The simplest way to define a value for an attribute is to
define one value for one attribute at a time. However, if this value is a tuple, its fields
are to be extracted and assigned to individual attributes (g#&\mowArgRes AG
allows a pattern notation of the form(s) to make the notation for this situation more
concise:

| (variant) (nodé.((attr1) , (attrp) yee)
| (variant) ((node).(attr1), (noda).(attra), ...) =

Again, the error condition is signalled by a non empty list of errors if a lookupfails.
These errors are gathered so they can be incorporated into an annotated pretty printed
version of the program.

Typing rulee-ident1B uses the environmeitto retrieve the type of an identifier. This
environmentalGamfor types of identifiers simply is declared as an inherited attribute,
initialized at the top of the abstrcat syntax tree. It is only extended with new bindings
for identifiers at a declaration of an identifier.

ATTR AlIDecl AllExpr [valGam: ValGaml||]

SEM AGItf
| AGItf exprvalGam= emptyGam

One may wonder why the judgemefFlltt o1 < o2:0 and its implementatioffitsin
returns a type at all; the idea of checking was to only pass explicit type informalion

(or knTy) from the top of the abstract syntax tree to the leaf nodes. Note that this idea
breaks when we try to check the expresdbl in

letid:: Int — Int
id=Ax— X
in id 3

What is theknTyagainst which 3 will be checked? It is the argument type of the type of
id. However, in rules-appl1B and its AG implementation, the type iofis not the (top-
to-bottom travelling)oX /knTy, but it will be the argument part of the (bottom-to-top
travelling) resulting function type a //functy:



SEM Expr

| Apploc .knFunTy = [Ty-Any] ‘mkTyArrow @Ilhs.knTy
funcknTy = @knFunTy
(arg.knTy, loc.fTy) = tyArrowArgRes@functy
loc .ty = @fTy

The idea here is to encode the partially known function typeras o* (passed to
funknTy) and letfitsIn fill in the missing details, that is to find a type far This is
the place where it is convenient to hafsin return a type in whicho/Ty_Anys are

replaced by a more concrete type. From that result the kreoyected type of the
argument can be extracted.

Note that we are already performing a little bit of type inferencing. This is however
only done locally toAppas theo in o — ¢X is guaranteed to have disappeared in the
result type offitsin. If this is not the case, the EH program contains an error. This is a
mechanism we repeatedly use, SO we summarize it here:

— Generally, the semantics of the language requires adyoebe of a specific form.
Hereo equals the type of the function (not known at #agplocation in the AST)
which should have the form — o.

— The specific form may contain types about which we know nothing, here encoded
by O, in later EH versions by type variables.

— fitsInj/ < is used to enforce- to have the right form. Here this is done by pushing
the form aso¥ down the AST for the function (attributeincknTy). The check
o < o¥is then performed in th¥ar variant of Expr.

— Enforcing may or may not succeed. In the latter case error messages are generated
and the result of enforcing is.

The type construction and inspection done in &pp variant of Expr requires some
additional type construction functions, of which we only includkTyArrow

algTy :: MkConApp Ty

algTy = (Ty-Con Ty_App id,id)

mkTyArrow:: TyL— Ty — Ty

mkTyArrow= flip (foldr (mkArrow algTy)

The function is derived from a more general functiokArrow
type MkConApp t= (HsName—- t,t >t > t,t > t,t > t)

mkArrow:: MKConApp t—>t >t — t
mkArrow alg@(con, _, _, _) a r = mkApp alg[con hsnArrowa, r |

mkApp: MkConApp t- [t] - t
mKApp(—, app top, ) ts
= casets of
[t] >t



_ — top (foldll app t9

A MkConAppcontains four functions, for constructing a value similarGon, App,
AppTopandIConstrespectively. These functions are usednyAppto build anApp

like structure and bymkArrowto build function like structures. The code for (e.g.)
parsers (omitted from these notes), uses these functions parameterized with the proper
four semantics functions as generated by the AG system. So this additional layer of
abstraction improves code reuse. Similarly, functiokiTyProdAppconstructs a tuple

type out of types for the elements.

The functions used for scrutinizing a type are given names in which (by convention) the
following is encoded:

— What is scrutinized.
— What is the result of scrutinizing.

For exampletyArrowArgReglissects a function type into its argument and result type.
If the scrutinized type is not a function, “will do” values are returned:

tyArrowArgRes: Ty — (Ty, Ty)

tyArrowArgRes t
= caset of
Ty App (Ty-App (Ty-Con nm) a) r
| hsnlsArrow nm— (a,r)
_ — (Ty_Any,t)

Similarly tyProdArgsis defined to return the types of the elements of a tuple type. The
code for this and other similar functions have been omitted for brevity.

Constructor Con, tuplesApart from constructing function types only tupling allows us
to build composite types. The ruéeprod1B for tupling has no immediate counterpart
in the implementation because a tupteb) is encoded as the applicatidn) a b. The
alternativeContakes care of producing a type— b — (a,b) for (,).

SEM Expr
| Conloc.ty = let resTy= tyArrowRes@lhs.knTy
in tyProdArgs resTymkTyArrow resTy

This type can be constructed froknTywhich by definition has the form — o —

(a,b) (for this example). The result type of this function type is taken apart and used to
produce the desired type. Also by definition (via construction by the parser) we know
the arity is correct.

Note that, despite the fact that the cartesian product constructors are essentially poly-
morphic, we do not have to do any kind of unification here, since they either appear in
the right hand side of declaration where the type is given by an explcit type declaration,
or they occur at an argument position where the type has been implicitly specified by



the function type. Therefore we indeed can useahadb from typeo — o — (a,b)
to construct the typa — b — (a, b) for the constructot, ).

A-expression LamFor rulee-lam1B the check whetheknTyhas the formr, — o2

is done by lettinditsin match theknTywith o — o. The result (forced to be a func-
tion type) is split up bytyArrowArgResinto argument and result type. The function
gamPushNewpens a new scope on top\elGamso as to be able to check duplicate
names introduced by the patteary:

SEM Expr
| Lamloc.funTy = [Ty_Any] ‘mkTyArrow Ty_Any
foKnFun = @funTy< @lhs.knTy
(arg.knTy, bodyknTy) = tyArrowArgRegfoTy @foKnFun)
arg.valGam = gamPushNev@lhs.valGam
loc.ty = @lhs.knTy

Type annotations (for-expression).In order to makel-expressions typecheck cor-
rectly it is the responsibility of the EH programmer to supply the correct type signature.
The TypeAsvariant of Expr takes care of this by simply passing the type signature as
the expected type:

SEM Expr
| TypeAdoc fo = @tyExprty < @lhs.knTy
exprknTy= @tyExprty

The obligation for the EH programmer to specify a type is dropped in later versions of
EH.

Checking PatExpr Before we can look into more detail at the way new identifiers
are introduced itet- and 21-expressions we take a look at patterns. The edlet1B is

too restrictive for the actual language construct supported by EH because the rule only
allows a single identifier to be introduced. The following program allows inspection of
parts of a composite value by naming its components through pattern matching:

let p:: (Int, Int)
- p@@b)=(34
in a

The rulee-let1C from Fig.[9 together with the rules for patterns from [fig} 10 reflects
the desired behaviour. These rulefeti from those in Fig.]7 in that a pattern instead
of a single identifier is allowed in a value definition and the parameter position of a
A-expression.

Again the idea is to distribute a known type over the pattern by dissecting it into its con-
stituents. However, patterns do not return a type but type bindings for the identifiers in-
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side a pattern instead. The new bindings are subsequently ust¢dandA-expressions
bodies.

A tuple pattern with rulg-prod1 is encoded in the same way as tuple expressions; that
is, pattern(a, b) is encoded as an application) a b with an AppTopon top of it. We
dissect the known type of a tuple in rydeprodl into its element types &ppTopusing
functiontyProdArgs For this version of EH we only have tuple patterns; we can indeed
assume that we are dealing with a tuple type.

ATTR AllPatExpr [knTy: Ty||]
ATTR PatExpr[knTyL: TyL ||]

SEM PatExpr
| AppToploc.knProdTy
= @lhsknTy
.(knTyL, aErrs)
= casetyProdArgs@knProdTyof
tL | @patExprarity = length tL
— (reverse tl[])
_ — (repeat TyAny
, [ Err _PatArity
@knProdTy@patExprarity])
| App  loc.(knArgTy knTyl)
= hdAndTI@lhs.knTyL
arg.knTy= @knArgTy

The list of these elements is passed through attriknigLto all Apps of the pattern.
At eachAppone element of this list is taken as theTyof the element AST.

The complexity in theAppTopalternative ofPatExprarises from repair actions in case
the arity of the pattern and its known type do not match. In that case the subpatterns are
given as many’'s as known type as necessary.

Finally, for the distribution of the known type throughout a pattern we need to properly
initialize knTyL
SEM Decl
| Val patExprknTyL= []

SEM Expr
|Lamarg  .knTyL= []

The arity of the patterns is needed as well:
ATTR PatExpr|]|| arity : Int]
SEM PatExpr
| Applhs.arity = @funcarity + 1
| Con Var AppTop IConst CConst
Ihs.arity =0



As a result of this unpacking, at\ér alternative attributé&nTyholds the type of the
variable name introduced. The type is added to attriat@amthat is threaded through
the pattern for gathering all introduced bindings:

ATTR AllPatExpr [| valGam: ValGam|]

SEM PatExpr

| Var VarAsloc.ty = @lhs.knTy
varTy = @ty
.addToGam= if @lhs.inclVarBind A @nm = hsnWild
then gamAdd@nm
(ValGaminfo@varTy)
else id
| Var lhs.valGam = @addToGam@lhs.valGam

| VarAs  |hswvalGam = @addToGam@patExprvalGam

The addition tovalGamis encoded in the attributeddToGama function which only

adds a new entry if the variable name is not equal to an underscoesmd has not

been added previously via a type signature for the variable name, signalled by attribute
inclVarBind (defined later).

Checking declarations In a let-expression type signatures, patterns and expressions
do meet. Rulee-let1C from Fig.[9 shows that the idea is straightforward: take the type
signature, distribute it over a pattern to extract bindings for identifiers and pass both
type signature (aknTy) and bindings (asalGan) to the expression. This works fine

for single combinations of type signature and the corresponding value definition for a
pattern. However, it does not work for:

— Mutually recursive value definitions.

letf:: ...
f=2x->.4g..
g:..
g=Ax—-..f..
in

In the body off the typeg must be known and vice-versa. There is no ordering of
what can be defined and checked first. In Haskalhdg together would be in the
same hinding group.

— Textually separated signatures and value definitions.



Syntactically the signature and value definition for an identifier need not be defined
adjacently or in any specific order.

In Haskell dependency analysis determines tratdg form a so-calledinding group

which contains declarations that have to be subjected to type analysis together. How-
ever, due to the obligatory presence of the type signatures in this version of EH it is
possible to first gather all signatures and only then type check the value definitions.
Therefore, for this version of EH it is not really an issue as we always require a sig-
nature to be defined. For later versions of EH it actually will become an issue, so for
simplicity all bindings in aet-expression are analysed together as a single (binding)
group.

Though only stating something about one combination of type signature and value def-
inition, rule e-let1C still describes the basic strategy. First extract all type signatures,
then distribute those signatures over patterns followed by expressions. fldrertie

lies in doing it simultaneously for all declarations ifetrexpression. So, first all signa-
tures are collected:

ATTR AlIDecl [| gathTySigGamValGam||

SEM Decl
| TySigloc .gamSigTy = @tyExprty
.gathTySigGam = gamAdd
@nm (ValGamInfo@gamSigTy
@lhs.gathTySigGam
SEM Expr

| Let declsgathTySigGam = emptyGam

Attribute gathTySigGanis used to gather type signatures. The gathered signatures are
then passed back into the declarations. Attribiy®igGamis used to distribute the
gathered type signatures over the declarations.

ATTR AllDecl [tySigGam ValGam||]

SEM Expr
| Let declgtySigGam = @declsgathTySigGam

At a value declaration we extract the the type signature frtg@igGamand use it to
check whether a pattern has a type signature:

SEM Decl
| Val loc .(sigTy hasTySig = case@patExprmbTopNnof
Nothing
— (Ty.Any, False)
Just nm

— casegamLookup nn@lhs.tySigGanof
Nothing— (Ty_Any, False)
Just vgi — (vgiTy vgi True)



This type signature is then used as the known type of the pattern and the expression.

SEM Decl
| Val loc.knTy= @sigTy

The flaghasTySigs used to signal the presence of a type signature for a value and a
correct form of the pattern. We allow patterns of the foah @(a, b)’ to have a type
signature associated wititb. No type signatures are allowed fd@a; b)’ without the
‘ab @’ alias (because there is no way to refer to the anonymous tuple) nor is it allowed
to specify type signature for the fields of the tuple (because of simplicity, additional
plumbing would be required).
ATTR PatExpr[|| mbTopNm {Maybe HsNamg
SEM PatExpr
| Var VarAsloc.mbTopNm= if @nm= hsnWildthen NothingelseJust@nm
| « —Var VarAs
loc.mbTopNm= Nothing

The value ohasTySigs also used to decide on the binding of the top level identifier of
a pattern, vianclVarBind.
ATTR PatExpr|[inclVarBind: Bool |||
SEM PatExpr
| AppTop patExpinclVarBind = True
SEM Decl
| Val patExprinclVarBind = — @hasTySig

SEM Expr
|Lam arg .inclvVarBind = True

If a type signature for an identifier is already defined there is no need to rebind the
identifier by adding one more binding WalGam

New bindings are not immediately addedradGambut are first gathered in a separately
threaded attributpatValGam much in the same way amthTySigGanis used.
ATTR AlIDecl [| patValGam ValGam|]

SEM Decl
| Val patExprvalGam = @lhs.patValGam
Ihs patValGam= @patExprvalGam

expr .valGam = @lhs.valGam
SEM Expr
| Let declspatValGam = @declsgathTySigGam

‘gamPushGam@lhs.valGam
loc .(IValGam gValGan) = gamPop@declspatValGam
declsvalGam = @declspatValGam
body.valGam = @declspatValGam



Newly gathered bindings are stacked on top of the inhened@Gambefore passing
them on to both declarations and body.

Some additional functionality for pushing and popping the stadtéamis also needed:

gamPop mGamkv — (GamkvGamky
assocLToGam AssocL k v—» Gam k v

gamPop (Gam(l: 1)) = (Gam[l],Gam II)
assocLToGam | = Gam(l]

Extracting the top of the stagkatValGamgives all the locally introduced bindings in
IValGam An additional error message is produced if any duplicate bindings are present
in IValGam

Checking TyExpr All that is left to do now is to use the type expressions to extract
type signatures. This is straightforward as type expressions (abstract syntax for what
the programmer specified) and types (as internally used by the compiler) have almost
the same structure:

ATTR TyExpr[|| ty: Ty]
SEM TyExpr
| Conlhs.ty = Ty.Con@nm
| App Ihs.ty = Ty App @functy @arg.ty

Actually, we need to do more because we also have to check whether a type is defined.
A variant of Gamis used to hold type constants:

data TyGamlinfo= TyGamInf¢tgiTy:: Ty} deriving Show
type TyGam= Gam HsName TyGaminfo

tyGamLookup: HsName— TyGam— Maybe TyGaminfo
tyGamLookup nm g
= casegamLookup nm gf
Nothing| hsnisProd nm- Just(TyGaminfo(Ty-Con n))
Just tgi — Just tgi
— Nothing

ThisT is threaded throughyExpr.
ATTR AlITyExpr[| tyGam: TyGam|]

At the root of the ASTtyGamis initialized with the fixed set of types available in this
version of the compiler:
SEM AGItf

| AGItf loc.tyGam= assocLToGam
[ (hsnArrow TyGamInfo(Ty-Con hsnArrow)



,(hsnint  TyGaminfo tyInt
, (hsnChar TyGaminfo tyChar
]
Finally, at theConalternative ofTyExprwe need to check if a type is defined:
SEM TyExpr
| Conloc.(tgi, nmErrs) = casetyGamLookupg@nm @lhs.tyGamof
Nothing— (TyGaminfo TyAny
, [Err _NamesNotIntrod @nm]])
Just tgi — (tgi, [])

3 EH 2: monomorphic type inferencing

The next version of EH drops the requirement that all value definitions need to be ac-
companied by an explicit type signature. For example, the example from the introduc-
tion:

leti =5
in i

is accepted by this version of EH:

let i =5
{- [ i:Int ] -}
in i

The idea is that the type system implementation has an internal representation for
“knowing it is a type, but not yet which one” which can be replaced by a more spe-
cific type if that becomes known. The internal representation for a yet unknown type is
called atype variable similar to mutable variables for (runtime) values.

The implementation attempts to gather as much information as possible from a program
to reconstruct (or infer) types for type variables. However, the types it can reconstruct
are limited to those allowed by the used type language, that is, basic types, tuples and
functions. All types are assumed to be monomorphic, that is, polymorphism is not yet
allowed. The next version of EH deals with polymorphism.

So
letid = Ax — X
in letv=id 3
in id

will give



let id = \x > x
{- [ id:Int -> Int ] -}
in let v = id 3
{- [ viInt ] -}
in id

If the use ofid to definev is omitted, less information (namely the argumentdfs

an int) to infer a type ford is available. Because no more specific type information for
the argument (and result) af could be retrieved the representation for “not knowing
which type”, that is, a type variable, is shown:

let id = \x -> x
{- [ id:v_1_1 -> v_1_1 1] -}
in id

On the other hand, if contradictory information is found we will have

let id = \x -> x
{- [ id:Int -> Int ] -}
in let v = (id 3,id ’'x’)
{- ***ERROR(S):
In ‘(id 3,id ’x’)’:
. In “7x77:
Type clash:
failed to fit: Char <= Int
problem with : Char <= Int -}
{- [ v:(Int,Int) ] -}
in v

However, the next version of EH dealing with Haskell style polymorphism (s€ction 4 )
accepts this program.

Partial type signatures are also allowed. A partial type signature specifies a type only
for a part, allowing a coperation between the programmer who specifies what is (e.g.)
already known about a type signature and the type inferencer filling in the unspecified
details. For example:

id = AX - X
in letf :: (Int - Int) — ...
f=Ai-Av>iv
v="fid3



inletv="fid3
in v

The type inferencer pretty prints the inferred type instead of the explicity type signature:

let id :: Int -> Int

id = \x > x
{- [ id:Int -> Int ] -}
in let £ :: (Int -> Int) -> Int -> Int
f=\1 ->\v>1iv

v =1f id 3
{- [ viInt, £f:(Int -> Int) -> Int -> Int ] -}
in let v = f id 3
{- [ v:Int ] -}
in v

The discussion of the implementation of this feature is postponed until sction 3.6 in
order to demonstrate th&ects of an additional feature on the compiler implementation
in isolation.

3.1 Type variables

In order to be able to represent yet unknown types the type languagetypedari-
ables to represent this:

o = Int| Char

| (o)...,07)
| o> 0o
| v

The corresponding type structui@ needs to be extended with an alternative for a
variable:

DATA Ty
| Var tv: { TyVarld}

A type variable is identified by a unique identifiedJ#D:
newtypeUID = UID [Int] deriving (Eq, Ord)

type UIDL = [UID]

instance Show UlDwhere
show(UID Is) = concatintersperse'_".map showeverse} Is



type TyVarld = UID
type TyVarldL = [TyVarld]

The idea is to thread a counter as global variable through the AST, incrementing it
whenever a new unique value is required. The implementation used throughout all EH
compiler versions is more complex becausdJdb actually is a hierarchy of counters,
each level counting in the context of an outer level. This is not discussed any further;
we will ignore this aspect and just assume a unigli® can be obtained. However, a

bit of its implementation is visible in the pretty printed representation as a underscore
separated list of integer values, occasionaly visible in sample output of the compiler.

3.2 Constraints

Although the typing rules at Fifj] 9 still hold we need to look at the meaning (@it

fitsIn) in the presence of type variables. The idea here is that what is unknown may be
replaced by that which is known. For example, when the clvegks is encountered,

the easiest way to make < o true is to state that the (previously) unknown type
equalso. An alternative way to look at this is that< o is true under the constraint
thatv equalso.

Remembering and applying constraintsNext we can observe that once a certain type
v is declared to be equal to a typethis fact has to be remembered.

C=[ve o]

A set ofconstrains C (appearing in its non pretty printed form @sstr in the source
text) is a set of bindings for type variables, represented as an association list:

newtypeC = C (AssocL TyVarld Tyderiving Show

cnstrTyLookup: TyVarld —» C — Maybe Ty
cnstrTyLookup t{C s) = lookup tv s

emptyCnstr: C
emptyCnstr= C []

cnstrTyUnit: TyVarld - Ty - C
cnstrTyUnit tv t= C [(tv, 1) ]

If cnstrTyUnitis used as an infix operator it is printedrasin the same way as used in
type rules.

Different strategies can be used to cope with constrainfs [17,29]. Here congiraiets
used to replace all other references tuy o, for this reason often namedsabstitution

In this version of EH the replacement of type variables with newly types is done imme-
diately after constraints are obtained as to avoid finding a new and probably conflicting



constraint for a type variable. Applying constraints means substituting type variables
with the bindings in the constraints, hence the clasbstitutabldor those structures
which have references to type variables hidden inside and can replace, or substitute
those type variables:

infixr 6>

classSubstitutable svhere
(>):C—os—>s
ftv ::s— TyVarldL

The operatos- applies constraint§ to a Substitutable Functionftv extracts the free
type variable references as a sefvhrids.

A C can be applied to a type:

instance Substitutable Twhere
(>») = tyAppCnstr
ftv = tyFtv

This is another place where we use the AG notation and the automatic propagation
of values as attributes throughout the type representation to make the description of
the application of & to a Ty easier. The functiotlyAppCnstris defined in terms of

the following AG. The plumbing required to provide the value of attritrafel (tvo
available as the result of Haskell functigiAppCnstr(tyFtv) has been omitted:

ATTR TyAGlItf AllTy[cnstr: C || ]

ATTR AllAIITy [ || repl: SELF]
ATTR TyAGItf [ lrepl: Ty ]
SEM Ty
| Var Ihs.repl = maybe@repl id (cnstrTyLookup@tv @lhs.cnstr)
ATTR TyAGItf AlITy[|| tvsUSE{U}{[]}: TyVarldL]
SEM Ty
| Var lhs.tvs = [@tv]

AG: Attribute of type SELF. The type of an attribute of typ8ELF depends on the
node in which a rule is defined for the attribute. The generated type of an at-
tribute (attr) for (node is equal to the generated Haskell datatype of the same
name(node. The AG compiler inserts code for buildiggode’s from the(attr) of
the children and other fields. Insertion of this code can be overridden by providing
a definition ourselves. In this way a complete copy of the AST can be built as a
Haskell value. For example, via attributpl a copy of the type is built which only
differs (or, may dfer) in the original in the value for the type variable.

AG: Attribute together with USE. A synthesized attributé&attr) may be declared to-
gether withUSE{(op) }{(zero }. The (op) and(zero allow the insertion of copy



rules which behave similar to Haskelfsldr. The first piece of texop) is used to
combine the attribute values of two children by textually placing this text as an op-
erator between references to the attributes of the children. If no child hastan

the second piece of texzerg is used as a default value féattr). For example,

tvs USE {‘union‘} {[]} (appearing in pretty printed form ass USE{U}[]})
gathers bottom-up the free type variables of a type.

The application of & is straightforwardly lifted to lists:

instance Substitutable a> Substitutablda] where
s> =map(s-) |
ftv | = unionLmap ftv$ |

unionL:: Eq a= [[a]] — [a]
unionL = foldr union ]

A C can also be applied to another

instance SubstitutableC where
s1@(C sh) »s2@(C sh)
= C (sly # map(A(v,t) = (v,s1>-1)) sb))
where sl, = deleteFirstsByA(v1, _) (v2,_) — vl=v2) sk sl
ftv (C sl)
= ftv.map sndb sl

Substituting a substitution is non-commutative as constrainis s; > s, take prece-
dence overs,. To make this even clearer all constraints for type variables; iare
removed fromsy, even though for a list implementation this would not be required.

Computing constraints The only source of constraints is the chdit&inwhich deter-
mines whether one type can flow into another one. The previous version of EH could
only do one thing in case a type could not fit in another: report an error. Now, if one
of the types is unknown, which means that it is a type variable, we have the additional
possibility of returning a constraint on that type variable. The implementétiin of

< additionaly has to return constraints:

data FIOut = FIOut{foTy :: Ty ,foErrL :: ErrL,foCnstr:: C }
emptyFO = FlOut{foTy= Ty Any,foErrL =[] ,foCnstr= emptyCnsty

Computation and proper combination of constraints necessitetiegto be rewritten:

fitsin:: Ty —» Ty — FlOut
fitsIn ty; ty,
= ftyty,
where
rest = emptyFQfoTy =t}



bind tv t = (res Y{foCnstr=tv - t}
occurBind vt v e ftvt = err [Err_UnifyOccurs ty ty, v t]
| otherwise = bind vt

comp tf; tag tf, ta, mkComp
= foldrl (Afo; fo, — if foHasErrs fq then fo; elsefo,)
[ffo, afo, rfo]
whereffo = f tfq tf,
fs = foCnstrffo
afo=f (fs>tag) (fs>tap)
as = foCnstr afo
rt = mkComp(as> foTyffo) (foTy afg
rfo = emptyFQfoTy = rt,foCnstr= as>- fs}

f Ty.Any b =resp

ftg Ty_Any =resy
f t1 @(Ty-Con s)
to, @(Ty_Con s2

| sl=s2 =resb

f t1 @(Ty_Var vl) (Ty_ Var v2)

|vli=v2 =rest
ft1 @(TyVar vl t, = occurBind v1 4
fty to @(Ty-Var v2) = occurBind v2 {

f t1 @(Ty-App (Ty-App (Ty_Con c]) tag) tr1)
to @(Ty-App (Ty-App (Ty-Con c2 tay) trp)
| hsnlsArrow clA ¢l = c2
=comp ta trq tag tro (dar — [a] ‘mKTyArrowr)
f t1 @(Ty-App tf; tag)
to @(Ty_App tf, tap)
= comp tf; tay tf, tap Ty App
ftg to = err [Err_UnifyClash ty ty, t; t2]
erre = emptyFQfoErrL = e}

Although this version of the implementation 6ifsin resembles the previous one it
differs in the following aspects:

— The datatypé-IOut returned byfitsin has an additional fieltbCnstrholding found
constraints. This requires constraints to be combined for composite types like the
Appvariant of Ty.

— The functionbind creates a binding for a type variable to a type. The udairaf
is shielded byoccurBindwhich checks if the type variable for which a binding is
created does not occur free in the bound type too. This is to preventg&@)— a
to succeed. This is because it is not cleaa if> a — a should be the resulting



constraint ora — (a —» a) — (a — a) or one of infinitely many other possible

solutions. A so callednfinite typelike this is inhibited by the so calledccurs

check

— An applicationApp recursively fits its components with components of another
App. The constraints from the first fifo are applied immediately to the follow-

ing component before fitting that one. This is to prevent a < Int — Char

from finding two conflicting constraints +— Int,a — Char] instead of properly

reporting an error.

3.3 Reconstructing types for Expr

Constraints are used to make knowledge found about previously unknown types ex-
plicit. The typing rules in Fig[ 6 (and Fi§] 7, Fig] 9) in principle do not need to be
changed. The only reason to adapt some of the rules to the variantnFig. 11 is to clarify

the way constraints are used.
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v fresh
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Fig. 11. Type inferencing for expressions (using constraints)
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The type rules in Fid. 31 enforce an order in which checking and inferring types has to
be done.

Actually, the rules in Fig[ 111 should be even more specific in how constraints flow
around if we want to be closer to the corresponding AG description. The AG specifies
aC to be threaded instead of just returned bottom-up:

ATTR AllExpr [| tyCnstr: C |]

Its use in an expression application is as follows:

SEM Expr
| Apploc.knFunTy:= [mkNewTyVa@IUniq] ‘mkTyArrow @Ilhs.knTy
ty = @arg.tyCnstr>- @fTy

AG: Redefining an attribute value. Normally a value for an attribute may be associ-
ated with an attribute only once, usirgin a rule. It is an error if multiple rules
for an attribute are present.:# is used instead, any previous definition is overrid-
den and no error message is generated. In this context previous means “textually
occurring earlier”. Because the AG system’s flexibility finds its origin in the in-
dependence of textual locations of declarations and definitisrehould be used
with care. For these notes the order in which redefinitions appear is the same as
their textual appearance in these notes, which again is the same as the sequence of
versions of EH.

This definition builds on top of the previous version by redefining some attributes (in-
dicated by:= instead of=). If this happens a reference to the location (in these notes)
of the code on top of which the new code is added can be fhund

To correspond better with the related AG code the edégp2 should be:

CF aexpr . C
L1007 F €i_~C(2
expr
C% T v — CkoK kpelzaa—>0"v>C1
v fresh

oxpr (e-app2B)
CKT, 0%+ er&:Co0 ~ C2

The flow of constraints is made explicit as they are passed through the rules, from
the context (left oft) to a result (right of~»). We feel this does not benefit clarity,
even though it is correct. It is our opinion that typing rules serve their purpose best by
providing a basis for proof as well as understanding and discussion. An AG description
serves its purpose best by showing how it really is implemented. Used in tandem they
strengthen each other.

5 This is not an ideal solution to display combined fragments. A special purpose editor would
probably do a better job of browsing textually separated but logically related pieces of code.



An implementation by necessity imposes additional choices, in order to make a typ-
ing rule into an algorithmic solution. For example, our AG description preserves the
following invariant:

— Aresulting type has all known constraints applied to it, ltgre
but as this invariant is not kept feanTyandvalGamit requires to

— Explicitly apply known constraints to the inherited known ty{rely.
— Explicitly apply known constraints to types fronTaherevalGam

The type rules in Fid. 11 do not mention the last two constraint applicationsgrule
app2B does), and this will also be omitted for later typing rules. However, the constraint
applications are shown by the AG code for #ep alternative and the followinyar
alternative:

SEM Expr
| Var loc.fTy = @lhs.tyCnstr>- @gTy

fo = @fTy < (@lhs.tyCnstr>- @lhs.knTy)
Ihs.tyCnstr= foCnstr@fo> @lhs.tyCnstr

The rules for constants all resemble the onelifioy rule e-int2. Their implementation
additionaly takes care of constraint handling:

SEM Expr
| IConst CConst
loc.fo = @fTy < (@lhs.tyCnstr>- @lhs.knTy)

Ihs.tyCnstr= foCnstr@fo> @lhs.tyCnstr

The handling of products does noffér much from the previous implementation. A
rule e-con2 has been included in the typing rules, as a replacement foerpted1B
(Fig.[7) better resembling its implementation. Again the idea is to exploit that in this
version of EH tupling is the only way to construct an aggregrate value. A proper struc-
ture for its type is (again) enforced fiysin.

SEM Expr
| Conloc.fo = let gTy = mkTyFreshProdFron@IUniq (hsnProdArity@nm)
foKnRes= gTy < (@lhs.tyCnstr>- tyArrowRes@lhs.knTy)
in foKnRegfoTy = tyProdArgs(foTy foKnReps
‘mkTyArrow (foTy foKnRep}
ty := foTy @fo
Ihs.tyCnstr= foCnstr @fo > @Ilhs.tyCnstr

Finally,

SEM Expr
| Lamloc .(argTy, resTyfunTy)
= let [a,r] = mkNewTyVarl2 @Uniq



in (ar,[a] ‘mKTyArrowr)
foKnFun = @funTy< (@lhs.tyCnstr>- @lhs.knTy)

arg .knTy = @argTy
tyCnstr = foCnstr@foKnFun> @Ilhs.tyCnstr
bodyknTy = @resTy
loc .bodyTyCnst= @bodytyCnstr
ty = [@bodyTyCnsts- @arg.ty] ‘mkTyArrow @bodyty

which uses some additional functions for creating type variables

mkNewTyVar: UID — Ty
mkNewTyVar = let (_,v) = mkNewUID uin mkTyVar v

mkNewUIDTyVarL: Int - UID — ([UID], TyL)
mkNewUIDTyVarL sz & let vs= mkNewUIDL sz un (vs map mkTyVar vs

mkNewTyVarl: Int - UID — TyL
mkNewTyVarL sz & snd (mkNewUIDTyVarL sz u

Some observations are in place:

— The main diference with the previous implementation is the use of type variables
to represent unknown knowledge. Previouslwas used for that purpose, for ex-
ample, the rule-lam2 and its implementation show that fresh type variablda
v1 — v are used instead af — O to enforce a. — .. structure. Ifo still would
be used, for example in:

letid = Ax — x
in id3

the conclusion would be drawn thidt:: o — O, whereasd :: v — v would later on
have bounds - Int (at the applicationd 3). So,O represents “unknown knowl-
edge”, a type variable represents “not yet known knowledge” to which the infer-
encing process later has to refer to make it “known knowledge”.

— Type variables are introduced under the condition that they are “fresh”. For a typ-
ing rule this means that these type variables are not in use elsewhere, often more
concretely specified with a conditiang ftv (I'). Freshness in the implementation
is implemented via unique identifiers UID.

3.4 Reconstructing types for PatExpr

In the previous version of EH we were only interested in bindings for identifiers in a
pattern. The type of a pattern was already known via a corresponding type signature.
For this version this is no longer the case so the structure of a pattern reveals already
some type structure. Hence we compute types for patterns too and use this type as the
known type if no type signature is available.



pat
ok proTP~C

fit K
FCo<o:0~Cy
a'd—>( =oP

pat
_F p:oPi TP~y
P=p1pP2--pn,N>1

pat
o F pio TP~ Co

d

(p-apptop2)

dom(I'%) ndom(T) =0
aPat o op
ol i T~ Co

pat
_F p1:0'd - (o"'i‘,ag, ...,o-ﬁ);l"? ~ C1

i (p-app2)
_F p1p2:Ca(cd - (o5, ...,o—ﬁ));l"g,l"g ~ C2.1
K i fresh
oat 7 #0 (p-var2) oat vi Tes (p-con2)
oK ioK i oK~ ] _F Lo (V1 Vo, V) = (V1L V2, oo V) ~ ]

Fig. 12. Type inferencing for pattern (using constraints)



Computation of the type of a pattern is similar to and yet more straightforward than for
expressions. The rule-pat2 from Fig.[12 binds the identifier to the known type and if
no such known type is available it invents a fresh one, by meaty&EosureNonAny

ATTR AllPatExpr[| tyCnstr: C | ty: Ty]

SEM PatExpr
| Var VarAsloc ty = tyEnsureNonAn@IlUniq @lhs.knTy
| VarAs patExpknTy= @ty

tyEnsureNonAny UID — Ty — Ty
tyEnsureNonAny u+ if t Ty Anythent elsemkNewTyVar u

For tuples we again make use of the fact that@om alternative will always represent

a tuple. When datatypes are introduced (not part of these notes) this will no longer be
the case. Here, we already make the requiredpgtden2 more general than is required
here because we already prepare for datatypes.

A pattern (in essence) can be represented by a funatien (o1, ...) taking a value of

some typer and dissecting it into a tuplérs, ...) containing all its constituents. For

now, because we have only tuples to dissect, the function returned Bpttaternative

is just the identity on tuples of the correct size. The applicationptdpp2 consumes

an element of this tuple representing the dissected value and uses it for checking and
inferring the constituent.

The implementation of this representation convention returns the dissecting function
type inpatFunTy
ATTR PatExpr|[|| patFunTy: Ty]

SEM PatExpr
| Conloc.patFunTy= let prTy = mkTyFreshProdFron@IUniq (hsnProdArity@nm)
in ([prTy] ‘mkTyArrow prTy)
| App lhs.patFunTy= @funcpatFunTy
| « —App Con
Ihs.patFunTy= Ty_Any

The dissecting function typpatFunTyis constructed from fresh type variables. Each
occurrence of a tuple pattern deals witlffelient unknown types and hence fresh type
variables are needed. The availability of polymorphism in later versions of EH allows
us to describe this in a more general way.

At AppTopof PatExprthe function types — (o1,...) describing the dissection is
split into the typeo (attributeknResTy of the pattern and the tuple tyges, ...) (at-
tribute knProdTy holding its constituents. The distribution of the types of the fields of
knProdTywas described in the previous version of EH.

SEM PatExpr
| AppToploc.patFunTy = @patExprpatFunTy
.(knResTyknProdTy = tyArrowArgRes@patFunTy



Finally, the type itself and additional constraints are returned:
SEM PatExpr

| IConst loc ty = tyInt
| CConstloc ty = tyChar
| AppToploc fo = @lhs.knTy< @knResTy
ty = foTy @fo
patExprtyCnstr= foCnstr @fo> @lhs.tyCnstr
Ihs ty = @patExprtyCnstr>- @ty
|App arg .knTy = @functyCnstr- @knArgTy
|Con loc ty = Ty_Any

The careful reader may have observed that the directienfof fitting actual (synthe-
sized, bottom-up) and known type (inherited, top-down) is the opposite of the direction
used for expressions. This is a result of figtence in the meaning of an expression and

a pattern. An expression builds a value from bottom to top as seen in the context of an
abstract syntax tree. A pattern dissects a value from top to bottom. The flow of data is
opposite, hence the direction gftoo.

3.5 Declarations

Again, at the level of declarations all is tied together. Because we first gather infor-
mation about patterns and then about expressions two separate threads for gathering
constraints are usegatTyCnstrandtyCnstrrespectively.
SEM Expr
| Let declspatTyCnstr= @lhs.tyCnstr
tyCnstr = @declspatTyCnstr

ATTR AlDecl [| tyCnstr:C  patTyCnstr. C |]

SEM Decl
| Val  patExprtyCnstr = @lhs.patTyCnstr
lhs patTyCnstr= @patExprtyCnstr
expr .tyCnstr = @lhs.tyCnstr
SEM AGItf
| AGItf expr .tyCnstr = emptyCnstr

If a type signature has been given it is used as the known type for both expression and
pattern. If not, the type of a pattern is used as the known type for an expression.
SEM Decl
| Val exprknTy= if @hasTySighen @knTyelse@patExprty



3.6 Partial type signatures: a test case for extendibility

Partial type signatures allow the programmer to specify only a part of a type in a type
signature. The description of the implementation of this feature is separated from the
discussion of other features to show tlkeets of an additional feature on the compiler.

In other words, the following is an impact analysis.

First, both abstract syntax and the parser (not included in these notes) contain an addi-

tional alternative for parsing the . .” notation chosen for unspecified type information
designated byVild for wildcard:

DATA TyExpr
| Wild

A wildcard type is treated in the same way as a type variable as it also represents un-
known type information:

SEM TyExpr
| Wild loc.tyVarld = @IUniq
tgi = TyGaminfo(mkNewTyVa@tyVarld)
SEM TyExpr

| Wild Ihs.ty = tgiTy @tgi

Changes also have to be made to the omitted parts of the implementation, in particular
the pretty printing of the AST and generation of unique identifiers. We mention the
necessity of this but omit the relevant code.
The pretty printing of a type signature is enhanced a bit further by either printing the
type signature (if no wildcard types are present in it) or by printing the type of the type
signature combined with all found constraints. The decision is based on the presence of
wildcard type variables in the type signature:

ATTR TyExpr|[|| tyVarWildL USE{ -+ }{[]} : TyVarldL]

SEM TyExpr
| Wild Ihs.tyVarWildL = [@tyVarld|

The set of all constraints is retrieved at the root of the AST and passed back into the
tree:

ATTR AllDecl [finValGam ValGam||]
ATTR AIINT [finTyCnstr: C ||]
SEM Expr
| Let decldinValGam= @lhs.finTyCnstr- @IValGam

SEM Decl
| TySigloc .finalTy = vgiTyfromJustvalGamLookupg@nm
$ @lhs.finvValGam

SEM AGItf



| AGItf expr.finTyCnstr= @expr.tyCnstr

4 EH 3: polymorphic type inferencing

The third version of EH adds polymorphism, in particular so-called parametric poly-
morphism which allows functions to be used on arguments fééritig types. For ex-
ample

letid::a— a
id=Ax— X
v = (id 3,id ’x")
in v

givesv:: (Int,Char) andid :: ¥ a.a — a. The polymorphic identity functioid accepts

a value of any type, giving back a value of the same typeType variables in the type
signature are used to specify polymorphic types. Polymorphism of a type variable in a
type is made explicit in the type by the use of a universal quantitieall, orV. The
meaning of this quantifier is that a value with a universally quantified type can be used
with different types for the quantified type variables.

The type signature may be omitted, and in that case the same type will still be inferred.
However, the reconstruction of the type of a value for which the type signature is omit-

ted has its limitations, the same as for Haskell98 [31]. Haskell98 also restricts what can
be described by type signatures.

Polymorphism is allowed for identifiers bound byed-expression, not for identifiers
bound by another mechanism such as parameters of a lambda expression. The following
variant of the previous example is therefore not to be considered correct:

letf::(a—a) — Int
f=A—>1i3
id::a—a
id =AX—> X

in fid

It will give the following output:

let £ :: (a -> a) -> Int
f=\1i->13
{- ***ERROR(S):
In ‘\i ->1i 3’:
. In ‘i’:
Type clash:
failed to fit: c_2_0 -> c_2_0 <= v_7_0 -> Int



problem with : c_2_0 <= Int -}
id :: a -> a
id = \x > x
{- [ id:forall a . a -> a, f:forall a . (a -> a) -> Int ] -}
in £ id

The problem here is that the polymorphisnf @f a means that the caller éfcan freely

choose what this is for a particular call. However, from the viewpoint of the body of

f this limits the choice o&to no choice at all. If the caller has all the freedom to make

the choice, the callee has none. In our implementation this is encoded as a type constant
c_ chosen fora during type checking the body 6f This type constant by definition is

a type a programmer can never define or denote. The consequence is that an attempt to
usei in the body off, which has type_. . —c_. . cannot be used with dnt. The use

of type constants will be explained later.

Another example of the limitations of polymorphism in this version of EH is the fol-
lowing variation:

letf =2 -3
id:a—a
inletv="fid
in f
for which the compiler will infer the following types:

let £=\1 >1i3
id :: a -> a
{- [ f:forall a . (Int -> a) -> a, id:forall a . a -> a ] -}
in let v = f id
{- [ viInt ] -}
in

EH version 3 allows parametric polymorphism but not yet polymorphic parameters. The
parameter has a monomorphic type, which is made even more clear when we make an
attempt to use thispolymorphically in:

letf =i > (i 3,i 'x")

id=Ax— X
inletv="fid
in v

about which the compiler will complain:

let £ =\1 > (@ 3,1 'x")
{- ***ERROR(S):



In ‘\i -> ({d 3,i ’x")’:
. In “’x77:
Type clash:
failed to fit: Char <= Int
problem with : Char <= Int -}

id = \x > x
{- [ id:forall a . a -> a, f:forall a . (Int -> a) -> (a,a) ] -}
in let v = f id
{- [ vi(Int,Int) ] -}
inv

Because is not allowed to be polymorphic it can either be usedrdror Char, but not
both.

These problems can be overcome by allowing higher ranked polymorphism in type
signatures. Later versions of EH deal with this problem, but this is not included in these
notes. This version of EH resembles Haskell98 in these restrictions.

The reason not to allow explicit types to be of assistance to the type inferencer is that
Haskell98 and this version of EH have as a design principle that all explicitly specified
types in a program are redundant. That is, after removal of explicit type signatures, the
type inferencer can still reconstruct all types. It is guaranteed that all reconstructed types
are the same as the removed signatures or more general, that is, the type signatures are
a special case of the inferred types. This guarantee is called the principal type property
[926/18]. However, type inferencing also has its limits. In fact, the richer a type system
becomes, the morefticult it is for a type inferencing algorithm to make the right choice

for a type without the programmer specifying additional helpful type information.

4.1 Type language

The type language for this version of EH adds quantification by means of the universal
quantifiery:

o = Int| Char
| (o)...,00)
| o —> 0o
| vIf
| Ya.o

A f stands for a fixed type variable, a type variable which may not be constrained but
still stands for an unknown type. A stands for a plain type variable as used in the
previous EH version. A series of consecutive quantifierinYas. ..o is abbreviated
toVa.o.



The type language suggests that a quantifier may occur anywhere in a type. This is not
the case, quantifiers may only be on the top of a type; this version of EH takes care to
ensure this. A second restriction is that quantified types are present onfininareas
noVY's are present in types used throughout type inferencing expressions and patterns.
This is to guarantee the principle type property.
The corresponding abstract syntax for a type needs additional alternative to represent
a quantified type. For a type variable we also have to remember to which category it
belongs, eitheplain or fixed
DATA Ty
| Vartv  :{TyVarld}
categ: TyVarCateg
DATA TyVarCateg
| Plain
| Fixed

DATA Ty
| Quant tv: { TyVarld}

ty: Ty

SET AllTyTy = Ty
SETAITy = AllTyTy
SET AllAlITy = AllTy TyVarCateg

together with convenience functions for constructing these types:

mkTyVar: TyVarld — Ty
mkTyVar tv= Ty_Var tv TyVarCategPlain

mkTyQu: TyVarldL —» Ty — Ty
mkTyQu tvL t= foldr (Atvt — Ty_-Quant tv j t tvL

We will postpone the discussion of type variable categories until s€ctjon 92.

The syntax of this version of EH only allows type variables to be specified as part of a
type signature. The quantifi®rcannot be explicitly denoted. We only need to extend
the abstract syntax for types with an alternative for type variables:
DATA TyExpr
| Var nm: {HsName

4.2 Type inferencing

Compared to the previous version the type inferencing process does not change much.
Because types used throughout the type inferencing of expressions and patterns do not
contain¥ quantifiers, nothing has to be changed there.



Changes have to be made to the handling of declarations and identifiers though. This is

because polymorphism is tied up with the way identifiers for values are introduced and
used.

expr
ok v eioc~C

9 T; oK eipre:(rev C3
IM=[(i>Vao)| (i o)« CpilPa = ftv (o) —ftv (Cz. 1T)]
expr
TP, T;oP r—p d:_~Co

pat
OFr p:oP; TP~ Cy

_ (e-let3)
ok S et p=¢ine: ot~ Cz1

(T9-[i ]+ 0—)0’q})4+l";0'ke)l<—pre:o'e~>C3
M= [(i-VYao)| (i o)« CoalPa =ftv (o) —ftv (C2 1T ]
(TP —[i> |4 [im o) 4ol b @i~ Co
o9 = Va.ol
ol = [aj — fj] o-i,fj fresh
@ = ftv (o)
p=ivp=i@..
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T - . (e-let-tysig3)
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vj fresh
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Fig. 13.Type inferencing for expressions with quantifier

A quantified type, also often namégpe schemes introduced in rule-let3 and rulee-

let-tysig3 and instantiated in rule-ident3, see Fig[ I3. We will first look at the instan-
tiation.

Instantiation A quantified type is introduced in the type inferencing process whenever
a value identifier having that type is occurs in an expression:



SEM Expr
| Var loc.fTy := @lhs.tyCnstr>- tylnst @lUnig @gTy

We may freely decide what type the quantified type variables may have as long as each
type variable stands for a monomorphic type. However, at this point it is not known
which type a type variable stands for, so fresh type variables are used instead. This
is calledinstantiation or specialization. The resulting instantiated type partakes in the
inference process as usual.

The removal of the quantifier and replacement of all quantified type variables with fresh
type variables is done Rylnst

tylnst :: (TyVarld - Ty) - UID - Ty— Ty

tylnst mkFreshTy uniq ty

=s>ty
whereiu (Ty-Quant v = let (u,v') = mkNewUID u
(st)=iu't
in ((vi> (mkFreshTy {)) > s,t’)
it = (emptyCnstrt)
(sty) = i uniq ty

tylnst:: UID —» Ty — Ty
tylnst= tylnst mkTyVar

Functiontylnst strips all quantifiers and substitutes the quantified type variables with
fresh ones. It is assumed that quantifiers occur only at the top of a type.

Quantification The other way around, quantifying a type, happens when a type is
bound to a value identifier and added td’aThe way this is done varies with the
presence of a type signature. Raldet3 and rulee-let-tysig3 (Fig.[13) specify the
respective variations.
A type signature itself is specified without explicit use of quantifiers. These need to be
added for all introduced type variables, except the ones specified by means ‘af’
a partial type signature:
SEM Decl
| TySigloc.sigTy = tyQuantify(e @tyExpr.tyVarWildL) @tyExpr.ty
.gamsSigTy= @sigTy

A type signature simply is quantified over all free type variables in the type using
tyQuantify:: (TyVarld — Bool) - Ty — Ty
tyQuantify tvisBound ty= mkTyQu(filter (-.tvisBound (ftv ty)) ty

Type variables introduced by a wildcard may not be quantified over because the type
inferencer will fill in the type for those type variables.



We now run into a problem which will be solved no sooner than the next version of EH.
In a declaration of a value (variawal of Decl) the type signature acts as a known type
knTyagainst which checking of the value expression takes place. Which type do we use
for that purpose, the quantifiesigTyor the unquantifiedyExpr.ty?

— Suppose theyExpr.ty is used. Then, for the erroneous

letid::a— a
id=1x—3
in ...

we end up with fitting/; — Int < a — a. This can be accomplished via constraints
[vi — Int,a— Int]. Howeverawas supposed to be chosen by the calléd dow
it is constrained by the body af to be arint. Somehow constrainingwhilst being
used as part of a known type for the bodyisbmust be inhibited.

— Alternatively, sigTymay be used. However, the inferencing process and the fitting
done byfitsin cannot (yet) handle types with quantifiers.

For now, this can be solved by replacing all quantified type variables of a known type
with type constants:

SEM Decl
| Val loc.knTy:= tylnstKknown@IUniq @sigTy

by using a variant ofyInst

tylnstknown: UID — Ty —» Ty
tylnstknown= tylnst (Atv — Ty_Var tv TyVarCategdrixed)

This changes the category of the fresh type variable replacing the quantified type vari-
able to ‘fixed'. Afixed type variablés like a plain type variable but may not be con-
strained, that is, bound to another type. This meansfitsh has to be adapted to
prevent this from happening. Thefidirence with the previous version only lies in the
handling of type variables. Type variables now may be bound if not fixed, and to be
equal only if their categories match too. For brevity the new versiditsbf is omitted.

Generalizatioryquantification of inferred types How do we determine if a type for
some expression bound to an identifier in a value declaration is polymorphic? If a (non
partial) type signature is given, the signature itself describes the polymorphism via type
variables explicitly. However, if for a value definition a corresponding type signature is
missing, the value definition itself gives us all the information we need. We make use
of the observation that a binding for a value identifier acts as a kind of boundary for that
expression.

letid = AX — X
in



The only way the value associated with ever will be used outside the expression
bound toid, is via the identifielid. So, if the inferred type; — vy for the expression

AX — X has free type variables (here; |) and these type variables are not used in the
types of other bindings, in particular those in the glabale know that the expression

AX — x nor any other type will constrain those free type variables. The type for such a
type variable apparently can be freely chosen by the expressionidsiwwdich is ex-

actly the meaning of the universal quantifier. These free type variables are the candidate
type variables over which quantification can take place, as described by the typing rules
for let-expressions in Fig. 13 and its implementation:

SEM Expr

| Letloc .ISubsValGam= @declstyCnstr>- @IValGam
.gSubsValGam= @declstyCnstr>- @gValGam

.gTyTvL = ftv @gSubsValGam
IQuValGam = valGamQuantify@gTyTvL@ISubsValGam
bodyvalGam = @IQuValGam

‘gamPushGam@gSubsValGam

All available constraints in the form afeclstyCnstrare applied to both globagj{/alGan)

and local [ValGam) T'. All types in the resulting locdBubsValGanare then quantified
over their free type variables, with the exception of those referred to more globally, the
gTyTvL We usevalGamQuantifyfo accomplish this:

valGamQuantify: TyVarldL — ValGam— ValGam
valGamQuantify globTvk valGamMapTyAt — tyQuantify(e globTvl) t)

valGamMapTy: (Ty —» Ty) — ValGam— ValGam
valGamMapTy f= gamMapElts(Avgi — vgi{vgiTy=f (vgiTy vgi})

gamMap: ((k,v) — (K',V)) - Gam k v—» Gam K V'
gamMap f(Gam Il) = Gam(map(map f) II)
gamMapElts: (v - v') - Gam k v— Gam k V
gamMapElts f= gamMap(2(n,v) — (n,f v))

The condition that quantification only may be done for type variables not occurring in
the globall’ is a necessary one. For example:

leth::a—a—oa
f=ax—-letg=21ay - (hxyy)
in g3
in f’x’

If the typeg::a — (a,a) would be concludedy can be used witly anInt parameter,
as in the example. Functidncan then be used witha Char parameter. This would go
wrong becaush assumes the types of its parameteasidy are equal. So, this justifies
the error given by the compiler for this version of EH:



leth :: a ->a ->a
f=\x >letg=\y > (hxy,y)
{- [ g:Int -> (Int,Int) ] -}

in g 3
{- [ £f:Int -> (Int,Int), h:forall a . a -> a -> a ] -}
in £ 'x’
{- ***ERROR(S):
In ‘f 'x’7:
. In “’x77:
Type clash:

failed to fit: Char <= Int
problem with : Char <= Int -}

All declarations in det-expression together form what in Haskell is called a binding
group. Inference for these declarations is done together and all the types of all identifiers
are quantified together. The consequence is that a declaration that on its own would be
polymorphic, may not be so in conjunction with an additional declaration which uses
the previous declaration:

letidl = AX — X
id2 = Ax — X
Vi = id13

in letv, =id23
in v

The types of the functiomdl and valuevy are inferred in the same binding group.
However, in this binding group the type fadl is vi — vy for some type variable
vi, without any quantifier around the type. The applicatidh 3 therefore infers an
additional constraing; — Int, resulting in typdnt — Int for id1

let idl = \x > x
id2 \X -> X
vl = id1l 3
{- [ vl:Int, id2:forall a . a -> a, idl:Int -> Int ] -}
in let v2 = id2 3
{- [ v2:Int ] -}
in v2

On the other handg2 is used after quantification, outside the binding group, with type
¥ a.a — a. The applicationd2 3 will not constraind2.

In Haskell binding group analysis will find groups of mutually dependent definitions,
each of these called a binding group. These groups are then ordered according to “define



before use” order. Here, for EH, all declarations iletaexpression automatically form
a binding group, the ordering of two binding groufasandd, has to be done explicitly
using sequences &t expressiondet d; in let dy in....

Being together in a binding group can create a problem for inferencing mutually recur-
sive definitions, for example:

let fg = AX — g1 X

=Ay—-f1y

fora—a

fo=AX—> g2 X

Q2=1y—-fy
in 3

This results in

let f1 = \x -> gl x
gl =\y > fly

f2 :: a -> a
f2 = \x -> g2 x
g2 =\y > f2y

{- [ g2:forall a . a -> a, gl:forall a . forall b . a -> b
, fl:forall a . forall b . a -> b, f2:forall a . a -> a ] -}
in 3

Forf; it is only known that its type is1 — vo. Similarly g; has a typesz — v4. More
type information cannot be constructed unless more information is given as is done for
fo. Then also foigz may the type/ a.a — a be reconstructed.

Type expressionsFinally, type expressions need to return a type where all occurrences
of type variable names (of tygdsNamé coincide with type variables (of type/Varld).

Type variable names are identifiers just as well Sy@amsimilar to ValGamis used

to map type variable names to freshly created type variables.

SEM TyExpr
| Var (loc.tgi, Ihs.tyGam = casetyGamLookupg@nm @lhs.tyGamof
Nothing— lett = mkNewTyVa@IUniq
tgi = TyGaminfo t
in (tgi,gamAdd@nm tgi @lhs.tyGam)
Just tgi — (tgi, @lhs.tyGam)

SEM TyExpr
| Var Ihs.ty = tgiTy @tgi



Either a type variable is defined tpGam in that case the type bound to the identifier
is used, otherwise a new type variable is created.

5 Remarks, experiences and conclusion

AG system.At the start of these notes we did make a claim that our “describe sepa-
rately” approach contributes to a better understood implementation of a compiler, in
particular a Haskell compiler. Is this true? We feel that this is the case, and thus the
benefits outweigh the drawbacks, based on some observations made during this project:

The AG system provides mechanisms to split a description into smaller fragments, com-
bine those fragments and redefine part of those fragments. An additional fragment man-
agement system did allow us to do the same with Haskell fragments. Both are essential
in the sense that the simultaneous ‘existence’ of a sequence of compiler versions, all in
working order when compiled, with all aspects described with the least amount of du-
plication, presentable in a consistent form in these notes could not have been achieved
without these mechanisms and supporting tools.

The AG system allows focusing on the places where something unusual needs to be
done, similar to other approach&sl[24]. In particular, copy rules allow us to forget about
a large amount of plumbing.

The complexity of the language Haskell, its semantics, and the interaction between fea-
tures is not reduced. However, it becomes manageable and explainable when divided
into small fragments. Features which are indeed independent can also be described
independently of each other byfidirent attributes. Features which evolve through dif-
ferent versions, like the type system, can also be described separately, but can still be
looked upon as a group of fragments. This makes the variation in the solutions explicit
and hence increases the understanding of what really makedgféredce between two
subsequent versions.

On the downside, fragments for one aspect but fiiedént compiler versions end up in
different sections of these notes. This makes their understanding rfforeldbecause

one now has to jump between pages. This is a consequence of the multiple dimensions
we describe: variation in language elements (new AST), additional semantics (new at-
tributes) and variation in the implementation. Paper, on the other hand, provides by
definition a linear, one dimensional rendering of this multidimensional view. We can
only expect this to be remedied by the use of proper tool support (like a fragment ed-
itor or browser). On paper, proper cross referencing, colors, indexing or accumulative
merging of text are most likely to be helpful.

The AG system, though in its simplicity surprisingly usable and helpful, could be im-
proved in many areas. For example, no type checking related to Haskell code for at-
tribute definitions is performed, nor will the generated Haskell code when compiled by
a Haskell compiler produce sensible error messages in terms of the original AG code.
The AG system also lacks features necessary for programming in the large. For exam-



ple, all attributes for a node live in a global namespace for that node instead of being
packaged in some form of module.

Performance is expected to give problems for large systems. This seems to be primarily
caused by the simple translation scheme in which all attributes together live in a tuple
just until the program completes. This inhibits garbage collection of intermediate at-
tributes that are no longer required. It also stops GHC from performing optimizations;
informal experimentation with a large AG program resulted in GHC taking approxi-
mately 10 times more time with optimization flags on. The resulting program only ran
approximately 15% faster. The next version of the AG system will be improved in this
areal[35].

AG vs Haskell.Is the AG system a better way to do Haskell programming? In general,
no, but for Haskell programs which can be described by a catamorphism the answer
is yes (see also sectipn [L.4). In general, if the choices made by a function are mainly
driven by some datastructure, it is likely that this datastructure can be described by an
AST and the function can be described by the AG’s attribution. This is the case for an
abstract syntax tree or analysis of a single type. Itis not the case for a functiditslike
(sectior{ 3b) in which decisions are made based on the combination of two (instead of
just one) type.

About these notes EH and its cod€he linear presentation of code and explanation
might suggest that this is also the order in which the code and these notes came into
existence. This is not the case. A starting point was created by programming a final
version (at that time EH version 6, not included in these notes). From this version the
earlier versions were constructed. After that, later versions were added. However, these
later versions usually needed some tweaking of earlier versions. The consequence of
this approach is that the rationale for design decisions in earlier versions become clear
only in later versions. For example, an attribute is introduced only so later versions only
need to redefine the rule for this single attribute. However, the initial rule for such an
attribute often just is the value of another attribute. At such a place the reader is left
wondering. This problem could be remedied by completely redefining larger program
fragments. This in turn decreases code reuse. Reuse, that is, sharing of common code
turned out to be beneficial for the development process as the us@esédt contexts
provides more opportunities to test for correctness. No conclusion is attached to this
observation, other than being another example of the tension between clarity of expla-
nation and the logistics of compiler code management.

Combining theory and practiceOthers have described type systems in a practical set-
ting as well. For example, Jonés [21] describes the core of Haskell98 by a monadic style
type inferencer. Piercé [34] explains type theory and provides many small implemen-
tations performing (mainly) type checking for the described type systems in his book.
On the other hand, only recently the static semantics of Haskell has been described
formally [14]. Extensions to Haskell usually are formally described but once they find



their way into a production compiler the interaction with other parts of Haskell is left
in the open or is at best described in the manual.

The conclusion of these observations might be that a combined description of a lan-
guage, its semantics, its formal analysis (like the type system), and its implementation
is not feasible. Whatever the cause of this is, certainly one contributing factor is the
sheer size of all these aspects in combination. We feel that our approach contributes
towards a completer description of Haskell, or any other language if described by the
AG system. Our angle of approach is to keep the implementation and its explanation
consistent and understandable at the same time. However, this document clearly is not
complete either. Formal aspects are present, let alone a proof that the implementation is
sound and complete with respect to the formal semantics. Of course one may wonder if
this is at all possible; in that case our approach may well be a feasible second best way
of describing a compiler implementation.

EH vs Haskell. The claim of our title also is that we provide an implementation of
Haskell, thereby implying recent versions of Haskell, or at least Haskell98. However,
these notes does not include the description of (e.g.) a class system; the full version of
EH however does.
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